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PREFACE

“Gratitude is one of the least articulate of the emotions,
especially when it is deep.”

Felix Frankfurter

This has been one hell of a ride! To reside at the very edge of knowledge
and to push it forward, ever so slowly, has been a brilliant experience and a
dream come true. During the past few years, I have been taught this edge-
pushing art form that is called research, and have been given the opportunity
to exercise it in an atmosphere that has been nothing short of delightful. I've
had the pleasure to call this my job, but I have to admit that it often felt like
a paid hobby, be it a very time-consuming one. Therefore, I would like to
kick off this preface by thanking all of you, my fellow tax-paying citizens, for
financially supporting me during these years. I have enjoyed it tremendously.
That being said, [ have quite a few other people to thank as well.

First and foremost, I would like to thank Gert, for being such a terrific
scientific mentor. He taught me the ins and outs of research, ranging from
technical mathematics to linguistic style. He introduced me to the material
in References [42,45]], shared his views on the bigger picture behind it, and
as such provided me with the central ideas from which this dissertation has
grown. I learned from him that good research is about vision as much as it
is about solid mathematics. He trained me in both, shared his own views on
these aspects, and allowed me to develop my own. Our views sometimes clash;
beautiful results tend to emerge out of these clashes, which we can then go and
celebrate over a nice beer. It has been a true pleasure to do research with him,
and I hope to keep on doing so for a long time to come. Besides research,
he also initiated and trained me in various other aspects of academia, thereby
preparing me for the many challenges that lie ahead. If I am ever given the
chance to stay in academia, I owe it to him, and for that, I cannot thank him
enough. Finally, and most importantly, I would like to thank him for being
such a close friend.



I conducted the research that led to this dissertation in a wonderful envi-
ronment, and I am grateful to the people that created it. On a small scale,
these have been the members of the SYSTeMS research group of Ghent Uni-
versity. I ride my bike to work with a smile, almost every single day, and I
owe that to my colleagues. For that, I would like to thank them. A special
place is reserved for Gert, Arthur and Stavros. I will never forget, and would
like to thank them for, the memorable road trips we made, the lovely dinners
we had, the many laughs we shared, and their enthusiasm at the blackboard.
On a larger scale, these have been the members of SIPTA—the Society for Im-
precise Probability: Theories and Applications. I thank them for creating such
a welcoming international community, full of friendly, helpful and inspiring
people, and for making conferences feel like holidays. Perhaps you won’t be-
lieve me, but mathematicians can be a lot of fun. A special thanks goes out to
Alessandro, Cassio, Enrique, Frank, Marco and Matthias, for their hospitality,
and for being such lovely people.

Writing this dissertation has been an exercise in perseverance. I have spent
countless hours on it, at the cost of many a good night’s sleep. I have definitely
squeezed myself to a point that can hardly be called healthy, the sole goal be-
ing the book in front of you. Although I hope you are enjoying this preface,
this book is ultimately about the content that is about to follow, and its main
reason of existence is to allow a jury to decide whether or not my research is of
sufficient merit. This decision, and the doors it can open, has been the ultimate
reason for the squeezing I referred to above. I would therefore like to express
my sincere gratitude towards the people that took it upon themselves to make
this decision—favourably, to my great delight. To the members of the exam-
ination board and the reading committee of this dissertation: thank you for
taking the time to thoroughly assess my research, for your constructive criti-
cism, for your thought-provoking questions, and for giving me the opportunity
to defend this dissertation in front of my friends and family.

Apart from being the culmination of four years of intense research, this
book also marks the end of my education, and the beginning of a new phase
in my life. That I have made it this far, and that I have enjoyed it this much,
is also—and mainly—due to a number of people that I have not yet mentioned
in this preface, for the sole reason that they were not directly involved in the
creation of this dissertation. Nevertheless, I would like to thank them here, for
all the things they have done for me.

My friends, for long talks about things that matter, for all those relaxing
days out, for the joy and piece of mind that only dancing can provide, for
their honest opinion, for their help with all sorts of little things, for beer in
good company—often very late at night—and for creating the buzzing sound
of happiness that convinces me, time and time again, that it is all worthwhile.
Guy, for his inspiring view on life and his everlasting enthusiasm, and Kwinten
and Evelien, for their heartwarming support during difficult times, when I most
needed it.



My family, for the warm cosy feeling they create on various occasions,
and for their support and help, during different steps in my life, ranging from
the first very little ones, to the big ones further on. My parents, for raising
me, for teaching me the values that I now try to live by, and for their financial
support during all those years. My father, for passing on his love for science,
both genetically and personally, and for teaching me to walk through life with
a critical eye, thereby significantly increasing my chances for survival in this
jungle that we call society. My mother, for her unconditional love, for the
countless hours she spent driving me around, for her lovely cooking and the
delicious dinners that resulted from it, for her helping hand whenever needed,
and for teaching me to enjoy the little things in life.

Annelien, the love of my life, for taking care of me when this dissertation
started to take up far more time than it ever should have and for her unwaver-
ing support during the final months of writing. I also want to thank her for
the wonderful past seven years, for being such a warm and caring person, for
sharing my love for food and all the other great things life has to offer, for
expanding my horizon, and for all those mazurka’s. It makes me a very happy
man that she has chosen to share her life with me, in days of all sorts. May
our lives remain intertwined for a long time to come, filled with plenty of good
old-fashioned love. Liefde is niet alles, maar zonder liefde is alles niets.



SUMMARY

This dissertation presents a detailed study of credal networks under epistemic
irrelevance [16], mathematical models that are capable of representing com-
pactly and intuitively the uncertainty that is associated with complex multi-
variate domains and that can subsequently be used to answer various domain-
specific queries of interest to the user. These models share many of the nice
features of Pearl’s celebrated Bayesian networks [78]], but have the added ad-
vantage that they can represent uncertainty in a more flexible and realistic way.
We model uncertainty using imprecise probabilities [[106], the underlying
theory of which is an extension of probability theory that can represent model
uncertainty and probabilistic uncertainty within a single framework. Simply
put, whenever it is infeasible to reliably estimate a single probability, this the-
ory allows for the use of a set of probabilities instead, each of whose elements
is regarded as a candidate for some ideal ‘true’ probability. However, this
simplified view is only one of the many ways to look at or interpret imprecise
probabilities. Uncertainty can also be expressed without any reference to prob-
abilities, using other imprecise-probabilistic frameworks such as sets of desir-
able gambles, lower previsions and sets of linear previsions. This dissertation
starts with a detailed overview of these different frameworks, their interpreta-
tion, and how they are connected to each other. We pay special attention to
conditional models, which we regard as primitive concepts whose connection
with unconditional models is established by means of rationality criteria. The
main advantage of the resulting so-called full conditional models is that they
do not suffer from the traditional problems that arise when some of the condi-
tioning events have probability zero. This is especially important in the context
of imprecise probabilities, where probability zero cannot be ignored because
it may easily happen that an event has lower probability zero but positive up-
per probability. Of course, even if we regard conditional models as primitive
concepts, they may not be readily available, or easy to assess. In that case, we
often have no choice but to derive them from an unconditional model. In an
imprecise-probabilistic setting, two conditioning rules are commonly used for
this purpose: regular extension and natural extension. We explain the differ-
ence between them and discuss various technical and computational aspects.
Although this overview of imprecise probability theory contains new re-
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sults that fill some gaps in the literature, its contribution mainly consists in
bringing together results from various existing frameworks and connecting
them to each other. The first real contribution of this dissertation is our dis-
cussion of updating, which is the act of changing a model based on the in-
formation that some event has occurred. In probability theory, it has become
standard practice to do this by conditioning on that event using Bayes’s rule.
Similarly, in an imprecise-probabilistic setting, updating is typically performed
by applying a conditioning rule such as regular or natural extension. However,
little argumentation is usually given as to why such an approach would make
sense. We help address this problem by providing a firm philosophical justifi-
cation for using natural and regular extension as updating rules. What makes
our justification especially powerful is that we derive it directly in terms of sets
of desirable gambles. In this way, we avoid making some of the unnecessarily
strong assumptions that are traditionally adopted, such as the existence of an
ideal ‘true’ probability mass function.

In order to apply the theory of imprecise probabilities in a multivariate con-
text, we need additional tools such as marginalisation and ways of combining
these tools with concepts such as conditioning and updating. This is all well
known and relatively easy in terms of probabilities, but it becomes more chal-
lenging for some of the imprecise-probabilistic frameworks that we consider.
We have gathered the existing tools, have added new ones whenever some-
thing was missing and have connected all of them with one another. The result
is a complete and well-founded theory of multivariate imprecise probabilities
that is, to the best of our knowledge, novel in its completeness, generality
and consistency. It allows us to formally introduce one of the most important
concepts of this dissertation: epistemic irrelevance, which is an asymmetric
imprecise-probabilistic notion of independence. We discuss several existing
definitions for this notion, argue why only one of them is really adequate, and
compare epistemic irrelevance to other imprecise-probabilistic independence
notions. Finally, we explain how the concept of conservative reasoning allows
us to combine structural assessments such as epistemic irrelevance with direct
or local partial probability assessments to construct a multivariate uncertainty
model.

The rest of this dissertation is concerned with one particular type of multi-
variate model: the irrelevant natural extension of a credal network under epis-
temic irrelevance. The basic idea is very similar to that of a Bayesian network.
The starting point is a collection of domain-specific variables that are con-
nected by means of arrows that reflect how these variables depend on each
other. The arrows form a Directed Acyclic Graph (DAG), which simply means
that there are no (directed) cycles. The interpretation of the graph is that for any
variable, conditional on its parents, its non-parent non-descendants are epis-
temically irrelevant. For each of the variables, we are given a local imprecise-
probabilistic model conditional on the values of its parents in the graph. In
combination with the assessments of epistemic irrelevance that correspond to
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the DAG, these local models form a credal network under epistemic irrele-
vance. The most conservative global uncertainty model that is compatible with
all these assessments is called the irrelevant natural extension of the network.
This concept was first introduced by Cozman [16]], who defined it in terms of
sets of probabilities under the simplifying assumption that all probabilities are
strictly positive. We drop this positivity assumption and provide definitions
in terms of three other frameworks as well: sets of desirable gambles, lower
previsions and sets of linear previsions. These different definitions turn out to
be closely related, which allows us to translate results that are proved in one
framework to analogous results in other frameworks.

Credal networks under epistemic irrelevance are not the only imprecise-
probabilistic generalisations of Bayesian networks. In fact, they are not even
all that popular. At the present moment, most authors prefer to consider
credal networks under strong independence, the difference being that the as-
sessments of epistemic irrelevance that we make, are replaced by assessments
of strong independence, which is another imprecise-probabilistic notion of in-
dependence. We believe that the main reason for this lack of popularity is a
profound lack of known theoretical properties. This has severely inhibited the
development of tractable inference algorithms, where, simply put, inference is
intended as computing lower and upper updated probabilities. In fact, there is
currently only one inference algorithm available, and even then, only for a par-
ticular type of inference and for networks whose DAG has a tree structure [42].
Nevertheless, due to the remarkable efficiency of this particular algorithm,
which is linear in the size of the network, and because that same inference
problem is NP-hard in credal networks under strong independence [[67]], credal
networks under epistemic irrelevance are regarded as a promising alternative
that requires—and deserves—further research [2, Section 10.6]. This further
research is what this dissertation is all about.

One of our main contributions is a detailed study of the theoretical proper-
ties of the multivariate uncertainty model that corresponds to a credal network
under epistemic irrelevance: the irrelevant natural extension. By focusing on
the framework of sets of desirable gambles, we are able to derive some re-
markable properties of this model, which we then manage to translate to other
frameworks as well. A first important example is a fundamental separating
hyperplane result that establishes a connection between the irrelevant natu-
ral extension of a complete network and that of its subnetworks. This result
leads to various marginalisation, factorisation and external additivity proper-
ties. A second important result is that the irrelevant natural extension satisfies
a collection of epistemic irrelevancies that is induced by AD-separation, an
asymmetric adaptation of d-separation that is proved to satisfy all graphoid
properties except symmetry. We also establish connections with the notions of
independent natural extension and marginal extension and study the updated
models that are obtained by applying regular extension to the irrelevant natural
extension.
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In the final part of this dissertation, we show how the theoretical proper-
ties that we have proved can be used to develop efficient inference algorithms
for credal networks under epistemic irrelevance. A first important contribution
consists of two preprocessing techniques that allow us to simplify inference
problems before the actual algorithm is applied. We explain how and when it
is possible to translate an inference problem in a large network into a similar
problem in a smaller network, and show how solving a conditional inference
problem can be reduced to solving a series of unconditional ones. In a second
set of results, we rephrase inference as a linear optimisation problem. As was
already mentioned by Cozman [16], every unconditional inference can be com-
puted by solving a linear program. However, in order to establish this result, he
required a simplifying positivity assumption. We show that this positivity as-
sumption is not needed; unconditional inferences can always be characterised
as the solution of a linear program. For conditional inferences, multiple such
linear programs need to be solved. Unfortunately, the size of these linear pro-
grams is exponential in the size of the network and this in principle generally
applicable method is therefore only tractable for small networks. For the spe-
cific case of a network that consists of two disconnected binary variables, we
are able to solve the corresponding linear program symbolically. In this way,
we obtain closed-form expressions for the extreme points of the independent
natural extension of two binary models. Fortunately, the intractability of brute
force linear programming methods can often be circumvented by developing
other, more efficient and often recursive computational techniques. We illus-
trate this by means of a number of examples. Our most important contribution,
and the proverbial icing on the cake, is a collection of recursive algorithms that
can efficiently compute various inferences in credal networks under epistemic
irrelevance whose graphical structure is a recursively decomposable DAG, a
new type of DAG that includes trees as a special case.
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SAMENVATTING

Dutch summary

Dit proefschrift legt een gedetailleerde studie voor van credale netwerken on-
der epistemische irrelevantie [[16]], wiskundige modellen die de onzekerheid die
gepaard gaat met complexe multivariate domeinen compact en intuitief kunnen
voorstellen en vervolgens in staat zijn om allerhande domein-specifieke vra-
gen te beantwoorden die relevant zijn voor de gebruiker. Deze modellen delen
veel van de gevierde eigenschappen van Pearls Bayesiaanse netwerken [[78]], en
hebben het bijkomende voordeel dat ze onzekerheid flexibeler en realistischer
kunnen voorstellen.

We modelleren onzekerheid met imprecieze waarschijnlijkheden, waarvan
de onderliggende theorie een uitbreiding is van waarschijnlijkheidsleer die zo-
wel modelonzekerheid als probabilistische onzekerheid in één kader kan voor-
stellen. Eenvoudig gesteld, telkens als een waarschijnlijkheid niet betrouw-
baar geschat kan worden, dan maakt deze theorie het mogelijk om deze en-
kele waarschijnlijkheid te vervangen door een verzameling waarschijnlijkhe-
den, waarvan elk van de elementen beschouwd wordt als een kandidaat voor de
ideale ‘correcte’ waarschijnlijkheid. Dit is echter maar één van de vele manie-
ren waarop imprecieze waarschijnlijkheden kunnen geinterpreteerd worden.
Onzekerheid kan ook beschreven worden in andere imprecieze waarschijnlijk-
heidskaders, zoals verzamelingen van begeerlijke gokken, onderprevisies en
verzamelingen van lineaire previsies. Dit proefschrift begint met een gede-
tailleerd overzicht van deze verschillende kaders, hun interpretatie, en hoe ze
verbonden zijn. We besteden speciale aandacht aan conditionele modellen,
die we als primitieve concepten beschouwen. Rationaliteitscriteria verbinden
deze met onconditionele modellen. Het belangrijkste voordeel van deze zo-
genaamde volledige conditionele modellen is dat ze de traditionele problemen
vermijden van het conditioneren op gebeurtenissen met waarschijnlijkheid nul.
Dit is extra belangrijk in de context van imprecieze waarschijnlijkheid omdat
het vaak voorvalt dat een gebeurtenis met onderwaarschijnlijkheid nul een po-
sitieve bovenwaarschijnlijkheid heeft. Conditionele modellen als primitieve
concepten beschouwen verhelpt natuurlijk niet het probleem dat deze vaak niet
direct beschikbaar, of moeilijk te bepalen kunnen zijn. In dat geval is het no-
dig om ze af te leiden van onconditionele modellen. Binnen de imprecieze
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waarschijnlijkheidsleer zijn er twee conditioneringsregels die hiervoor vaak
gebruikt worden: reguliere en natuurlijke extensie. We leggen het verschil uit
tussen beide en bespreken allerhande technische en computationele aspecten.

Hoewel dit overzicht van imprecieze waarschijnlijkheidsleer al enkele
nieuwe resultaten bevat die de bestaande literatuur waar nodig aanvullen,
draagt het vooral bij in de manier waarop we de verschillende bestaande ka-
ders samenbrengen en met elkaar verbinden. De eerste echte bijdrage van dit
proefschrift is onze bespreking van updaten: het aanpassen van een onzeker-
heidsmodel na geinformeerd te zijn dat een bepaalde gebeurtenis is opgetreden.
In waarschijnlijkheidsleer is conditioneren met behulp van de regel van Bayes
de standaardmethode om dit probleem aan te pakken. Analoog, binnen de
imprecieze waarschijnlijkheidsleer, worden conditioneringsregels zoals regu-
liere en natuurlijke extensie vaak als updateregels beschouwt. Dit gebruik van
conditioneren als een updatemethode wordt echter vaak niet beargumenteerd
en meestal als vanzelfsprekend beschouwd. We verhelpen dit probleem door
een filosofische verantwoording te ontwikkelen voor het gebruik van reguliere
en natuurlijke extensie als updateregels. Wat onze verantwoording bijzonder
sterk maakt is dat we ze afleiden in het kader van verzamelingen van begeer-
lijke gokken en zo traditionele—maar onnodige—aannames zoals het bestaan
van een ideale ‘correcte’ waarschijnlijkheid vermijden.

Om imprecieze waarschijnlijkheidsleer toe te passen in een multivariate
context hebben we bijkomende technieken nodig, zoals marginalisatie, en me-
thodes om die te combineren met concepten zoals conditioneren en updaten.
Dit is allemaal vrij voor de hand liggend voor waarschijnlijkheden, maar wordt
heel wat uitdagender voor sommige van de imprecieze waarschijnlijkheidska-
ders die we beschouwen. We brengen de verschillende bestaande technieken
samen, voegen er nieuwe aan toe waar nodig en verbinden dit alles met el-
kaar. Het resultaat is een goed gefundeerde theorie van multivariate impre-
cieze waarschijnlijkheidsleer die, voor zover wij weten, nieuw is in haar vol-
ledigheid, algemeenheid en samenhang. Deze theorie stelt ons in staat om
één van de belangrijkste concepten van dit proefschrift formeel in te voeren:
epistemische irrelevantie, een asymmetrische notie van onafhankelijkheid voor
imprecieze waarschijnlijkheden. We bespreken verschillende bestaande defi-
nities ervan, beargumenteren waarom slechts één van ze adequaat is, en verge-
lijken epistemische irrelevantie met andere noties van onathankelijkheid voor
imprecieze waarschijnlijkheden. Tot slot leggen we ook uit hoe het concept
van conservatief redeneren ons in staat stelt structurele aannames zoals epis-
temische irrelevantie te combineren met lokale parti€le informatie over waar-
schijnlijkheden, om zo een multivariaat onzekerheidsmodel op te bouwen.

Het vervolg van dit proefschrift behandelt één specifiek type multivariaat
onzekerheidsmodel: de irrelevante natuurlijke extensie van een credaal net-
werk onder epistemische irrelevantie. Het basisidee is gelijkaardig aan dat
van een Bayesiaans netwerk. Het vertrekpunt is een collectie van domein-
specifieke veranderlijken die verbonden zijn door pijlen die uitdrukken hoe

15



deze veranderlijken van elkaar athangen. De pijlen vormen een Gerichte Acy-
clische Graaf (GAG), wat simpelweg betekent dat ze geen (gerichte) cycli vor-
men. De interpretatie van de graaf is dat voor elke veranderlijke, conditioneel
op haar ouders in de graaf, de veranderlijken die geen ouder of afstammeling
zijn epistemisch irrelevant zijn voor deze veranderlijke. Voor elk van de ver-
anderlijken is er ook een lokaal imprecies waarschijnlijkheidsmodel gegeven,
conditioneel op de waarde van haar ouders. In combinatie met de aannames
van irrelevantie die overeenstemmen met de graaf vormen deze lokale model-
len een credaal netwerk onder epistemische irrelevantie. Het meest conser-
vatieve onzekerheidsmodel dat compatibel is met deze irrelevanties en lokale
modellen noemen we de irrelevante natuurlijke extensie van het netwerk. Dit
concept werd ingevoerd door Cozman [16], die het defini€éerde voor verza-
melingen van waarschijnlijkheden, onder de vereenvoudigende aanname dat
alle waarschijnlijkheden strikt positief zijn. We laten deze aanname vallen en
geven ook definities voor drie andere imprecieze waarschijnlijkheidskaders:
verzamelingen van begeerlijke gokken, onderprevisies en verzamelingen van
lineaire previsies. We tonen aan dat deze verschillende definities nauw met
elkaar verbonden zijn, wat ons in staat stelt om de resultaten in dit proefschrift
vlot te vertalen van het ene naar het andere kader.

Credale netwerken onder epistemische irrelevantie zijn niet de enige ver-
algemening van Bayesiaanse netwerken binnen de imprecieze waarschijnlijk-
heidsleer. Ze zijn niet eens zo populair. Op dit moment verkiezen de meeste
auteurs om met credale netwerken onder sterke onafhankelijkheid te werken,
waarbij het verschil is dat de aannames van epistemische irrelevantie die wij
opleggen, vervangen worden door aannames van sterke onafhankelijkheid, een
andere notie van onafhankelijkheid voor imprecieze waarschijnlijkheden. De
hoofdreden voor dit gebrek aan populariteit is volgens ons een fundamenteel
gebrek aan gekende theoretische eigenschappen. Dit heeft het bijna onmoge-
lijk gemaakt om efficiénte inferentie-algoritmen te ontwikkelen, waar inferen-
tie min of meer gelijk staat aan het berekenen van getipdatete onder- en boven-
waarschijnlijkheden. Er is maar één efficiént inferentie-algoritme beschikbaar
en dat kan maar één specifiek soort inferenties berekenen in netwerken waar-
van de GAG een boomstructuur heeft [42]. En toch, door de opmerkelijke
efficiéntie van dit algoritme, en omdat dat specifieke inferentieprobleem NP-
moeilijk is in credale netwerken onder sterke onathankelijkheid [67]], worden
credale netwerken onder epistemische irrelevantie beschouwd als een veelbe-
lovend alternatief dat verder onderzoek vereist en verdient [2, paragraaf 10.6].
We verrichten dit onderzoek in dit proefschrift.

Eén van de belangrijkste bijdragen van dit proefschrift is een gedetailleerde
studie van de theoretische eigenschappen van het multivariate onzekerheids-
model dat overeenstemt met een credaal netwerk onder epistemische irrele-
vantie: de irrelevante natuurlijke extensie. Door te werken in het kader van
verzamelingen van begeerlijke gokken zijn we er in geslaagd enkele opmerke-
lijke eigenschappen af te leiden, die we vervolgens ook naar andere imprecieze
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waarschijnlijkheidskaders hebben vertaald. Een eerste belangrijk voorbeeld is
een scheidend-hypervlakstelling die een verband legt tussen de irrelevante na-
tuurlijke extensie van een compleet netwerk en die van zijn deelnetwerken.
Dit leidt tot verscheidene marginalisatie-, factorisatie- en externe additiviteits-
eigenschappen. Een tweede belangrijk resultaat is dat de irrelevante natuur-
lijke extensie aan een verzameling van epistemische irrelevanties voldoet die
geinduceerd is door AD-scheiding, een asymmetrische versie van d-scheiding
waarvan we aantonen dat ze aan alle grafoide eigenschappen voldoet, behalve
symmetrie. We leggen ook enkele verbanden met de noties van onafthankelijke
natuurlijke extensie en marginale extensie en bestuderen de getlipdatete model-
len die verkregen worden door reguliere extensie toe te passen op de irrelevante
natuurlijke extensie.

In het laatste deel van dit proefschrift tonen we hoe de bewezen the-
oretische eigenschappen gebruikt kunnen worden om efficiénte inferentie-
algoritmen te ontwikkelen voor credale netwerken onder epistemische irre-
levantie. Een eerste belangrijke bijdrage bestaat uit twee technieken die kun-
nen gebruikt worden om een inferentieprobleem te vereenvoudigen voor een
inferentie-algoritme wordt toegepast. We leggen uit hoe en wanneer het moge-
lijk is om een inferentieprobleem in een groot netwerk om te vormen tot een ge-
lijkaardig inferentieprobleem in een kleiner netwerk, en tonen hoe conditionele
inferentie kan gereduceerd worden tot het oplossen van een reeks onconditio-
nele inferentieproblemen. In een tweede groep van resultaten herfraseren we
inferentie als een lineair optimalisatieprobleem. Zoals al vermeld werd door
Cozman [[16] kan elke onconditionele inferentie berekend worden met lineaire
programmeertechnieken. Om dit resultaat te verkrijgen maakte hij een vereen-
voudigende positiviteitsaanname. We tonen dat deze positiviteitsaanname niet
noodzakelijk is; onconditionele inferenties kunnen altijd gekarakteriseerd wor-
den als de oplossing van een lineair programma. Voor conditionele inferenties
moeten er meerdere zulke lineaire programma’s opgelost worden. Jammer ge-
noeg is de grootte van deze lineaire programma’s exponentieel in het aantal
veranderlijken van het netwerk en deze in principe algemeen toepasbare tech-
niek is daarom enkel computationeel efficiént voor kleinere netwerken. Voor
een netwerk dat bestaat uit twee niet verbonden binaire veranderlijken hebben
we het corresponderende lineaire programma symbolisch opgelost, en zo een
expliciete uitdrukking afgeleid voor de extreme punten van de onafhankelijke
natuurlijke extensie van twee binaire modellen. Gelukkig kan de computatio-
nele inefficiéntie van de aanpak met lineaire programma’s vaak omzeild wor-
den door andere, efficiéntere en vaak recursieve technieken te ontwikkelen.
We illustreren dit met enkele voorbeelden. Onze belangrijkste bijdrage, en de
spreekwoordelijke kers op de taart, is een verzameling van recursieve algorit-
men die op efficiénte wijze allerhande inferenties kunnen uitrekenen in credale
netwerken onder epistemische irrelevantie waarvan de grafische structuur een
recursief decomposeerbare GAG is, een nieuw type GAG dat bomen als een
speciaal geval omvat.
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LIST OF SYMBOLS AND TERMINOLOGY

This list of symbols and terminology is ordered topically. The locations we
provide correspond to a definition, or to a first or important use. We do not list
symbols that are used only locally. For symbols that have many variations, we
list a generic version and/or focus on the most important ones.

NUMBER SETS

Symbol | Meaning Location
R Set of real numbers Page |38
R-o Set of positive real numbers Page g
R>o Set of non-negative real numbers Page 5
N Set of natural numbers: {1,2,3,...} Page 39
Nop Set of natural numbers with zero: NU {0} Page 39

EVENTS AND GAMBLES

Symbol | Meaning Location
X Variable Page |37
Q State space Page 37
(0] Element of Q Page (37
B,0 Events: subsets of Q Section|2.
Z(Q) Set of all events Section 2.
Pp(Q) | Set of all non-empty events: Z(Q)\ {0} Section|2.

Iz Indicator of B Section|2.
f,g.h Gambles Section|2.
9(Q) Set of all gambles on Q Section 2.
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Set of all pointwise non-negative gambles on
Q, excluding zero

Gamble that coincides with f on B and which
is zero outside of B

Set of all couples (f,B), with B € &2(Q) and
fe9(B)

Subset of €'(Q)

Set of all gambles f € ¢(B) for which (f,B)
is an element of ¢

Set of all couples (@, B), with B € %2y(Q) and
weB

BASIC UNCERTAINTY MODELS

Section [2.

Section[2.2.

Section[2.3.

Section[2.3.

Section|2.3.

Section [2.

Symbol | Meaning Location
9 Set of desirable gambles Section [2.27]
o Assessment of desirable gambles Section [2.2.1j5g
E(H) Natural extension of .o/ Section [2.2. Iz
7|B Set of desirable gambles, conditional on B Section|2.2.
P(f) Lower prevision of f Section 2.
P(f) Upper prevision of f Section[2.
P(B) Lower probability of B Section [2.3.
P(B) Upper probability of B Section
P(-) Unconditional lower prevision Section [2.3
P(-]) Conditional lower prevision Section [2.3. 1
P(") Unconditional linear prevision Section [2.4¢
P(-|") Conditional linear prevision Section [2.
Pp All linear previsions on ¢(B) Section [2.
P All conditional linear previsions on €(Q2) Section 2.
p(-]9) Full conditional probability mass function Section [2.55
M Set of (conditional) linear previsions Section [2.6.
M |B Conditional set of linear previsions Section [2.6.
F Set of (full conditional) probability mass Section‘ .
functions
Z |B Conditional set of probability mass functions Section‘ .6.
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[o5]

[

Smallest set of desirable gambles that corre-
sponds to an unconditional lower prevision
P

(Conditional) lower prevision that corre-
sponds to a set of desirable gambles 2

(Conditional) lower prevision that corre-
sponds to a set of (conditional) linear pre-
visions .#

Set of (conditional) linear previsions that
corresponds to a (conditional) lower previ-
sion P

Set of (conditional) linear previsions that
corresponds to a set of (full conditional)
probability mass functions .#

Set of (full conditional) probability mass
functions that corresponds to a (conditional)
lower prevision P

Set of (full conditional) probability mass
functions that corresponds to a set of (con-
ditional) linear previsions .#

Natural extension of a (conditional) lower
prevision
Regular extension of a conditional lower
prevision

Regular extension of the unconditional part
of a lower prevision

MULTIVARIATE CONCEPTS

Section gm

Section
Section

Section2.6. Iy
Section]2.6.4k7
Section]2.6.2k3
Section[2.6.4k7

Sections

and Wm

Sections[2.7.2gT

and[3.4. 7k
Section em

Symbol | Meaning Location
X A single variable Section
X State space of X; Section
X, Zs Generic elements of 2 Section
X A tuple of variables X;, s € § Section
s State space of Xs: X5c5Zs Section
Xs§,2s Generic elements of 2 Section
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marg (.4 |Br)
margg(%]Br)
marg(.#c||Br)

margg(-Fc |Br)

Marginal set of desirable gambles
for Xg, conditional on B;

Marginal lower prevision for Xjg,
conditional on B;

Marginal conditional lower previ-
sion for Xg, conditional on B;

Marginal linear prevision for Xjg,
conditional on B;

Marginal conditional linear previ-
sion for Xg, conditional on B;

Marginal probability mass function
for Xg, conditional on B;

Marginal full conditional probability
mass function for Xg, conditional on
By

Marginal set of linear previsions for
X, conditional on By

Marginal set of probability mass
functions for Xg, conditional on B;

Marginal set of conditional linear
previsions for Xs, conditional on By

Marginal set of full conditional
probability mass functions for Xg,
conditional on B;

GRAPHS AND NETWORKS

Terminology that has no symbol

Section|4.2.
Section4.2.
Section|4.2.

Section|4.2.

Section4.2.
Section|4.2.

Section4.2.

Section4.2.

Section
Section|4.2.

Section4.2.

Location

Directed Acyclic Graph (DAG)

Closed set
Ancestral set
Sub-DAG
Induced DAG

Recursively decomposable DAG

Recursively decomposable credal network

Comparable set

Section 5. 1j7g
Section|6.1

53
Section [6.1j33
53]

Section 6.1
7

Section|7.5.

Section|(7.5.1
Section [7.5.2p3

Section [7.5.4p353




Symbol | Meaning Location

s—t There is an edge from s to ¢ Section 5.1

sCt s precedes t Section |5. 1

sCt s strictly precedes ¢ Section

P(s) Parents of a node s Section 5.1

C(s) Children of a node s Section 5. 1

D(s) Descendants of a node s Section [5.

PN(s) Non-parents non-descendants of a node s Section 5.

N(s) Non-descendants of a node s Section 5.

A(s) Ancestors of a node s Section 5. 1

P(S) Parents of a set of nodes S Section|6.

Pk (s) Parents of a node s, with respect to a sub- | Section|6.
DAG with nodes K.

Pk (S) Parents of a set of nodes S, with respect toa | Section|6.
sub-DAG with nodes K.

Ro(G) Roots of a DAG with nodes G Section 5.

st s and t are incomparable Section |[7.5.1pzg

P(s) Induced parents of s Section|[7.5.1pzg

C(s) Induced children of s Section|7.5.1p3g)

D(s) Induced descendants of s Section |[7.5.1pzg

K; s and its descendants: D(s)U {s} Section|7.5.1p3g]

AD Asymmetric D-separation (AD-separation) | Definition H@

CREDAL NETWORKS UNDER EPISTEMIC IRRELEVANCE

Symbol | Meaning Location
D, Jp) Local set of desirable gambles Section|5.
Py, © Local lower prevision Section »
a p(s) Local set of linear prevision Section »
| Xp(s) Local credal set Section »
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Irrelevant natural extension of a network, in
the framework of sets of desirable gambles

Irrelevant natural extension of a network, in
the framework of lower previsions

Irrelevant natural extension of a network, in
the framework of linear previsions

Irrelevant natural extension of a network,
in the framework of probability mass func-
tions.

Irrelevant natural extension of a subnetwork
with nodes K, in the framework of sets of
desirable gambles

Irrelevant natural extension of a subnetwork
with nodes K, in the framework of lower
previsions

Irrelevant natural extension of a subnetwork

with nodes K, in the framework of sets of
linear previsions

Irrelevant natural extension of a subnetwork
with nodes K, in the framework of probabil-
ity mass functions

Regular extension of Piif

Natural extension of the unconditional part
of P

Regular extension of the unconditional part
of P

OTHER SYMBOLS

Section

Section

Section

Section|5.4.

Section

Section

Section

Section

Section

Section

Section

Symbol | Meaning Location

cl(2) Set of almost desirable gambles that corre- | Section[2.
spond to ¥

int(2) | Topological interior of 2 Section|2.

Dp Set of desirable gambles that results in reg- | Section|2.7.4
ular extension

Do Updated set of desirable gambles Section 3.2.1jr3

7 Set of O-desirable gambles Section [3.2.1r3
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VIR
SIR
HIR
IR

ext(-)

Natural extension of 27U {Ip — €}
Intersection of all £5(Z) with € >0

Updated set of desirable gambles that is
based on &p(2)

Epistemic value-irrelevance
Epistemic subset-irrelevance
Epistemic h-irrelevance
Epistemic irrelevance
Independent natural extension
Marginal extension

Operator that returns the extreme points of
a set

Section

el

Section

=

Section

||

Section

Section

Section
Section

Section (6.

Section (6.

PageE

-
A
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1

INTRODUCTION

“If people do not believe that mathematics is simple, it is only
because they do not realize how complicated life is.”

John von Neumann

The theory of credal networks [[16]] extends that of Bayesian networks [|78|]
to allow it to deal with imprecise probability assessments [[106] or, loosely
speaking, partial probability assessments. As a result, credal networks can
represent a wider range of expert knowledge and are able to cope with small
data sets robustly, while at the same time keeping many of the features that
have helped make Bayesian networks so popular. They achieve this goal by
replacing the local probability distributions of a Bayesian network by sets of
probability distributions, called credal sets.

This dissertation studies a specific type of credal networks, which are
called credal networks under epistemic irrelevance. We build a complete the-
oretical framework for this previously rather ill-known type of credal network
and develop several efficient inference algorithms for them. In this introduc-
tion, we provide some general information about credal networks, compare
them to Bayesian networks, explain why our type of credal network is espe-
cially promising and state our main results. We also discuss the navigational
tools in this dissertation and provide a short description of its different chap-
ters. We end this introduction with an overview of our main publications.
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1.1 MOTIVATION AND MAIN RESULTS

1.1 MOTIVATION AND MAIN RESULTS

A Bayesian network [78] is a special type of probabilistic graphical net-
work [|64] that is popular in fields such as artificial intelligence, machine learn-
ing and statistics. It is able to compactly and intuitively represent the uncer-
tainty that is associated with large multivariate domains and can then be used
to answer various queries of interest to the user. It consists of a directed acyclic
graph (DAG) whose nodes represent relevant domain variables and whose
edges express (in)dependencies between these variables: nodes that are con-
nected by an edge influence each other directly; nodes that are not connected
represent variables that are conditionally independent of each other. Attached
to each of the nodes is a local probability model for the corresponding variable,
conditional on the values of its parents in the DAG. These local models are ob-
tained by eliciting them from experts, by learning them from data, or by means
of a combination of both approaches. By combining these local models with
the assessments of conditional independence that are expressed by the DAG, it
is possible to construct a unique global probabilistic model that can be used for
further inferences such as updating, classification and decision making. Effi-
cient algorithms have been developed for performing such inferences, leading
to the successful application of Bayesian networks in a multitude of real-life
problems [64/82]], in various domains such as medicine, bioinformatics, speech
recognition, engineering, and so on.

Figure 1.1: A simple example of a Bayesian network

Figure[I.T|depicts a simple hypothetical example of the graphical structure
of a medical Bayesian network. Realistic examples typically consist of many
more variables, making them far more challenging from a computational point
of view. However, the general idea is the same. In this case, for example, the
season has a direct influence on your chances for having the flu, and whether or
not you have the flu in turn directly influences your chances of having muscle
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1.1 MOTIVATION AND MAIN RESULTS

pain. However, ‘Season’ and ‘Muscle pain’ are not directly related: condi-
tional on the value of ‘Flu’, ‘Muscle pain’ is independent of ‘Season’. The
local uncertainty model for ‘Muscle pain’ consists of two conditional proba-
bility distributions, one for each of the two possible values (‘yes’ and ‘no’) of
its parent variable ‘Flu’. Once all the local models are specified, this Bayesian
network can be used to answer queries such as the following: given that it is
winter and that a patient suffers from congestion but has no muscle pain, what
is the probability that she has the flu? By adding decision-theoretic tools such
as utility functions, other types of queries can also be answered: for exam-
ple, given the same—or other—evidence, we can use this Bayesian network to
decide whether the patient has the flu or hayfever, or both.

Despite their success, Bayesian networks have an important limitation: the
construction of a Bayesian network requires the exact specification of a local
conditional probability distribution for every variable in the network. In case
of limited data or disagreeing and/or partial expert opinions, this requirement
is clearly unrealistic and arguably renders the resulting model fairly arbitrary.
Credal networks [|16] drop this requirement by allowing for the use of impre-
cisely specified local models [[106]]. Although the theory of credal networks
has by now adopted various imprecise-probabilistic frameworks, these local
models were initially taken to be credal sets, which are sets of probability
distributions—hence the terminology. Bayesian networks correspond to the
special case where each of these credal sets consists of only a single probabil-
ity distribution. For example, in order to specify a credal network that has the
DAG in Figure [I.T], as its graphical structure, it is not necessary—although
of course allowed—to provide an exact value for the local probability that a
patient has muscle pain given that he has the flu. Instead, it is possible to only
specify an interval. An expert may for example assess that this probability lies
somewhere between 60% and 80%. Partial probability assessments that are
more involved than intervals can also be considered. Alternatively, the local
credal sets can be learned from data by means of imprecise statistical models
such as the IDMM [8l/107] or, if the goal is to perform a sensitivity analysis
of some underlying Bayesian network, by considering neighbourhoods of the
local probability distributions of that Bayesian network [ 106, Section 4.6.5].

Credal networks can be used to answer the same queries as Bayesian net-
works. In a credal network, loosely speaking, updating corresponds to com-
puting a probability interval rather than a single probability. For example, in
the case of Figure[I.T],, we can compute the updated lower and upper proba-
bility that a patient has the flu, conditional on the information that it is winter
and that she suffers from congestion but has no muscle pain. Decision mak-
ing can be performed in multiple ways [95]]. A typical feature is that a credal
network may sometimes return multiple answers among which it remains un-
decided. For example, in the case of Figure[I.T], deciding whether a patient
has the flu may result in three answers: ‘yes’, ‘no’ and ‘noidea’ (‘yes’ or ‘no’).
If a credal network provides a single answer, this answer is guaranteed to be
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1.1 MOTIVATION AND MAIN RESULTS

robust with respect to variations within the partial probability constraints that
define the credal network. If it remains undecided between some subset of the
set of all possible answers, this indicates a lack of robustness of the underly-
ing (precise) probability models. The set-valued solution of a credal network
avoids this lack of robustness and, at the same time, often remains informative;
it may for example select two answers from a set of, say, twenty. In this way,
credal networks can be used to solve the same type of problems as Bayesian
networks. The added advantage of the ‘credal’ approach is that it produces
inferences that are more reliable, in the sense that they are robust with respect
to the available information or, to put it differently, more honest because they
only use the information that is actually available. This approach has been
successfully applied to various problems, ranging from military decision sup-
port [1] to medical diagnosis [119]. More examples can be found in—among
others—References [31[30,[36].

The main existing problem in the field is that the inferences that are based
on credal networks tend to be much harder to compute than their counterparts
for Bayesian networks, to the point that they are often intractable even when
the corresponding Bayesian network inferences are not. Therefore, the main
challenge, and the focus of state of the art research on credal networks, is the
development of efficient inference algorithms. The availability of such algo-
rithms, and the extent to which they are efficient, crucially depends on the
specific type of credal network that is considered; see Cozman’s pioneering
work [[16] for an overview of different types of credal networks. The most
popular type are credal networks under strong independence. This dissertation
focuses on a different type: credal networks under epistemic irrelevance. The
only difference is the notion of independence they adopt: strong independence
or epistemic irrelevance. Both are reasonable notions of independence that
generalise stochastic independence to an imprecise probability setting. The
former is essentially an assessment of elementwise stochastic independence
and takes a sensitivity analysis point of view. The latter is a behavioural notion
that can be stated directly in terms of the belief model—the credal set—itself,
without having to refer to its individual elements. Consequently, epistemic
irrelevance naturally has a wider scope because it can also be imposed in im-
precise probability frameworks that go beyond the context of credal sets.

As mentioned above, credal networks under strong independence are by
far the most popular type of credal networks. The reason for their popularity
is their close connection to Bayesian networks. A credal network under strong
independence is essentially a collection of Bayesian networks. Therefore, it is
quite intuitive to consider results and techniques from Bayesian networks and
try to adapt them to credal networks under strong independence. This has led
to an abundance of theoretical results and algorithms for credal networks un-
der strong independence. In fact, the potential for fundamentally new research
on this topic seems to slowly saturate. Nevertheless, despite all this atten-
tion, only very few efficient inference algorithms are available for this type
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1.1 MOTIVATION AND MAIN RESULTS

of credal network. For exact inference, the only really efficient algorithm is
the 2U algorithm [55]], which can efficiently compute inferences in singly con-
nected networks that consist of binary variables. Applied researchers usually
resort to approximate algorithms, of which there are many; a recent overview
of state of the art algorithms can be found in Reference [2]. Of course, as the
approximation becomes better, computing it typically becomes less tractable.

Credal networks under epistemic irrelevance are an alternative type of
credal network that is rising in popularity. Although they have been around
for a while [16], it is only recently—more or less when I started my doctoral
research—that they have come to be regarded as a serious alternative. The rea-
son for this recent rise in ‘popularity’ is the development of an efficient exact
algorithm [42] that can compute inferences in credal trees—credal networks
whose DAG has a tree structure—whose variables may be non-binary. This
result is regarded as very promising because the same type of inference is NP-
hard in credal networks under strong independence [67]. However, besides
this promising development, very little is known about credal networks under
epistemic irrelevance. There is a serious shortage of theoretical results and,
consequently, almost no algorithms are available. There are no approximate
algorithms and the available exact algorithms are either very inefficient [16] or
can only be applied to credal trees [6,/30,42].

The main contribution of this dissertation is the development of a complete
theory of credal networks under epistemic irrelevance, including a number of
efficient exact inference algorithms for them. We define this type of credal
network in terms of four different imprecise probability frameworks—sets of
desirable gambles, lower previsions, sets of linear previsions and credal sets—
and connect the resulting models with one another. We prove many previously
unknown theoretical properties, including factorisation, external additivity and
marginalisation. We also present a result that is analogous to the classical d-
separation result in Bayesian networks and establish close connections with
the notions of marginal extension and independent natural extension. We use
these properties to develop two types of algorithms. The first type can com-
pute any kind of inference, regardless of the topology of the network. However,
this generality comes at a price: these algorithms become computationally in-
tractable for larger networks. The second type of algorithms is recursive and
can efficiently compute various types of exact inferences in very large net-
works. As in Bayesian networks, efficiency can only be achieved for a re-
stricted class of topologies. However, as our discussion and our algorithms
illustrate, this class is definitely more general than trees.

In order to allow us to obtain and present these results, the availability of
powerful tools for modelling uncertainty using imprecise probabilities was cru-
cial, especially tools that are tailored towards a multivariate context. A number
of these tools were already available; we present, discuss and connect them to
make this dissertation more self-contained. Other tools were not available;
our development of them can be regarded as a contribution of its own, which
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1.2 FINDING YOUR WAY AROUND

should be useful also outside of the context of credal networks, whenever there
is a need to model uncertainty in a multivariate context.

Finally, on a more philosophical note, we present an extensive discussion
on updating. After being informed that an event has occurred, one often wishes
to update—or change—the original model to obtain a new model that takes this
information into account. For example, in the case of Figure [I.Tpg, upon re-
ceiving the information that a patient has muscle pain, we might want to update
our model to take this information into account. The most popular approach for
doing so is to condition on this information. In a precise-probabilistic context,
this amounts to applying Bayes’s rule. Similarly, in an imprecise-probabilistic
context, one can apply imprecise conditioning rules such as natural and regu-
lar extension. This is also the approach taken in this dissertation: we update a
credal network by means of conditioning. However, at first sight, updating and
conditioning are two very different things. Conditioning is only a mathemati-
cal concept, expressed solely in terms of current beliefs. Updating, on the other
hand, is concerned with how to change these beliefs, after being informed that
some event has occurred. A claim that these two concepts should somehow be
related to one another—Iet alone that they should coincide—is by no means
trivial. Nevertheless, as we will argue extensively, under specific conditions, it
does indeed make perfect sense to update by means of a conditioning rule.

1.2 FINDING YOUR WAY AROUND

In this dissertation, as in most manuscripts of considerable length, there are
plenty of references, both internal and external.

The main internal references consist of chapters, sections, subsections, ap-
pendices, theorems, propositions, corollaries, lemmas and equations. We refer
to them by providing their number, which is parenthesized in the case of equa-
tions. The reader will often be required to navigate back and forth between
these references. In order to try and make this task less frustrating, we have
added a subscript to every reference that is not located on the same double-
page spread. This subscript provides either the page number or a clue to look
at the recto page («) or the verso page (). Theorem [53jsg—one of the most
important results in this dissertation—can for example be found on page [156]
in Section[6.2frsa, which is the second section of Chapter[Gz7). Its proof is long
and complicated and has therefore been moved to Appendix [6.Bjrgg, which is
the second appendix of that same chapter. Also, we would like to apologise for
Equation (6.20)pr7-

External references are listed at the end of this dissertation. We refer to
them by means of numbers in square brackets. Interested readers with plenty
of time on their hands could for example stroll through Reference [[106], which
is Walley’s seminal book on imprecise probabilities, or read Cozman’s pioneer-
ing paper on credal networks [16].

30



1.3 A BRIEF OVERVIEW

1.3 A BRIEF OVERVIEW

Excluding this introduction, the rest of this dissertation consists of seven chap-
ters. The first three are concerned with various general aspects of modelling
uncertainty. In the subsequent three chapters, we use these general results to
develop a theory of credal networks under epistemic irrelevance. The final
chapter presents our conclusions and discusses avenues for further research
that we consider to be promising.

We give a brief overview of the results that are discussed in the six main
chapters. The introductions to these individual chapters often provide addi-
tional information.

We start off in Chapter 27 by connecting the theory of sets of desirable
gambles with that of conditional lower previsions, sets of conditional linear
previsions and sets of full conditional probability mass functions, restricting
ourselves to the case where the uncertain variables of interest take values in
a finite space. These are the four main imprecise-probabilistic frameworks
that we consider in this dissertation. We provide an overview of some of the
most important results in the literature and fill in some gaps as we go along.
For readers who are new to imprecise probabilities, this can be regarded as an
introduction to the field. The more advanced reader will notice that our ap-
proach differs from some of the more conventional ones. We build the theory
from scratch, using sets of desirable gambles as our starting point, in a way
that closely resembles—but nevertheless differs slightly from—the approach
that is advocated by Williams [112]. This chapter also discusses the two main
imprecise-probabilistic conditioning rules: natural and regular extension. We
define these rules in terms of each of the four frameworks we consider, com-
pare them to one another, provide pointers to the literature, and discuss various
technical and computational aspects.

In Chapter [3gg, we shift the focus from conditioning to updating and study
the problem of updating directly in terms of sets of desirable gambles. We in-
troduce an asymmetric—and arguably improved—version of Walley’s updat-
ing principle, discuss the conditions under which it makes sense to use it, and
explain how it leads to a justification for updating by means of natural exten-
sion. It turns out that our approach leaves room for other updating rules as well,
including more informative ones such as regular extension. However, in order
to justify them, our asymmetric version of Walley’s updating principle is not
sufficient, and needs to be combined with additional arguments. This is exactly
what we do in the remainder of the chapter, for the particular case of updating
by means of regular extension. The basic idea is that, since we are looking
for an updated model that is meant to be used after some event has occurred,
we are—in the process of coming up with such an updated model-—making
an implicit assumption that this event can occur. This assumption allows us to
include an extra assessment that, when combined with our asymmetric version
of Walley’s updating principle, leads to conditional models that coincide with
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1.3 A BRIEF OVERVIEW

regular extension. We provide two versions of this justification for updating by
means of regular extension. A simple version, which requires an assumption
of ideal precision, and a more involved one, which does not.

Chapter g explains how to model uncertainty in a multivariate context.
We study the concept of marginalisation and its interplay with conditioning,
discuss and compare various definitions of epistemic irrelevance, explain why
one of these definitions is to be preferred and compare epistemic irrelevance
with other imprecise-probabilistic notions of independence. Finally, we dis-
cuss the concept of conservative reasoning and explain how it allows us to
extend the notion of natural extension in such a way that it can deal with a
combination of direct and structural assessments.

Chapter [3zg marks the beginning of the second part of this dissertation,
which specifically focuses on credal networks under epistemic irrelevance.
We explain how the assessments of epistemic irrelevance that correspond to
such a network can be combined with its local models to construct a unique
most conservative global uncertainty model, which we call the irrelevant nat-
ural extension of the credal network. In contrast with Cozman, who invented
this concept [[16, Section 8.3], we do not restrict ourselves to the framework
of credal sets, but consider other imprecise-probabilistic frameworks as well,
including sets of desirable gambles and lower previsions. Our approach also
has the advantage that it does not require the simplifying positivity assump-
tions imposed by Cozman. We end this chapter by comparing credal networks
under epistemic irrelevance with other types of credal networks.

Chapter [G37) develops some remarkable theoretical properties of the irrel-
evant natural extension of a credal network. The starting point, and perhaps
the main technical achievement of this dissertation is a very strong separating
hyperplane result. From it, we are able to derive various theoretical properties
of the irrelevant natural extension, including factorisation, external additivity
and marginalisation properties. We also show that the irrelevant natural exten-
sion satisfies separation properties that are similar to the ones that are induced
by d-separation in Bayesian networks. We introduce an asymmetric version of
d-separation, called AD-separation, and prove that it implies epistemic irrele-
vance. Furthermore, since AD-separation is shown to satisfy all asymmetric
graphoid properties—all graphoid properties except symmetry—the induced
set of epistemic irrelevancies does so as well. We end this chapter by de-
veloping connections with the notions of independent natural extension and
marginal extension, and by proving marginalisation properties for the updated
models that are obtained when we condition the irrelevant natural extension of
a credal network using regular extension.

Chapter [pry is the last main chapter of this dissertation and is devoted
to the development of efficient inference algorithms. We begin by presenting
some techniques that can be used to simplify inference problems beforehand,
in a preprocessing step, before any actual inference algorithm is applied. This
includes techniques for removing barren nodes and AD-separated evidence as
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well as ways of reducing a conditional inference problem to an unconditional
one. In the next part of this chapter, we show that inference can be reformulated
as a linear programming problem, even in the presence of conditioning events
with probability zero. However, the size of the linear programs that need to be
solved is exponential in the size of the credal network and, therefore, this ap-
proach is only tractable for small networks. In the case of two binary variables,
we use this linear programming description to obtain elegant closed-form ex-
pressions for the extreme points of the independent natural extension of two
binary models. In the final part of this chapter, we develop efficient recursive
algorithms for exact inference. We start by focusing on credal networks of
which the underlying DAG is recursively decomposable—a new type of DAG
that includes trees as a special case. For these networks, we develop several
efficient inference algorithms, for various types of inference problems, includ-
ing inference problems that deal with multiple query variables at once. For
credal networks under epistemic irrelevance of which the underlying DAG is
not recursively decomposable, it is still possible to develop efficient inference
algorithms, but only in specific cases. We illustrate this by means of examples.
A particularly interesting example are inferences about a single query node in
case of complete evidence.

1.4 PUBLICATIONS

The research that led to this dissertation has resulted in fourteen publications.
Five of them have been published in international journals [30533,/40]. The
other nine have been presented at international conferences and were subse-
quently published in their proceedings [24-29,341/39,41]]. The results in this
dissertation represent only a small subset of these publications. In order to
turn this dissertation into a coherent story that focuses on a single line of re-
search, I have decided to only include results that are directly related to credal
networks under epistemic irrelevance. In order to paint a more complete pic-
ture of my research, I end this introduction with a brief overview of my main
results, focusing especially on the results that are not discussed in this dis-
sertation. For the convenience of the reader, I explictly mention the authors,
title and journal—or conference proceedings—of each of my publications; the
bibliography contains more detailed information.

The three main publications that did make it into this dissertation are Ref-
erences [27,28,31]:

m Jasper De Bock and Gert de Cooman. Allowing for probability zero in
credal networks under epistemic irrelevance. Published in the proceed-
ings of ISIPTA *13 [27]].

m Jasper De Bock and Gert de Cooman. Credal networks under epistemic
irrelevance using sets of desirable gambles. Published in the proceedings
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of ISIPTA *13 [28].

m Jasper De Bock and Gert de Cooman. Credal networks under epistemic
irrelevance: the sets of desirable gambles approach. Published in the
International Journal of Approximate Reasoning [31]].

These publications formed the basis for many of the theoretical results in Chap-
ters [Yfrzg and [y and Section [7.4h77. The main difference with our former ex-
position of these results is that we now present them in terms of four different
imprecise-probabilistic frameworks, thereby making them more accessible to
various audiences. Most of our algorithms in Chapter [Jr—especially the ef-
ficient recursive ones—are very recent and have therefore not been published
yet. This is also the case for the results in Chapters Pfs7, 3 and Fiog.

For imprecise hidden Markov models that adopt epistemic irrelevance as
their notion of independence—a specific type of credal network under epis-
temic irrelevance—I have developed a robust version of the Viterbi algo-
rithm that is capable of robustly estimating the value of a hidden sequence
of variables based on a corresponding sequence of—possibly incorrect—
observations of these variables, and I have used it to automatically cor-
rect the errors that are made by Optical Character Recognition (OCR) soft-
ware [25,30,41]]:

m Jasper De Bock and Gert de Cooman. State sequence prediction in
imprecise hidden Markov models. Published in the proceedings of
ISIPTA 11 [23].

m Jasper De Bock and Gert de Cooman. An efficient algorithm for esti-
mating state sequences in imprecise hidden Markov models. Published
in the Journal of Artificial Intelligence Research [30].

m  Gert de Cooman, Jasper De Bock and Arthur Van Camp. Recent ad-
vances in imprecise-probabilistic graphical models. Published in the
proceedings of ECAI 2012 [41]].

These results are closely related to the material in this dissertation and are
briefly mentioned in Section [7.5. 755, I do not discuss these results at length
because most of them were already reported in my master dissertation, be it in
a less developed form.

Besides credal networks under epistemic irrelevance, I have also worked
on credal networks under complete independence, which are very similar—
and for most inference problems even equivalent—to credal networks under
strong independence. For the corresponding notion of a hidden Markov model,
I have recently designed an algorithm that can be regarded as the ‘complete
independence’-version of the robust Viterbi algorithm that was mentioned
above [34]:
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m Cedric De Boom, Jasper De Bock, Arthur Van Camp and Gert de
Cooman. Robustifying the Viterbi algorithm. Published in the proceed-
ings of PGM 2014 [34].

My other work on credal networks under complete independence has been
concerned with using them to efficiently perform a global sensitivity analysis
in Bayesian networks and, by extension, in more general graphical models
such as Markov random fields [24]]:

m Jasper De Bock, Cassio P. de Campos and Alessandro Antonucci.
Global sensitivity analysis for MAP inference in graphical models. Pub-
lished in the proceedings of NIPS 2014 [24].

Finally, during my research on credal networks, I have often not been able
to restrain myself from wandering off into other parts of the vast world that is
imprecise probability theory. This has led to a number of additional results that
are not directly related to credal networks. Some of this material has not been
published yet, most notably a number of results in game-theoretic probability,
including a game-theoretic ergodic theorem for imprecise Markov chains; a
paper on this topic is currently under review. Other results were published in
References [26129,32,33,/39,40].

A first set of these results originated from my research on an imprecise-
probabilistic version of the concept of exchangeability, a structural assess-
ment of symmetry that can be imposed on multivariate models. This has
led to a behavioural justification for the use of imprecise Bernoulli pro-
cesses [[26]], imprecise-probabilistic representation theorems for partially ex-
changeable random variables [33]], and the development of new predictive in-
ference models [39,40]:

m Jasper De Bock and Gert de Cooman. Imprecise Bernoulli processes.
Published in the proceedings of IPMU 2012 [26].

m Jasper De Bock, Arthur Van Camp, Marcio Alves Diniz and Gert de
Cooman. Representation theorems for partially exchangeable random
variables. Accepted for publication in Fuzzy Sets and Systems [33]].

m  Gert de Cooman, Jasper De Bock and Marcio Alves Diniz. Predictive in-
ference under exchangeability, and the imprecise Dirichlet multinomial
model. Published in the proceedings of EBEB 2014 [39].

m  Gert de Cooman, Jasper De Bock and Marcio Alves Diniz. Coherent
predictive inference under exchangeability with imprecise probabilities.
Published in the Journal of Artificial Intelligence Research [40].

The remaining result is a connection between the geometrical concept of
Minkowski decomposability and the problem of finding the extreme points of
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the set of all coherent lower previsions on the linear space of all gambles on
some finite state space [291|32]], which are called extreme lower previsions:

m Jasper De Bock and Gert de Cooman. Extreme lower previsions and
Minkowski indecomposability. Published in the proceedings of ES-
QARU 2013 (winner of the best student paper award) [29].

m Jasper De Bock and Gert de Cooman. Extreme lower previsions. Pub-
lished in the Journal of Mathematical Analysis and Applications [32].
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MODELLING UNCERTAINTY

“Free yourself from the rigid conduct of tradition and open
yourself to the new forms of probability.”

Hans Bender

Consider a variable X that takes values ® in a non-empty finite state
space . This could be the number of days it will rain in Ghent next year,
the name of the first person that you will meet after reading this very sentence,
or simply the outcome of some coin flip. As you can gather from these exam-
ples, the actual value of such a variable X may be unknown. A subject’s—for
example your—uncertainty about the value of X can then be represented by
means of a belief model. The most common example of such a belief model is
a single probability mass function on Q. However, it is far from the only one,
and definitely not the most general one.

In this chapter, we introduce four alternative frameworks for constructing
a belief model that captures a subject’s uncertainty about the value of X: sets
of desirable gambles, (conditional) lower previsions, sets of (conditional) lin-
ear previsions and sets of (full conditional) probability mass functions. We
build these theories from the ground up starting from basic principles and con-
nect them with each other. They all share two advantages over working with
individual probability mass functions. First of all: they allow for impreci-
sion; basically, this means that lower and upper probabilities need not coin-
cide. Secondly, conditioning on events with (lower) probability zero becomes
non-problematic and sometimes even trivial.
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2.1 PRELIMINARIES

Essential to each of the frameworks that we are about to introduce is the notion
of a gamble on Q, which is a real-valued function on Q that is interpreted as
an uncertain payoff. If the actual value of X turns out to be @, the owner of
a gamble f receives the—possibly negative—payoff f(®), expressed in units
of some predetermined linear utility scale{'| We denote the set of all gambles
on Q as ¥(Q). This is a linear space under pointwise addition of gambles and
pointwise multiplication of gambles with real numbers. For any two f] and f>
in¥(Q), we write ‘1 > 27 if (Vo € Q) fi(®) > fa(®) and “f1 > 2" if i > f>
and f) # f>. Interesting subsets of ¥ (Q) are denoted by using predicates as
subscripts; for example: 4(Q)~o = {f € 4(Q): f > 0} is the set of all non-
negative gambles on Q, excluding zero.

Events are identified with subsets of Q2. Hence, the set of all events is the
power set Z(Q) of Q. We will often consider the set Z%(Q) = Z(Q) \ {0}
of all non-empty events as well. Since Q is finite, Z(Q) and Fy(Q) are finite
too. With every event B € £2(Q), we associate a special gamble Ig on Q,
called its indicator, that assumes the value 1 on B and O elsewhere.

2.2 SETS OF DESIRABLE GAMBLES

Sets of desirable gambles constitute the first framework we consider [85}/109].
The basic idea here is to model a subject’s uncertainty about the value of X by
means of a set Z C ¢(Q) of gambles on Q—risky transactions whose payoff
depends on the value of X—that he considers to be desirable. A subject is said
to find a gamble f € ¢(Q) desirable if he strictly prefers it to the zero gamble
or, equivalently, if he strictly prefers ownership of f over ownership of the zero
gamble—the status quo.

In order to reflect a rational subject’s uncertainty, a set of desirable gam-
bles 2 should be coherent, meaning that it satisfies the following consistency
criteria.

Definition 1 (Coherence for sets of desirable gambles). A set & of desirable
gambles on Q is coherent if for all A € R~y and all f, f1, /> € g(Q)E]

DI. f=0=f¢ 9; [avoiding null gain]

D2 f>0=fec9; [desiring partial gain]

'As long as the amounts of money remain limited, many people perceive the utility of a
monetary reward to be a linear function of its monetary value; see Reference [[106, Sections 2.2.1
and 2.2.2] for additional discussion, including an example of a well-defined utility scale that is
perfectly linear.

2We use R~ as a convenient shorthand notation for {1 € R: A > 0}, and similarly for Rx.
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D3. feP=AfeD; [positive scaling]
D4. fi,heZ= fi+fr €D [combination]

Criteria [DI] and [D2] are rationality criteria; they follow directly from our
interpretation of desirability. The zero gamble should not be desirable [DI]~1;
gambles without negative payoffs and with the possibility of a positive pay-
off should always be desirable [D2]]. Criteria [D3]and [D4] follow from the
linearity of our utility scale.

Coherence has a number of useful consequences, which can be obtained by

combining[D1],.D4] For example, for any coherent 2, and any f,g € ¥ (Q):

D5. g>fand fe P = g€ D, [monotonicity]

D6. f<0=f¢ 9. [avoiding non-positive gain]

2.2.1 Natural extension

In practice, we cannot expect a subject to specify for each gamble f € ¥ (Q)
whether or not he finds it desirable. Instead, all that is usually obtained from an
elicitation procedure is an assessment o/ C ¢ (Q), which may be only a subset
of a subject’s set of desirable gambles. Furthermore, such an assessment is
often not coherent. However, by applying we can use .2/ to infer the
desirability of other gambles. The largest set of desirable gambles that can be
constructed in this way if]

E(o) = {il,-f,» neN,f; € /UG (Q)=0, A € R>0}. @.1)
i=1

By construction, & (/) satisfies Consequently, &(.<7) is coherent
if and only if it avoids null gain [[DI].]. Furthermore, if & (<) is coherent,
then it is the smallest coherent set of desirable gambles that contains <7, and
we then call &(«7) the natural extension of /. Since coherence is trivially
preserved under taking intersections, this natural extension & (.«7) is then also
equal to the intersection of all the coherent supersets of ..

Even after enlarging an assessment by means of natural extension, the re-
sulting set of desirable gambles is not guaranteed to be exhaustive. Further
elicitation may result in additional desirable gambles. However, for various
reasons, one may be unwilling or incapable of performing such further elic-
itation; see Reference 106} Section 2.10.3] for numerous examples. Hence,
we will not require a set of desirable gambles & to be exhaustive, nor will we
interpret it in this way.

3We define the natural numbers N as the set of all positive integers. We use Ny := NU {0} to
refer to the version that includes zero.
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2.2.2 Conditional sets of desirable gambles

One of the advantages of working with sets of desirable gambles is that con-
ditioning is extremely elegant. Consider a set of desirable gambles & and an
event B € Z(Q). Then the corresponding conditional set of desirable gam-
bles is given by [47]]

2|B:={fc¥(B): Isf € 7}, 2.2)

where, by introducing the convention that 0 X undefined := 0, we let [z f be a
gamble on Q that coincides with f on B and is zero elsewhere. The intuition
behind this definition is very simple: when B occurs, the gambles [z f and f
are indistinguishable in practice. Contingent on B occurring, they yield the
same payoff; if B does not occur, then I f results in a zero payoff whereas f is
not defined. This definition of conditioning preserves coherence: if ¥ C 4(Q)
is coherent, then Z|B C ¢(B) is clearly coherent as well.

Alternative methods for conditioning a set of desirable gambles have also
been proposed [[14176}/106}[109], using the notation ‘|’ rather than ]’; all of
these alternative methods result in a set of gambles on Q instead of B. We
prefer the present version because we find it more intuitive that conditioning
on an event B produces a model for—a set of gambles on—that event. In any
case, the choice between these definitions is mainly an aesthetic one, because
they are all mathematically equivalent [47, Section 3.2].

2.3 LOWER PREVISIONS

Instead of asking a subject to evaluate the desirability of a gamble directly,
one can also ask him at which prices he would be willing to buy or sell that
gamble. This is the approach that is taken in Walley’s theory of lower previ-
sions [68,(71196L/106]. For any gamble f on Q, the lower prevision P(f) of
f is a subject’s supremum buying price for f. Similarly, the upper prevision
P(f) of f is his infimum selling price for f. Since selling f for a price o is
equivalent to buying — f for a price — o, lower and upper previsions are related
by conjugacy: P(f) = —P(—f). For this reason, it suffices to discuss only one
of them. We follow Walley in concentrating on lower previsions.

Due to their interpretation as supremum buying prices, lower previsions
can easily be related to sets of desirable gambles. In order to connect both
approaches, it suffices to require that a subject considers the gamble f — « to
be desirable if and only if he strictly prefers buying f for the price a to the
status quo—not buying any gamble at all. Using this connection, a coherent
set of desirable gambles 2 trivially results in a lower prevision P, defined by

Py(f) =sup{aeR: f—a € P} forevery f € 4(Q). (2.3)

Alternatively, lower previsions can be assessed directly as well. Any real val-
ued function P with arbitrary domain .7 C 4 (Q) can be interpreted as a lower
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prevision. We say that P is coherent if there is a coherent set of desirable
gambles 7 C 4(Q) such that P(f) = Py(f) forall f € ,%/E]

Lower previsions are less expressive than sets of desirable gambles. For
a given coherent lower prevision P on ¢(Q), there may be multiple coherent
sets of desirable gambles & such that P = P, the smallest of which isﬂ

Ip={fe9(Q): P(f)>0or f>0}. 2.4)
All of these sets have the same associated set of almost desirable gambles

(2)={fe¥(Q): (V6§ €Ry) f+ 5 € P} (2.5)
={f€9(Q): Py(f) =2 0}. (2.6)

We write cl(2) because, if Z is coherent, then the set on the right-hand side of
the defining equality in Equation (2.3) is equal to the topological closure of 2,
with respect to the topology that is induced by the Euclidean metric. Similarly,
they will also have the same topological interior

int(2) :={fe9(Q): (36 €Rp) -6 € P} 2.7
={f€9(Q): Py(f) > 0}.

It is furthermore easily proved that these conditions are equivalent: if Z; and
2, are two coherent sets of desirable gambles, then

B_@l = B@Z =4 Cl(@l) = Cl(@z) = int(@l) = int(@2). (2.8)

Hence, coherent sets of desirable gambles with the same lower prevision Py,
differ only in their border cl(Z) \ int(Z). Nevertheless, which part of this
border belongs to Y—the border structure of Z—may be important, for the
following two reasons [[109]]. First of all, in a decision making context, it en-
ables one to distinguish between strict and weak preference. For example,
for two gambles f,g € ¥ (), we might say that f is strictly preferred over
g if and only if f— g € 2, whereas f is weakly preferred over g if and only
if f-gecl(Z) < Py(f—g) > 0. The set of desirable gambles Z is able to
distinguish between these two notions, but the lower prevision P is notﬂ Sec-
ondly, as we will illustrate further on, the border structure of a set of desirable
gambles may have a significant impact on the conditional models it produces.

4The connection with other definitions of coherence for lower previsions is discussed in Sec-
tion @j

5In Reference [106, Section 3.8.1], this set is denoted by 27 and is called the associated set
of strictly desirable gambles.

6Similar observations can be made for other notions of strict and weak preference for sets of
desirable gambles; see for example References [744106(/109].
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2.3.1 Conditional lower previsions

In the theory of lower previsions, conditional models are not merely regarded
as derived concepts that are obtained through conditioning. Instead, they are
primitive concepts, can be assessed directly, and are related to their uncondi-
tional counterparts by coherence. For any event B € Z)(Q) and any gamble
f € 9(B), we interpret the conditional lower prevision P(f|B) of f given B
as a subject’s supremum buying price for f, contingent on the occurrence of
B When considered as an operator, a conditional lower prevision P(-]-) is
a real-valued function whose domain can be any set € of couples (f,B), with
B € Z)(Q) and f € 9(B). Hence, if we let

€(Q) = {(f.B): BE Zy(Q),f €¥(B)}

be the largest such set, then € can be any subset of €(Q). If € contains only
couples of the form (f,Q), with f € J# C ¥4(Q), then P(-|-) can be identified
with an unconditional lower prevision P on ., defined by P(f) = P(f|Q)
for all f € J#. Furthermore, for any B € #y(Q), the operator P(-|B) can be
regarded as an unconditional lower prevision on

Cp=1{f €9 (B): (f.B) €€} CY(B).

Due to the connection between desirability and buying prices, every coher-
ent set of desirable gambles 2 has a unique corresponding conditional lower
prevision Py (-|-), obtained by letting Py (- | B) be the lower prevision that cor-
responds to 7 |B:

Py(f]B) =sup{a €R: f—a € Z|B} (2.9)

=sup{a € R: Iz[f — a] € D} forevery (f,B) € €(Q). (2.10)

However, sets of desirable gambles are still more expressive; different & can
lead to the same Py (-]-) [[74, Section 6].

A conditional lower prevision is said to be coherent if it can be derived
from a coherent set of desirable gambles by means of Equation (2.10).

Definition 2 (Coherence for conditional lower previsions). A conditional
lower prevision P(-|-) with domain € is said to be coherent if there is some
coherent set of desirable gambles 9 C 4 (Q) such thaﬂ

P(f1B) = P, (f|B) for every (f,B) € €.

7Other authors consider the conditional lower prevision P(f|B) of gambles f € ¥(Q) instead;
the connection with our approach will be established in Section[2.3. 3

8See Equation (2.10) for a definition in terms of sets of desirable gambles.

9We will establish a connection with other definitions of coherence for conditional lower

previsions in Section[2.3 3
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Since coherence for sets of desirable gambles is preserved under taking
intersections, we find that coherence for conditional lower previsions is pre-
served under taking pointwise infima, or equivalently: the lower envelope of a
set of coherent lower previsions is again a coherent lower prevision.

Proposition 1. Consider an arbitrary index set I and, for every i € I, a coher-
ent conditional lower prevision P;(-|-) on € C € (Q). The conditional lower
prevision P(-]-) on €, defined by

P(f1B) = infP,(f]B) for all (.B) €

is then also coherent.

Proof of Proposition[l} For every i € I, the fact that P;(-|-) is coherent im-
plies the existence of a coherent set of desirable gambles 2; C ¢(Q) such that
Pi(f]B) =Py, (f|B) forall (f,B) € ¢. Now let 7 := Nje; Z;. Since coherence
for sets of desirable gambles is trivially preserved under taking intersections,
we know that 7 is coherent. Consider now any (f,B) € €. In order to prove
the result, it clearly suffices to show that P (f|B) = infic; P;(f|B).

For all i € 1, we infer from & C %, that Py, (f|B) < Py,(f|B) = P;(f]B),
which in turn implies that P, (f|B) < infie; P;(f]B). Consider now any € €
R-¢. Equation Z:10) ~ then implies that Ig[f — P, (f|B) — €] ¢ 2 = Nic1 .
Hence, there is some i* € I such that Iz[f — Py (f|B) — €] ¢ Z=. Since
D is coherent, this implies that Ig[f — a] ¢ &+ for all &« > P, (f|B) + &,
which in turn implies that Py, (f]B) < Py(f|B) +&. Since we also know
that infie; P;(f|B) = infie; Py, (f|B) < Py, (f|B), this allows us to infer that
infie; P;(f|B) < Py(f|B) + €. Since this is true for all € € R, we find that
infie; P;(f|B) < Py (f]B). We conclude that Py (f|B) = infie; P;(f|B). O

Coherence of P(-|-) implies that P(-]-) is separately coherent [[106, Section
6.2.2], by which we mean that, for all B € &(Q), P(-|B) is a coherent lower
prevision on (fgm However, separate coherence does not imply coherence:
coherence of P(-|B), for all B € %(Q), is not sufficient for P(:|-) to be co-
herent. Whenever we want to clearly distinguish between separate coherence
and coherence, we will refer to the latter as joint coherence.

If for every B € A, with & a subset of Z(Q), we have a lower previ-
sion P(-|B) on % C 4(B), we use P(-| %) .= {P(-]|B): B € A} to refer to
this collection of lower previsions. It should be clear that such a collection
can also be identified—trivially—with a conditional lower prevision P(-]-) on
¢ ={(f,B): Be B,f € #p}. We call a collection P(-|%) separately co-
herent if each of its individual elements P(- |B) is coherent; we call it (jointly)

101¢ suffices to realise that there is a coherent set of desirable gambles on & (B)—in particular:
9| B—from which P(-]|B) can be obtained by means of Equation Z3Jgg—in particular: Equa-

tion Z9) .
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coherent if the corresponding conditional lower prevision is (jointly) coher-
ent. If the collection we are referring to is clear from the context, we do not
mention it explicitly. For example, we might say that a lower prevision P on
9 (Q) is coherent with a lower prevision P(-|B) on ¢(B); by this, we simply
mean that the corresponding collection—consisting of the lower previsions
P(-|Q) == P(-) and P(-|B)—is jointly coherent.

2.3.2 Natural extension

Since Z is not required to be exhaustive, Py (-] B) is not exhaustive either; the
subject’s actual supremum buying price for f contingent on B may be higher
than P, (-|B). If P(-]-) is assessed directly, then similarly, we do not require
it to be exhaustive. A particularly useful advantage of this interpretation is
that it allows us to turn a—possibly incoherent—lower prevision P(-]-) into a
coherent one by correcting it upwards.

To understand how this comes about naturally, the first step is to realise
that a coherent lower prevision is simply an assessment of desirable gambles:
due to our interpretation for P(f|B), we know that for any € € R, there is
some & > P(f|B) — € such that Ig[f — a] is a desirable gamble. By combining

this with and we find that the gambles in
p(.|y = {Iglf —P(f|B)+¢€]: (f,B) € € and € € R}

are desirable and therefore also, by [D2kg-{D4fs, that each of the gambles in
&p(.|.y = & (Hp(.|.)) is desirable. Furthermore, since &p. . is the natural ex-
tension of the assessment ﬂB('J')’ we know from Section [2.2. Ijzg that gB(M is
the smallest set of gambles whose desirability is implied by coherence (D2kg-
and (the assessment that corresponds to) P(-|-).

The next step is to consider the supremum buying prices that correspond to
this set of desirable gambles &p(. ), as given by

E(f|B) =Py,  (f|B)forall (f,B) € €(Q). .11

The resulting operator E(-]-) is defined on %'(Q), and its restriction to ¢ dom-
inates P(-]-), in the sense that

E(f|B) > P(f|B) for all (f,B) € . 2.12)

Let us begin by taking a look at what happens if &p,.|. is coherent. In that
case, E(-]-) is a coherent conditional lower prevision, and we will refer to it as
the natural extension of P(-]-). Not only does it—if necessary—correct P(- |)
upwards on %’ to make it coherent, it also extends the domain of this correction
to all of €'(2). Furthermore, out of all such coherent upwards corrections of
P(-]-), E(-]-) is the most conservative—most imprecise—one and therefore
the only one that can always be inferred from P(-|-) without having to add
extra assessments.
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Proposition 2. Consider a conditional lower prevision P(-]-) with domain €
and let P'(-]-) be any coherent conditional lower prevision on €' O € that
dominates P(-]-) on €. Then

P'(f|B) > E(f|B) forall (f,B) € €.

Proof of Proposition 2] By Definition P, there is some coherent set of desir-
able gambles Z such that Py, (f|B) = P'(f|B) for all (f,B) € ¢”. Further-
more, by an argument similar to the one we provided for &p(.).) in the main
text, we know that &p(. |y consists of gambles whose desirability is implied by
P'(-]-). Hence, we find that 6p(.) © . Also, since P'(-]-) dominates P(-|)
on €, 'Q{B('J-) is clearly a subset of %B/(-J‘) and therefore é}(‘“ is a subset of
&p(.)y- This implies that &p(.|.) C & and therefore also, by Equation 2z,
that P'(f|B) = Py (f|B) > Pg, (f|B)=E(f]|B) forall (f,B) € ¢ . O

We conclude that, if &p(..) is coherent, the natural extension E(-]-) pro-
vides us with the most conservative—lowest—coherent supremum buying
prices that are compatible with (the assessment that corresponds to) P(-]-).

So far, so good. But what if éag(. 19 is incoherent? As we know from Sec-
tion [2.2.1gg, the only way for this to happen is if &p(.|.) does not avoid null
gain |wgm , meaning that @‘"B(, 1) contains the zero gamble. Even worse, as we
show in Proposition |§| below, there are f € &p(.).) for which f < 0. In other
words, there are gambles whose desirability is implied by P(-]-) and [D2g
[D4g, but which are guaranteed never to yield a positive payoff, and in some
cases even yield a negative payoff. If this happens, then clearly, there is some-
thing wrong with P(-]-). Indeed, it turns out that if &p(..) is incoherent, then
P(-]+) is incoherent as well, and it cannot be made coherent by correcting it
upwards. Hence, in that case, it is not possible to construct a coherent lower
prevision that is consistent with (the non-exhaustive interpretation of) P(-]-),
and the only option is to reassess P(-]-).

Proposition 3. Consider a conditional lower prevision P(-]-) with domain €.
Then the following statements are equivalent:

(i) &p(..) is incoherent;
@) f <O forsome f € éaB(J),
(i) E(f|B) = +oo for some (f,B) € €;

(iv) Every conditional lower prevision that dominates P(-]-) on € is inco-
herent.

Proof of Proposition 3] 1t clearly suffices to show that [(D={GDF{D]
and >

We start by proving that |(1)=4(11)| and |(1)={(111)l So assume that |(1)| holds:
&p(.).) is incoherent. Then as explained in Section, &p(.)-) does not avoid
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null gain [Dljg], implying that there are n € N, (Vi € {1,...,n}) (f;,Bi) € €,
g € R-g, A; € R such that

i P(f;|B;)+¢&]=0.
i=1

Hence, for all A € R~, we find that

. 21 81 /!
—Alp, = e mgl 5 > /,ngl ( ,Z;’l’ )

=

}Lzl);‘l (iAHB |: P(flJBz)'le]) =:h

i=1

and therefore, since h € éaﬁ(. IBE and because éap( 19 satisfies g1 and E;g
and therefore also [D3pg, that —Alg, € &p(.].)- This already 1mp11es that |(

holds. Now assume ex absurdo that[(iiD)]~ does not hold, implying in partlcular
that E(f1|B1) < oo, which in turn implies that there is some o € R such that
Ig, (fi — &) & &p(.).). Consider any A € R such that A > a —min f. Then
Ig, (fi —ax) > MIB1 and hence, since (as we have just shown) —Alp, € gP(J )
and because &p(. . satisfies D5, we find that I, (f1 — o) € &p(.|.)- This is a
contradiction, allowing us to conclude that[(iiD)]~ holds.

w1 is trivial: by combmmgﬂn with the fact that <§’p J ) satisfies
, we immediately find that &p(.|.) does not avoid null gain [D

For @m: —Gv)]~, it suffices to recall that, as explained earher onin Sec-
tion [2.3.24, coherence of &) implies that E(-]-) is a coherent conditional
lower prevision that dominates P(|-) on %

Finally, we prove that {(iv),~= —{{iD}~. So assume that {(iv)]~: there is a
coherent conditional lower prevision P'(-|-) that dominates P(-]-) on %". Then
by Proposition 2}, for any (f,B) € ¢, P'(f]B) > E(f]B). Since P'(-]) is by
definition real-valued, this implies that E(f|B) < oo for all (f,B) € . O

By combining this result with Proposition [2]., we obtain the following
alternative characterisation of coherence.

Corollary 4. Consider a conditional lower prevision P(-|-) with domain €.
Then P(-|-) is coherent if and only if it coincides with E(-|-) on €.

Proof of Corollary[} First assume that P(-|-) is coherent. Then trivially,
P(-]-)is a coherent lower prevision that dominates P(:]-) on 4. Hence, by
Proposition[2]~, P(-|-) dominates E(-]-) on ¢". However, by Equation - 12)gz,
the converse holds as well. Hence, P(-]-) and E(-|-) coincide on %

Next, assume that P(-|-) and E(-]-) coincide on €. Now assume ex ab-
surdo that &p(.|.) is incoherent. Then by Proposition @, there is
some (f,B) € € such that E(f|B) = 4o and therefore, by assumption, also
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P(f|B) = +oo. This is a contradiction because P(-]-) is a conditional lower
prevision and therefore, by definition, real-valued. Hence, é"g(, 1) is coherent.
This implies that E(-|-) is coherent too, and therefore, since P(-|-) is by as-
sumption the restriction of E(-]-) to &, P(-]-) is coherent as well. O

If P(-]-) is coherent then, as one would intuitively expect, the most conser-
vative coherent upwards correction of P(-]-) is P(-|-) itself. However, even in
that case, natural extension is still a important tool, as it allows us to coherently
extend P(-]-) to all of € () in the most conservative way possible.

Consider for example the common case where € = {(f,Q): f € 9(Q)},
which means that P(-|-) is an unconditional lower prevision P(-) := P(-]Q) on
%(Q). In that case, natural extension can be regarded as a conditioning rule:
for any B € Py(Q), it provides us with a corresponding coherent lower previ-
sion E(-|B) on ¢4 (B)E-] it is guaranteed to be coherent with P, and out of all
lower previsions on ¢ (B) that are coherent with P, it is the most conservative—
most imprecise—one.

2.3.3 Comparison with other approaches

Besides Definition Jjr, many other definitions for coherence have been pro-
posed as well; see Reference [80]] for an overview. As we are about to explain,
within our finitary context—recall that Q is finite—, many of them are mathe-
matically equivalent to our approach.

First of all, in these other definitions, P(-|B) is defined for gambles on Q
instead of B. By analogy with conditioning for sets of desirable gambles, we
reflect this in our notation by using ‘|” instead of ‘|’. If we adopt this approach
as well, then P, (f|B) is still defined by Equation (2.10)gz, but with f an ele-
ment of ¢(Q) instead of ¢(B). Definition P remains identical; we just have
to replace ‘|’ by ‘. We prefer our present version because we find it more in-
tuitive that conditioning on an event B produces a model for—a lower prevision
for gambles on—that event. Also, it allows us to use Equation 2.9z, which
we think is particularly elegant because it illustrates that Equation Z.I0)y
follows directly from Equations and (2.3)gg. Mathematically, both ap-
proaches are equivalent. If P(:|-) is coherent, then P(f|B) depends only on
the restriction fp € 4 (B) of f to B, allowing us to identify P(-|-) with a co-
herent lower prevision P(:|-). Conversely, if P(-|-) is coherent, then the lower
prevision P(-|-) that is defined by

P(f|B) = P(fp]|B) for all f € 4(Q) and B € Py(Q) such that (fz,B) € €

is coherent. Even stronger: P(-|-) is coherent if and only if P(-]-) is coher-
ent. Given this connection, we now compare Definition @2] with a number of
alternative definitions for coherence.

"'We provide an explicit expression for this conditioning rule further on in Section .
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Formally, the notion of coherence that resembles Definition [} the most
is that of Williams [[104,/112] (W-coherence). The main difference is that he
considers so-called acceptable gambles rather than desirable ones. As was
essentially pointed out by Williams himself—the cone <7, in Reference [113,
Proposition 3] is identical to our ‘DEB(- 1y this leads to an equivalent definition;
see Reference [74] for some results in terms of desirable gambles. Two other
differences are that Williams considers upper rather than lower previsions and
that he imposes some structure on the domain of B(|) Reference |80, Sec-
tion 3.1] explains that this does not make any difference either; structure-free
generalisations of W-coherence for lower previsions can be found in Refer-
ences [80,94,98] and [96, Chapter 13]. Another, more popular definition of
coherence is that of Walley [106] (Walley-coherence); this definition is not
structure-free. When it is applicable, Walley-coherence is known to be equiv-
alent to W-coherence if Q is finite [106, Appendix K]. We conclude that
within our finitary context, Definition 2 is equivalent to both Walley- and
W-coherence and that therefore, we can import all sorts of useful results that
were developed for these other notions of coherence, ranging from theoretical
properties [96,/106] to computational techniques 98}/ 111].

2.3.4 Properties of coherent conditional lower previsions

Coherence has many useful consequences; see for example References [96]
106L[112]. We list only a few.

Consider a coherent conditional lower prevision P(-|-) with arbitrary do-
main ¢ and let P(-|-) be the associated conditional upper prevision, defined
by

P(f|B) := —P(—f|B) for all (f,B) € ¢ (Q) such that (—f,B) € €.

Then for all A,B € Z)(Q) such that BC A, all L € R, all g € R and all
f,g € 4(B), the following properties hold whenever the expressions involved
are well-defined:

Cl. P(f|B) > minf;

C2. P(Af]B) = AP(f|B): [non-negative homogeneity]
C3. P(f+g|B) > P(f|B)+P(g|B); [super-additivity]
C4. P(Ig[f - P(f]B)]]A) =0;

C5. P(f|B)+P(g]B) = P(f+g|B) = P(f|B)+P(g]B) = P(f+g]B):

C6. P(f|B) < P(f]B) < maxf;

12He requires the domain to be of the form in Corollary %}
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C7. g> f=P(g|B) > P(f|B): [monotonicity]
C8. P(f+u|B)=P(f|B)+u. [constant additivity]

Conditions [CI].-{C4] have a special status because—as the following result
by Williams establishes—they can be used to characterise coherence.

Proposition 5 ( [96,|106,(112]])). Consider a non-empty subset B of Pp(£)
and, for all B € %, a linear subspace % of 4(B). Let P(-]-) be any condi-
tional lower prevision with domain € = {(f,B): B€ B and f € #p}. Then
P(-]-) is coherent if and only if it satisfies [C1|~-{C4]~. Furthermore, for any
B € B, P(-|B) is coherent if and only if it satisfies |C1|~+C3|~. Hence, in this
particular case, P(-]-) is jointly coherent if and only if it is separately coherent

and satisfies|C4}.

2.3.5 Betting rates

Before we move on to the connection between lower previsions and probability
measures, we would like to draw attention to a particular aspect of sets of
desirable gambles and the lower previsions that are associated with them.

Clearly, the notion of a gamble is closely related to betting: similarly to
what happens with betting, we either lose or gain utility (money), depending
on the uncertain value of a variable X (the outcome of some experiment). This
connection is especially clear if we consider indicators of events. For any
B € Z)(Q) and A € Ry and a € R, the gamble A(Iz — &) corresponds to
paying A« in order to receive A if B happens. In other words: betting on B,
at a betting rate o, and with stakes A. Due to the linearity of our utility scale
[C2]1, the desirability of such a bet does not depend on the stakes A, but only
on the betting rate : the gamble I — ¢ is desirable if and only if you are
willing to bet on B at a betting rate @. Hence, we find that the supremum
betting rate at which you are willing to bet on B, defined by

Py(B) =sup{acR:Iz—ac P} =Py(Is), (2.13)

is equal to the lower prevision of . Similarly, since o — Ip is desirable if
and only if you are willing to take bets on B at a betting rate ox—bet against B
at a betting rate 1 — oc—we find that the upper prevision of [ is equal to the
infimum betting rate

Py(B) =Py(lz) =inf{a e R: a—Ip € 7} (2.14)

at which you are willing to take bets on B. By coherence [CI] and[CG-], we

find that _
0<Py(B) <Py(B) <1, (2.15)

as is to be expected for (supremum and infimum) betting rates. For reasons that
should become clear shortly, P, (B) and Py (B)—or P(B) and P(B)—are often
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referred to as the lower and upper probability of B, respectively. However, this
should not be taken to imply the existence of an unknown probability P(B) of
B, for which P (B) and Py (B) provide lower and upper bounds; this may be
the case in some situations, but in general, the interpretation in terms of betting
rates is more fundamental. We discuss this point further in Section [2.6.3g.

2.4 LINEAR PREVISIONS

If a subject’s supremum rate P(B) for betting on B coincides with the infimum
rate P(B) at which he is willing to take bets on B, then P(B) := P(B) = P(B)
is his fair betting rate for the event B. Similarly, for a gamble f € 4(Q),
if P(f) = P(f), then P(f) := P(f) = P(f) is the subject’s fair price for f,
called the prevision of f by de Finetti [50]. If a conditional lower prevision
P(-]) with domain % assigns such fair prices to all gambles, in the sense that
(f,B) € € if and only if (—f,B) € € and that

P(f|B) =P(f|B) =: —P(~f]B) forall (,B) € %,

then P(-]-) is said to be self-conjugate, is referred to as a conditional prevision,
and we then simply write P(-]|-) instead of P(-]-) or P(]-).

If a conditional prevision P(-]-) is coherent, then by combining|[Clg-HC4g)
with self-conjugacy, we find that it satisfies the following properties. For all
A,B e Py(Q) such that BC A, all A € R, and all f,g € 4(B), and whenever
the expressions involved are well-defined:

Pl. minf < P(f|B) < max f;

P2. P(Af|B) = AP(f]|B); [homogeneity]
P3. P(f+g|B) =P(f|B)+P(g|B); [additivity]
P4. P(Igf|A) = P(f|B)P(B]A). [Bayes’s rule]

As we can see from conditions[P2|and[P3] for all B € Z2)(Q), P(-]B) is a linear
operator, and for this reason, coherent conditional previsions are also referred
to as conditional linear previsions. Proposition[5] leads to the following con-
venient characterisation.

Corollary 6 ( [96L|106L|112])). Consider a non-empty subset B of Pp(Q) and,
for all B € B, a linear subspace g of 4 (B). Let P(-|-) be any conditional
prevision with domain € = {(f,B): B € % and f € H#g}. Then P(-]-) is co-
herent if and only if it satisfies P1HP4 Furthermore, for any B € %, P(-|B) is
coherent if and only if it satisfies P1HP3| Hence, in this particular case, P(-]-)
is jointly coherent if and only if it is separately coherent and satisfies[P4]
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We denote the set of all conditional linear previsions on €' (Q) by P. Fur-
thermore, for any B € %y(Q), we let Pg be the set consisting of all uncon-
ditional linear previsions on ¢(B). In this way, for any B € &%(Q) and
P(-|-) € P, we have that P(-|B) € Pg. Pq corresponds to an important spe-
cial case.

2.5 FULL CONDITIONAL PROBABILITY MASS FUNCTIONS

One of the reasons why linear previsions are an important, is because they al-
low us to link the gamble-orientated approach to modelling uncertainty, which
we have just introduced, with the more conventional approach that uses prob-
ability measures and probability mass functions.

Indeed, consider a conditional linear prevision P(-]-) on € (Q) and use
P(C|B) as a shorthand notation for P(I¢|B), for all C,B € Z(Q) such that
C C B. It then follows from that, for all A,B € Py(Q) and C,D €
Z(Q) suchthat CND=0and CUD C B C A:

C|A)=P(C|B)P(BJA). [Bayes’s rule]

Hence, formally, the restriction of P(-|-) to indicators can be identified with a
full conditional probability measure, because|FIHF4]are the defining properties
for such a measure [54][]3] Conditions that, for any B € (Q),
P(-|B) satisfies the usual axioms of probability, andcorresponds to Bayes’s
rule. Furthermore, the original conditional prevision can be fully recovered
from this full conditional probability measure. Indeed, by linearity, for any
f €9 (B),since f =Y yep f(®)]{p), we find that

P(f1B) = P( y f(w)ﬂ{w}JB> = ¥ f@Plo]5) = T f@)pols

weB weB

is the expected value of the gamble f with respect to the probability mass

function p(-|B) on B that corresponds to P(-|B), defined for all ® € B by
p(@]B) = P({w}|B) = P(I;4} | B).

Inspired by these results, we let 6. (Q) := {(®,B): B€ %y(Q) and o € B}

and we call an operator p(-]-) on €, (Q) a full conditional probability mass

135ee Reference [21] for a recent overview of related literature.
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function if and only if, for all A,B € %%(Q) such that B C A, p(-|B) is a
probability mass function on B and

p(®|A)=p(w]B) Y p(o'|A)forall ® € B. (2.16)

o' EB

It follows from the results above that there is a one-to-one correspondence
between conditional linear previsions, full conditional probability measures
and full conditional probability mass functions.

If every element of Q has positive probability—if p(w|Q) > 0 for all
® € Q—then Bayes’s rule—or, equivalently, Equation (Z.16)—uniquely de-
termines all conditional probabilities. In that case, a full conditional prob-
ability mass function and its associated full conditional probability measure
and conditional linear prevision are completely characterised by the uncondi-
tional mass function p(-) := p(-]Q). However, if P(B) = ¥ ,czp(@|B) =0,
Bayes’s rule imposes no non-trivial restrictions on p(-|B) and in that case,
a full conditional probability mass function allows for p(-|B) to be specified
independently from p(-|Q).

2.6 SETS OF LINEAR PREVISIONS OR MASS FUNCTIONS

The link between (full conditional) probability mass functions and (condi-
tional) lower previsions is not restricted to the special case of (conditional)
linear previsions. In general, lower previsions are related to sets of linear previ-
sions and therefore, by the results in the previous section, to sets of probability
mass functions.

2.6.1 The lower envelope theorem

For any conditional lower prevision P(-]-) on an arbitrary domain %, we can
consider the corresponding set of dominating linear conditional previsions, as
given by

My ={P(-]-) €P: P(f|B) > P(f|B) forall (f,B) € €}.  (2.17)

The following fundamental result by Williams [[112] shows that P(-|-) is co-
herent if and only if (a) there is at least one such dominating linear prevision
and (b) the lower envelope of all these dominating linear previsions is equal
to P(-]-).

Theorem 7 (Lower envelope theorem [112]]). Consider a conditional lower
prevision P(-]-) with domain €. We then have that P(-|-) is coherent if and
only if Mp(.|) # 0 and

P(f|B) = min{P(f|B): P(-]-) € Mp(.|.} forall (f,B) € €.
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Furthermore, in that case, by conjugacy, the corresponding conditional upper
prevision is given by

P(f]|B) = max{P(f|B): P(-|-) € Mp,. } forall (—f,B) € €.

By combining the lower envelope theorem with the results in Sec-
tion [2.3.2, we obtain an alternative expression for the natural extension:
&p(.].) is coherent if and only Mpy. 1) # ( and, in that case, we have that

E(f|B) =min{P(f|B): P(-|-) € AMp(,} forall (f,B) € €(Q). (2.18)

Although the set .#p(.|.) is extremely powerful from a theoretical point of
view, it is often too complex to work with in practice. For this reason, it is
sometimes convenient to restrict the domain of the conditional linear previ-
sions in .Zp,. |.)- In particular, for any B € Pp(Q), we may consider the set

%B(‘J')JB ={P(-|B): P(-|-) € ‘//ZE('J')} C Pp, (2.19)

consisting of linear previsions on ¢ (B). Alternatively, instead of restricting the
domain of the conditional previsions in .#p(.|.), we may also regard P(-|B) as
an unconditional lower prevision on ¢ := {f € 4(B): (f,B) € € }—provided
that €5 # 0—and consider the set of all linear previsions on ¢ (B) that locally

dominate P(-|B):
Mp(. gy ={P €Pp: P(f) > P(f]B) forall f € €p}.

The following result establishes that it does not really matter which road we
take. If the domain of P(-]) is sufficiently large, .#p(.|.,| B and .#p. p) coin-
cide.

Proposition 8. Consider an event B € Zy(Q) and a coherent conditional
lower prevision P(-]-) with domain € such that €5 = 4 (B). It then holds
that Mp(.p) = ‘//ZB(-J')JB'ITI

Proof of Proposition[8] We only prove that .#p(. 5y C .#p(.|)]B. The con-
verse inclusion holds trivially. Consider therefore any P € .#Zp(.p). We show
that P € ///B(.J.)JB.

Let P*(-]-) be the conditional lower prevision on % that is defined by

P(flA) ifA+B

Py ifa—p rAUAET

Pi(flA) = {

14Many thanks to Enrique Miranda. I still remember asking him if he knew whether this result
was true. He said he did not know. Later the same day, while strolling through town in search for
a beer, he handed me a folded sheet of paper. On it, he had written down the central idea of the
proof I provide here.
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and consider any g € &p+(.|.). We set out to prove that g £ 0. If g > 0, this
is trivial. If g # 0, we infer from g € &p+ (.. that there are n € N and, for all
ie{l,...,n}, & € Rop, (fi,A;) € € and & € R+ such that

g>ZM1A —P'(fi]Ai) + &

—Z)LHA (fi]A) + &] +ZAHA P*(fi|A:) + €]
il icl’

=Y Al lf; i) +e&l+ Y Alglfi—P(fi) +&],
i€l iel

with7:={i€{l...n}: A;#BYandI' = {i € {1...n}: A;=B}. fI' = 0—
and therefore / = {1,...,n}—we find that g € &p..) and therefore, by Proposi-
tion 35 and the fact that P(-|-) is coherent, that g £ 0. Hence, we may assume
that I # 0, allowing us to define f =Y,y A;f; and € := Y,;cp A;€;. By the
linearity of P, and the fact that P € ./ P(-|B)> WE NOW have that

&> ) Aily,[fi — P(fi]Ai) + &)+ 1[f + P(— ) + €]

i€l
> Y Al [ Ai)+&]+1p[f +P(—f|B) +e],

iel

where P(—f|B) is well-defined because 65 = ¢4(B) and therefore (—f,B) €
% . Since P(-]-) is coherent, we infer from the lower envelope theorem [Theo-
rem k7] that there is a linear conditional prevision P'(-]-) € .#p(.|.) such that
P(—f|B) =P (—f]|B) = —P'(f]|B) and therefore also

&> Y Ailla,[fi — P(fi)Ai) + &) + g[f + P(— f]B) + €]

iel

> Y Al [fi — P (fi)A)) + €] + Is[f — P'(f]B) + €],

iel

implying that g € &p/(|.) and therefore, by Proposition and the fact that
P'(-]-) is coherent, that g £ 0. Since we have proved that this holds for any
8 € &p+(.].)» we infer from Proposmon%] that .#p+ ..y is non-empty.

Now let P*(-]-) be any element of this non- empty set Ap+(.|.). We infer
from P € .#p(. p) that P dominates P(-|B) on 6 = ¢ (B) and therefore, that
P*(-]-) dominates P(-]-) on €. Furthermore, since P*(-]-) € .#p+(.|., implies
that P*(-]-) dominates P*(-]-) on ¢, we find that P*(-|-) dommates P(-])
on ¢, or equivalently, that P*(-]-) € .#p.|.). Also, by the linearity of P and
P*(-]-), we find that

P(f)=P*(f]B) <P*(f]B) = —P*(—f]B) < —P"(—f|B) = —=P(—f) = P(f)

for all f € ¥ (B), implying that P*(-|B) = P. Since P*(-]-) € .#p(.,.), this in
turn implies that P € #p(.|.)|B. O
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Focusing on these ‘local’ sets .#p. ) of linear previsions on ¢ (B) is not
only useful from a practical point of view. They satisfy a fundamental theo-
retical property as well. As was proved by Walley [106, Section 3.6.1], for
any coherent lower prevision P on ¢(B), .4p is closed and convex under the
weak*-topology—the topology of pointwise convergence—and is furthermore
the only such set that has P as its lower envelope. Hence, we find that .Zp(.|p)
is the unique closed and convex subset of P that has P(-|B) as its lower enve-
lope.

One practical advantage of the fact that these local sets .#p(. ) are closed
and convex is that it allows us to characterise them by means of their set of
extreme points ext(///p( ] B))—those elements of .#p,.|p) that cannot be written
as a proper convex combination of two other elements. In particular: .Zp(.|p)
is the convex hull of ext(.#p. p)) [106, Section 3.6.2(b), note 5]. The most
important consequence of th1s result is that P(-|B) is the lower envelope of
ext(.#p(. ) (106, Section 3.6.2(c)]:

P(f|B) = min{P(f): P € ext(Mp(. p))} forall f€¥(B). (2.20)

This is especially useful if .#p(.|p) is finitely generated, by which we mean
that it has a finite number of extreme points. By Equation (2.20), P(f|B) is
then simply the minimum of a finite number of previsions.

2.6.2 Credal sets

Since there is a one-to-one correspondence between conditional linear previ-
sions and full conditional probability mass functions, it follows that, for any
coherent lower prevision P(-]-), the associated set .#p(.|., of conditional linear
previsions on % (Q) has a unique corresponding set / p(-|-) of full conditional
probability mass functions on %, (). Similarly, for any B € F%(Q), we let
95(, |B) be the unique set of probability mass functions on B that corresponds
to .p(.p)- If we define

Fp(1)IB={p(]B): p(-]) € Fp )y}, 2.21)

then by the results in the previous section and the one-to-one correspon-
dence between linear previsions and probability mass functions, we know that
(1) |B= Fp(p)

These ‘local’ sets of probability mass functions Fp (-|p) satisfy properties
that are similar to those of .#p(.|p). Most importantly: Fp(.|p) is a convex
and closed subset of R?, with respect to the natural topology, as induced by
the Euclidean metric [63} Section lO.Z]E] Any such closed and convex set of

150ther, arguably more intuitive, metrics can be used as well; see References [[32,/92]] for more
information.

55



2.6 SETS OF LINEAR PREVISIONS OR MASS FUNCTIONS

probability mass functions is called a credal set [66]]. As is the case for every
subset of R? that is bounded, closed and convex, 3“2(, |B) is the convex hull of
its vertices [86, Corollary 18.5.1]—its extreme points. We use ext(ﬁﬂ ] B)) to
refer to the set that consists of these vertices. If ext(Fp(. p)) is finite, Fp(. p)
is said to be a finitely generated credal set.

2.6.3 The sensitivity analysis interpretation

The lower envelope theorem is not merely a theoretical result, it also suggests
an alternative interpretation for coherent conditional lower previsions: a co-
herent conditional lower prevision P(:]-) is simply a convenient representation
for the set of linear conditional previsions .#p,. |.)» or equivalently, the corre-
sponding set of full conditional probability mass functions Fp.}.). On this
interpretation, one of these full conditional probability mass functions is be-
lieved to be the true, ideal model, but because of economic or time-constraints,
or due to measurement errors, we are unable to specify it exactly, and can only
provide a set of candidates. Walley [106} Section 1.1.5] refers to this belief
in the existence of an ideal probability mass function as the dogma of ideal
precisionthe corresponding interpretation of conditional lower previsions is
called the sensitivity analysis interpretation.

However, care should be taken in adopting this interpretation. As we are
about to demonstrate by means of two examples, there are many situations
where it is not applicable. See References [106,|110] for extensive additional
discussion.

From a frequentist point of view, the existence of a fair betting rate—
probability—for an event follows from an hypothesis that the experiment
at hand is part of an infinite sequence of—independent or exchangeable—
analogous experiments, where analogous is taken to mean that they have the
same distribution. This notion of fair betting rate—probability—is problem-
atic because it requires a predefined notion of probability; in that sense, the
frequentist argument is circular. In any case, this frequentist hypothesis is only
tenable if the limiting frequency of the event actually convergesm Neverthe-
less, it is sometimes applicable. For example, if each of the experiments corre-
sponds to a flip of the same fair coin, it seems reasonable to regard P(H) = 1/2
as a fair betting rate for heads. Similarly, if we are told that the coin is not
fair, but that its probability for heads lies in between 1/4 and 3/4, we are led to
consider the set of all linear previsions for which 1/4 < P(H) < 3/4, which can
be conveniently represented by the—in this case unique—coherent lower pre-
vision for which P(H) = 1/4 and P(H) = 3/4. However, the limiting frequency

16We will refer to it as ‘ideal precision’, to avoid the provocative use of the term ‘dogma’.

17Under this hypothesis, the limiting frequency convergences almost surely because of the law
of large numbers.
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does not always converge. Consider for example a case where we do not know
how the instances of heads and tails are generated—it might be a coin flip, but
it might also be by some other generating process—and where we observe that
the limiting frequency of heads does not tend to converge, but rather cycles in
between 1/4 and 3/4. In such a case, for a single experiment in this series, it
seems again reasonable to bet on heads at any rate below 1/4 and to take bets
on heads at any rate above 3/4, leading us to adopt P(H) = 1/4 and P(H) = 3/4
as our lower and upper prevision for (the indicator of) heads. However, in this
case, there seems to be no reason to assume that there is such a thing as a fair
(but unknown) betting rate P(H) for betting on heads{];g]

A completely different, and rather extreme situation occurs when we want
to model an experiment that is not repeated, and about which we know abso-
lutely nothing, apart from the fact that the outcome is an element of Q. In that
case, for any gamble f € ¥(Q), it would be sensible to buy f for any price
below min f, and sell it for any price higher than max f, leading us to adopt the
so-called vacuous lower prevision P, and the corresponding upper prevision
P,, defined by

P,(f) =min f and Py(f) = max f for all f € 4(Q).

However, here too, there seems to be no reason to assume the existence of
some subject’s fair (but unknown) price P(f), in the sense that he should be
willing to buy f for any price below P(f), and buy f for any price above.

2.6.4 Arbitrary sets of linear previsions or mass functions

If we choose to adopt the sensitivity analysis interpretation, and apply it to a
coherent conditional lower prevision P(-|-), we are led to model uncertainty
by means of the set of linear conditional previsions .#p.|.) or the set of full
conditional probability mass functions .%, P( ) However, this is merely a spe-
cial case. As we have seen in Sections[2.6. Iy and 2.6.% - Mpy.|y and Fp(|.)
satisfy very specific properties.

If we adopt ideal precision as a principle on its own—without the sensi-
tivity analysis interpretation—we are not required to restrict attention to sets
that are of this particular form. In principle, uncertainty can be modelled by
means of any set .# of conditional linear previsions on % (Q) or any set #
of full conditional probability mass functions on %,(Q). They need not be
conditional either. A set .# of (unconditional) linear previsions or a set .%
of probability mass functions can also be used. By the one-to-one correspon-

18Such an assumption could be reasonable if there is some time-dependent fair betting rate,
taking values in [1/4,3/4], of which the specific time evolution is unknown. However, we do not
consider it reasonable to assume the existence of such a time-dependent fair betting rate based
only on an observation that the limiting frequency cycles in between 1/4 and 3/4.
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dence between these frameworks, these sets can be used interchangeably. We
will mainly focus on the framework of (conditional) linear previsions.

We take .% to be the set of (full conditional) probability mass functions
that corresponds to .# and use .# 4 to refer to the set of (conditional) linear
previsions that corresponds to .%. Furthermore, if .# is a set of conditional
linear previsions on %' (Q) and .% is a set of full conditional probability mass
functions on %, (Q), then for any event B € Z)(Q), we let

M|B={P(-|B): P(-|.) € .4} (2.22)

and
F|B={p(:]B): p(-]-) € 7}

Equations (2.19)s3 and (2. 215 can be regarded as special cases of these defini-
tions. It should also be clear that .#Z7 |B = .# 7 and 7 4 |B = 7 4 p; this is
a direct consequence of the one-to-one correspondence between (conditional)
linear previsions and (full conditional) probability mass functions.

A link with lower previsions can still be established, even in this general
case. With any set .# of conditional linear previsions on ¢'(2), we can asso-
ciate a coherent[T_y] conditional lower prevision P_, (- |-), defined by

P ,(f]B) =inf{P(f]B): P(-]-) € .4} for all (f,B) € €(Q).

However, P_;(-]-) is not guaranteed to represent .#Z, in the sense that .#p (..
might differ from .# . In general, we only have that .# C .#p ,(.|.). Similarly,
the lower envelope P, of a set ./ of linear previsions on ¢ (£2) may not rep-
resent .# ; the set of unconditional previsions that dominates P_ is guaranteed
to include ., but the inclusion might be strict; equality is obtained if and only
if A is closed and convex.

As a simple example, consider a situation in which you have a biased coin,
but you do not know in which direction it is biased. You only know that it is
three times more likely to fall on one of its sides than on the other. In that case,
it seems reasonable to model this situation by means of a set .# consisting of
two linear previsions P, and P», defined by P;(H) = 1/4 and P»(H) = 3/4, re-
spectively. The corresponding lower prevision is determined by P, (H) = 1/4
and P, (H) = 3/4+—we obtain the same lower prevision as in Section [2.6.3g.
However, information is lost by using P, rather than .#, because P _, () is
dominated not only by P; and P>, but also by any convex combination of these
two, including for example the linear prevision that corresponds to a fair coin.

19This follows from the fact that coherence is preserved under taking pointwise infima; see
Proposition EE]
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2.7 REGULAR EXTENSION VERSUS NATURAL EXTENSION

So far, we have come across two different imprecise-probabilistic methods for
conditioning. For sets of desirable gambles, conditioning is fully determined
by Equation (2.2)gg and, for lower previsions, as explained at the end of Sec-
tion [2.3. 2}, natural extension can be regarded as a conditioning rule. We have
not stressed this yet, but both methods have a surprising property: they are
always well-defined, regardless of whether or not the conditioning event has
(lower or upper) probability zero. Bayes’s rule on the other hand, the most
famous probabilistic conditioning rule of all time, is ill-defined whenever the
conditioning event B has probability zero. Conditional linear previsions try to
remedy this situation by allowing P(-]B) to be specified separately, but this
does not resolve the issue, since the act of conditioning—deriving conditional
models from unconditional ones—remains ill-defined: starting from an un-
conditional linear prevision P on ¢(B), with P(B) = 0, Bayes’s rule places no
restrictions on P(:|B).

Should this lead us to conclude that imprecise-probabilistic approaches
are more powerful when it comes to dealing with probability zero? Yes in-
deed! Does it mean that we should forget about Bayes’s rule? Not at all! As
we are about to show, Bayes’s rule has a prominent place within imprecise-
probabilistic conditioning as well. In many cases, it even leads to a unique
conditioning rule, which will then coincide with natural extension. In the re-
maining cases, Bayes’s rule also leads to another imprecise-probabilistic con-
ditioning rule, called regular extension. The goal of this section is to introduce
this conditioning rule, to compare it with natural extension, and to discuss var-
ious related theoretical and computational aspects.

Since regular extension is especially intuitive from a sensitivity analysis
point of view, we start by introducing it in terms of sets of linear previsions.
Translations to the framework of probability mass functions are trivial and are
therefore omitted. The connection with lower previsions and sets of desirable

gambles will be established in Sections and [2.7.4z, respectively. Sec-
tion discusses computational aspects.

2.7.1 In terms of sets of linear previsions

If we adopt ideal precision and model uncertainty by means of a set .#Z € Pq
of—unconditional—linear previsions, conditioning on an event B € Zy(Q) is
commonly performed by conditioning each of the elements of .# separately,
through Bayes’s rule. For any P € ./ such that P(B) > 0, the resulting condi-

20See Sections and m
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tional prevision P(-|B) is defined by

_ P(Isf)
P(B)
If P(B) > 0 for all P € .#, this approach leads to a unique conditional

model .# | B, which is obtained by applying Equation (2.23)) to every element
of A

P(f|B): for all f € 4(B). (2.23)

M|B:={P(-|B): Pe.#}CPs. (2.24)

The difference with Equation (2.22)5g is that .# is now a set of unconditional
linear previsions. However, both equations are obviously closely related. If
A is a set of conditional linear previsions on ¢ (Q) such that P(B|Q) >
0 for all P(-]-) € 4" and we let A4 := .#"'|Q be the corresponding set of
unconditional linear previsions on ¢ (Q), then . |B = .#"|B.

If P(B) =0 for all P € ., then Bayes’s rule imposes no restrictions on
the conditional prevision P(-|B) and Equation (2.24)) can no longer be applied.
This leads us to consider the set of all previsions on ¢(B) as our conditional
model: .# |B = Pg.

The situation is less clear if P(B) = 0 for some P € .#, but P(B) > 0 for
others. We can then distinguish between two distinct approaches. By analogy
with the corresponding notions for lower previsions—which will be discussed
shortly—we call them natural and regular extension. Natural extension again
considers the set P of all previsions on ¢(B), whereas regular extension ig-
nores the previsions in .# for which P(B) = 0, and applies Bayes’s rule to the
others.

By including the aforementioned cases as well, we obtain two different
conditioning rules. Natural extension leads us to consider the conditional mod-
els that are given by

{P(-|B): Pe.#} ifP(B)>O0forallPe .,

. (2.25)
Pp otherwise.

M|"B = {
Regular extension results in the use of the conditional sets that are defined by

W|B = {P(-|B): P€ .# and P(B) >0} if (3P € .#) P(B) > 0;
’ ' Py otherwise.

(2.26)
The first part of this formula—the case where B has positive probability ac-
cording to at least one P in .#—is called extended Bayesian conditioning in
Reference [[105]. It has also been called generalised (Bayesian) condition-
ing [11]. However, care should be taken when using this terminology, because
these names are used to refer to other concepts as well; see for example Refer-
ences [|65]] and [|10]], respectively.
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2.7.2 In terms of lower previsions

For lower previsions, the only conditioning rule that we have discussed so far
is natural extension: for a given unconditional coherent lower prevision P on
%(Q), and any event B € Z(Q), the natural extension E(-|B) is the most
conservative—most imprecise—conditional lower prevision on ¢(B) that is
coherent with P. Even stronger, as we will explain shortly, it is often the only
one that is coherent with P.

By Proposition [J5, we know that a conditional lower prevision P(-]B) on
% (B) is coherent with P if and only if both of them are separately coherent
and if they satisfy [C4jg In this particular context, with only these two lower
previsions, [C4fg reduces to

P(Is(f ~P(f|B)]) =0 forall f €%(B). 227)

which is referred to as the generalised Bayes rule (GBR) [[106, Section 6.4].
One of the reasons why it has this name is because it reduces to Bayes’s rule if
P is a linear prevision; see [P4kg and [F4gy. However, as we are about to show,
the GBR has an even more fundamental connection with Bayes’s rule.

If P(B) > 0, the GBR is known to have a unique solution [[106, Section
6.4.111"'| for any gamble f € ¥(B), there is then a unique value of u € R
such that P(Ip[f — u]) = 0. Since E(-]B) is coherent with P, and therefore
satisfies the GBR, this unique value coincides with E(f|B). In other words, if
P(B) > 0, E(-|B) is the only coherent lower prevision on ¢(B) that satisfies
the GBR, and therefore the only one that is jointly coherent with P.

Let us now consider the set .#p of linear previsions that dominate P. If
we adopt the sensitivity analysis interpretation, we can condition this set by
means of the methods in the previous section. If P(B) > 0, then P(B) > 0 for all
P € .#p, and we can simply apply Bayes’s rule to each such P to obtain a linear
prevision P(-|B) on ¢(B), leading us to adopt the set .#/p | B as our conditional
model. Now let P(-|B) be the lower envelope of this set. Then P(-]B) is jointly
coherent with P, because for every P € .#p, P and P(-|B) are jointly coherent,
and therefore their lower envelopes—P and P(-|B), respectively—are jointly
coherent as well—see Proposition [If5. Hence, by the results in the previous
paragraph, P(-|B) coincides with E(-|B); see Reference [106, Section 6.4.2]
as well. Even stronger, as the following result establishes, E(- |B) is not only
the lower envelope of ///BJ B, it even represents it exactly.

Corollary 9. Consider a coherent lower prevision P on 4(Q) and let E(-]-)
be its natural extension. Then for all B € Py(Q) such that P(B) > 0, we have
that %E(JB) = %BJB.

2IThis is only true if the domain of P is large enough, which is clearly the case here because it
is—assumed to be—equal to 4(Q).
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Proof of Corollary[9~. We only prove that Mg |B) ///pJB because the
converse inclusion follows trivially from the fact that E(-|B) is the lower enve-
lope of ., pJ B. So consider any P* € .#.|p)- Then by Proposition|83, there is
some P(-]-) € #p(.). such that P*(-) = ( JB) If we now let P(-) : P(j Q),
then P € .#p, Wthh implies that P(B) > P(B) > 0. Hence, we infer from the
coherence of P(-]-) [P4ql that P(-|B) is related to P(-) by means of Equa-
tion (2:23)g0- Slnce P € .#p, this implies that P* = P(-|B) € .#/p|B. O

Hence, in summary: if P(B) > 0, then by applying Bayes’s rule to the linear
previsions that dominate P, we obtain a unique conditional model //EJB that
is fully characterised by its lower envelope. This lower envelope is equal to
the natural extension E(-|B), and is the unique solution to Equation 2:27) -,
which is the ultimate reason why this equation is called the generalised Bayes
rule.

Unfortunately, these nice results no longer hold if P(B) = 0. In that case,
the GBR might have multiple solutions and coherence alone is not guaranteed
to lead to a unique value of P(f|B). The most conservative option is then
to resort to the vacuous lower prevision, as defined by P, (f|B) := min f for
all f € ¢(B); it is the most conservative—most imprecise—coherent lower
prevision on ¢(B), and it satisfies the GBR whenever P(B) = 0. Hence, in that
case, P, (-] B) is the most conservative lower prevision on ¢ (B) that is coherent
with P, and it is therefore equal to the natural extension E(- |B).

By combining this with the results for P(B) > 0, and also using the fact
that P(Ig[f — u]) is non-increasing in i because of (C7)g, it can be shown that
conditioning by means of natural extension results in the use of the following
expressions:

max{u € R: P(Ip[f—pu]) >0} ifP(B)>0

. ) for all f € 4(B).
min f otherwise

E(f]B) = {

(2.28)
If we adopt the sensitivity analysis interpretation, this conditioning rule—
Equation (2.28)—can be regarded as a special case of the notion of natu-
ral extension that was introduced in the previous section: if we apply Equa-
tion to the set of dominating linear previsions .#p, then the resulting
conditional model .#p|"B has E(-|B) as its lower envelope, and is even fully
characterised by this lower envelope.

Corollary 10. Consider a coherent lower prevision P on 4 (Q) and let E(-]-)
be its natural extension. Then M. ) = .#p|"B for all B € Fp(Q).

Proof of Corollary[I0} If P(B) > 0, this is exactly what is stated in Corol-
lary[9]. If P(B) = 0, it follows trivially from [Pl O

A similar, but slightly weaker result can be obtained for regular extension
as well. If we apply Equation (2.26)gg to .#p, then the lower envelope of the
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resulting conditional model .#p |"B is given by

max{p € R: P(Ig[f —u]) >0} if P(B)>0

. ) for all f € 4(B).
min f otherwise

R(f|B):= {

(2.29)
and the resulting conditioning rule for lower previsions is also called regu-
lar extension [106, Appendix J]. It coincides with natural extension whenever
P(B) > 0 or P(B) = 0, but may differ from it when 0 = P(B) < P(B). In
the latter case, in contradistinction with what we found for natural extension,
R(-|B) is not guaranteed to fully characterise the conditional model ./p | 'Bit
is the lower envelope of. The set .#Z(.|p) of linear previsions that dominate
R(-|B) is convex and closed [see Section but .#Zp J 'B is only guaran-
teed to be convex [20,[66[, and may not be closed [20, Example 1]. However,
only very little information is lost; by convexity, and since R(f|B) is the lower
envelope of ///BJ 'B, the latter lies in between ./, ®(-|B) and its relative interior,
and therefore approximates it very closely. At the expense of this minimal loss
of information, ///BJ "B can be conveniently represented by R(- |B). If #p is
finitely generated, this representation is even exact [[20, Section 2].

Regular extension can also be introduced without any reference to the sen-
sitivity analysis interpretation or the set .#p of dominating linear previsions.
Again, as with the natural extension, the resulting lower prevision R(-|B) is
coherent with the original model P [71} Section 3.3.4]. It only differs from
the natural extension if 0 = P(B) < P(B) and is then the largest solution to the
GBR, and therefore the least conservative—most precise—model that is coher-
ent with P [69], whereas natural extension provides the most conservative—
most imprecise—such model. In order to turn the regular extension into a
most conservative model, coherence needs to be combined with additional
axioms. Reference [106, Appendix J3, Equation (C16)] provides an abstract
condition—if P(B) > 0 and P(Igf) > 0, then P(f|B) > 0—that does the job,
but does not justify why a subject should want to impose this condition as an
axiom.

2.7.3 Computational aspects

From a computational point of view, calculating E(f|B) or R(f]|B) requires
two things: evaluating the sign of P(B) or P(B), respectively, and—in case
it is positive—computing the value of max{u € R: P(Ig[f —u]) > 0}. We
consider two distinctly different approaches.

The first approach is to use the extreme points of .#p. By Equation (2.20)s3
and conjugacy, we know that P(B) is positive if and only if P(B) is posi-
tive for all P € ext(.#p), and that P(B) is positive whenever there is at least
one P € ext(.#p) for which P(B) > 0. The following result establishes that
max{u € R: P(Ig[f — u]) > 0} can be evaluated by applying Bayes’s rule to
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the element of ext(.#p), whenever possible, and then taking the lower enve-
lope of the resulting models.

Proposition 11. Consider a coherent lower prevision P on 4(Q). Then for
any B € Py(Q) and any f € g(B)

P(f1Ip)
P(B)

max{y € R: P(Ig[f—u]) >0} = inf{ : P €ext(p), P(B) > 0}.
Proof of Proposition By Equation (2.20)z3, we have that P(Iz[f — u]) >0
if and only if P(I[f — u]) > 0 for all P € ext(.#p). Since each of these P is co-

herent, we also know that P(Ip[f — u]) = P(Igf) — uP(B), and that P(Ig ) =0
whenever P(B) = 0. Hence, we find that

P(Ig[f — 1]) > 0 (VP € ext(.p): P(B) > 0) P(Izf) — uP(B) > 0.

This completes the proof, because it implies that P(Ig[f — u]) > 0 if and only
if ¢ is lower than or equal to the right-hand side of the equality that we need
to prove. O

Theoretically, this approach always works. In practice, it usually only works
if the number of extreme points is finite and reasonably small. It also requires
that these extreme points are given, or that they can be computed efficiently
from P.

Alternatively, we can work directly with the lower prevision P, and in par-
ticular, with the corresponding real-valued function py g, defined by

pra(p) = P(Ip[f —u]) forallu€R.

By Equation (2.20)s3, we know that py p is the pointwise minimum of a set
of linear, non-increasing functions P(Ipf) — wP(B), with P € ext(.#p). It is
therefore (Lipschit continuous, concave, and non-increasing, and its first
derivative, whenever it exists, lies between —P(B) and —P(B). The left and
right derivatives always exist, and are guaranteed to lie between the same
bounds.

Let tp < min f and g; > max f. It then follows from the coherence of P
that ps (o) is positive if and only if P(B) is positive too, and similarly for
py.(11) and P(B). Alternatively, the signs of P(B) and P(B) can be evaluated
directly as well. Evaluating p* := max{u € R: P(Ig[f — u]) > 0} is done it-
eratively. If P(B) > 0, then py p is a strictly decreasing function of p, and u*
is its only root. By coherence, this root is guaranteed to lie between min f
and max f, and it can therefore be found easily by means of the bisection

22This result is essentially well-known; we provide its proof for the sake of completeness.
23See Reference [42| Section 6.1].
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method, or any other root-finding procedure; see References [42, Section 6.3]
and [108| p. 18] for methods that have been specifically designed to exploit
the properties of the function py . If we are able to evaluate ps (i) up to
some numerical error €, and iterate sufficiently often, then by the bounds on
the first (left and right) derivative of ps p, the error that is made by the bisec-
tion method will not exceed ¢/p(B). If P(B) > P(B) =0, then py p is identically
zero in | — oo, u*] and strictly decreasing in |u*, +oo[, and in this decreasing
part, the first derivative, whenever it exists, is bounded above by —P~ 0 (B),
with P>°(B) := inf{P(B): P € ext(.#p),P(B) > 0}, and similarly for the left
and right derivative, which always exist. Finding p* is now a bit more tricky.
Since coherence again implies that p* lies in between min f and max f, we
could in principle directly apply the bisection algorithm here as well. How-
ever, if during this procedure, numerical errors lead us to mistakenly conclude
that pr p(p) is negative for some p < pu*, the obtained solution could greatly
underestimate the actual value p*. The simplest way to fix this is to look for the
unique root of py g + &, for some sufficiently small § > €. If P~°(B) > 0—for
example, if .#p is finitely generated—then the obtained solution will overesti-
mate the actual value of p*, but by no more than (6+€)/p>0(p).

2.7.4 What about sets of desirable gambles?

After all this elaboration about conditioning with lower previsions, and in par-
ticular with natural and regular extension, one could wonder why we even
bother to deal with these notions. Why do we not simply work with sets
of desirable gambles? The answer is a practical one: from a computa-
tional point of view, conditioning by means of natural or regular extension—
Equations and (2.29gg, respectively—is more tractable. Although
Equation provides a conceptually very simple conditioning rule, it is
difficult to use in practice. If & has a complex border structure, it can be very
difficult—if not impossible—to check whether a gamble f € ¢4 (B) belongs to
9 |B or, equivalently, whether Igf € 2, especially if {Igzf: f € 4(B)} is a
subset of the border of . The two main reasons are numerical errors and
the fact that it is difficult—and sometimes even impossible due to memory
limitations—to provide a computer representation for the exact border struc-
ture of

Nevertheless, even if the actual calculations are performed in terms of
lower previsions, sets of desirable gambles remain important, both theoret-
ically and philosophically. One of the key reasons for their importance, is
that they provide conditional lower previsions with an interpretation, without
any reference to Bayes’s rule or the sensitivity analysis interpretation: con-

245ee References [[14})83] for some ingenious but complex methods that are able to deal with
the special case of so-called finitely generated sets of desirable gambles.
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ceptually, for every coherent conditional lower prevision P(:]-) on &, there is
a—possibly not given—coherent set of desirable gambles & such that Py, (- |)
coincides with P(-|-) on @.

If 9 is given, then in theory, conditioning should be done by applying
Equation (Z.2)gm to 2, resulting in a conditional set of desirable gambles Z | B.
In practice however, we are usually only interested in the corresponding lower
prevision Py 3(f) = Py(f|B), for some gamble f € ¢ (B). Hence, rather than
constructing & | B, which is often intractable, we will instead try and calculate
P, (f|B) directly. However, even this may be very hard, because—as is the
case for | B—P(f|B) may crucially depend on the exact border structure of
2. In order to avoid this dependency on the border structure, the trick is to fo-
cus on the unconditional prevision Py. Unlike Py(-]-), Py(:) == Py(-|Q)
does not depend on the exact border structure of &, and can therefore be
evaluated in a more reliable manner. If we now use the techniques in Sec-
tion to obtain the natural extension E(f|B) of P, then by the results
of Section 2.7.21, E(f]B) is guaranteed to provide a lower—conservative—
bound on Py (f|B), and when P (B) > 0, this bound will even be exact. For
some sets &, it is even possible to prove, on theoretical grounds, that Py, (f|B)
is bounded from below by the regular extension R(f|B) of B@ thereby pro-
viding a lower bound on P, (f]|B) that is guaranteed to be exact whenever
Py (B) > 0@ We will construct such sets in Section@m and Appendix@]
and prove that they indeed satisfy this property. In any case, for now, the main
message is that even if the underlying model is a set of desirable gambles &,
we can still perform all the calculations in terms of lower previsions, using nat-
ural or regular extension. This approach is usually more feasible from a com-
putational point of view and is guaranteed to provide lower—conservative—
bounds on P (f]|B), that are often even exact.

In many cases, Z is not given, and is simply an underlying theoretical
concept. For example, in the case of conditioning, all we may have to start
from is the unconditional lower prevision P(-) := Py (-|Q) on ¢(Q), with
¢ ={(f,Q): f €¥4(Q)}. In that case, by specifying the set Z ourselves,
we are in fact specifying a conditioning rule: for every B € %y(Q), the set
2 will provide us with a corresponding coherent lower prevision Py (-|B) on
% (B). Natural and regular extension correspond to particular choices of 2. By
definition [see Section[2.3.2m], natural extension can be obtained by using the
set @QB(-J-)’ which in this case is equal to Zp.

25This holds trivially if P, (B) > 0; if Py (B) > 0, this can either be proved directly—as we do
in Corollary 2Tg and Proposition28g—or, alternatively, by verifying the necessary and sufficient
conditions in Reference |74, Appendix A.1] or the sufficient conditions in Reference [[14, Theo-
rem 10].

Z6Because Py (-|B) is coherent with Py, and because, as we have seen in Section 'ﬂl
R(-|B) is the least conservative lower prevision for which the case.
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Proposition 12. Consider a coherent ‘conditional’ lower prevision P(-]-)
whose domain € is equal to {(f,Q): f € 9(Q)}, and let P(-) :== P(-|Q) be
the corresponding unconditional lower prevision on 9 (Q). Then &p.|.y = Dp.

Proof of Proposition|[I2). In this particular case, we find that

gy ={f ~P(f)+&: f€F(Q).€ € Rug} = {g €F(Q): P(g) >0},
(2.30)

using @ to obtain the second equality. Hence, Zp is clearly a subset of
&p(.|.) = &(p(.})). In order to establish the converse inclusion, let us con-
sider any f € &p(.|.) and prove that f € Zp. If f > 0, this is trivial. If f %0,
then by Equation @I)zg, /> Y-, Aifi, withn € N and, for all i € {1,...,n},

fi € @p(|.) and 4; € Ro. Hence, by coherence , (C3g and [CTj)] and
Equation (2.30), we find that P(f) > P(Y" , Aifi) > Y, LiP(fi) > 0 and
therefore, that f € Zp. O

Regular extension can be obtained by using the set

Ip ={f €9 (Q): (P(f) >0and P(f) >0)or f >0}
=2pU{f€¥4(Q): P(f)=0and P(f) > 0}.

Proposition 13.|Z| Consider a coherent lower prevision P on 4(Q) and let
R(-|") be the conditional lower prevision on € (Q) that is defined by Equa-
tion 2293 Then Pp and R(-]-) are coherent, P = Py and

R(f|B) =Py (f|B) forall (f,B) € €(Q).

Proof of Proposition[I3] Coherence of 7}, follows by straightforward verifi-

cation of [D1jg{D4fg. [D2kg holds trivially. [DIfsg and follow directly from
the coherence of P [C8 and [C2g, respectively]. In order to prove [D4fg, we
consider any f,g € Zp, and show that f+g € Zp. If f,g € Pp this follows
from the coherence of @B. Otherwise, we may assume without loss of general-
ity that P(f) = 0 and P(f) > 0. Since g € 7}, clearly implies that P(g) > 0, we
infer that P(f +g) > P(f) +P(g) > 0 [C3gl and P(f +g) = P(f) +P(g) >0
[C5gl, which in turn implies that f +g € Zp.

ext, we prove that P = Pgr. Consider any f € ¢(Q) and any o € R. If

a < P(f), then P(f —a) >0 [@] and therefore f — a € Zp. If & > P(f),
then P(f — &) < 0 [C8g and therefore also f — o # 0 [Clfgg], which implies

that f — & ¢ 7. Hence, by Equation @.3)gg, Py, (f) = P(f)-

27This result was stated without proof in Reference 84} Section 2.6.6]; References [[106, Ap-
pendix F4] and [[14] provide earlier, but less direct statements of the same result.
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Since Zp is coherent, Py (-]-) is coherent by construction, and therefore,
the only thing that we still need to prove is that R(-]-) = Py (-]-). So con-
sider any (f,B) € ¢(Q). We will show that R(f]B) = Py (f|B). Since
Pgr(-]-) is coherent, Py (-]B) is clearly coherent with P = Py First, as-
sume that P(B) > 0. Then P uniquely determines Py (f]B) through the
GBR [Equation (2.27)gq], and therefore Pyr (f]B) coincides with R(f]B).
Next, assume that P(B) > P(B) = 0. Then coherence of Py (-]B) and P

implies that R(f|B) > ng;(ij). Consider now any pu < R(f|B). Since

P(I[f —R(f|B)]) = 0, we know that P(Ig[f — u]) >0 and that, with
A=R(f]B)—p>0:

P(Ig(f — ul) = P(Is[f = R(f|B)]) + P(IsA) = AP(B) > 0

and . This implies that Tp[f — u] € . Since this holds for all
1 < R(f|B), we infer from Equation .10 that Pyr (f]B) = R(f]B) and

therefore that R(f|B) = Py (f|B). Finally, assume that P(B) = 0. Consider
any (£ > minf and choose o € R such that o > max f and & > 0. Then
P(Ig[f — u]) < P(Igar) = aP(B) = 0 [CTlg and [C2g] and Ip[f — p] # 0, and
therefore Ip[f — u] ¢ Z5. Since this holds for all 4 > min f, we infer from
Equation 2:.I0)zy that B;; (f]B) < min f and therefore, by coherence ,
that Py (f]B) = min f = R(f]B).

It is important to realise that Zp and 7}, are not necessarily the only sets of de-
sirable gambles that result in the use of natural or regular extension as a condi-
tioning rule, respectively. Since sets of desirable gambles are more expressive
than conditional lower previsions, other sets of desirable gambles may result
in the same conditioning rules. However, for natural extension, the set Zp is
fundamental, because it is the smallest—most conservative, most imprecise—
set of gambles whose desirability is implied by P and coherence. For regular
extension, &5 does not have such a special status; there are smaller sets of
desirable gambles that also lead to regular extension. We will construct an ex-
ample in Appendix and will show that it is a—sometimes strict—subset

of Zp; see Corollary @ and Example .
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UPDATING

“... la théorie des probabilités n’est, au fond, que le bon sens
réduit au calcul; elle fait apprécier avec exactitude ce que les
esprits justes sentent par une sorte d’instinct, sans qu’ils
puissent souvent s’en rendre compte.”

Pierre-Simon Laplace

Conditioning is commonly—and successfully—used for a multitude of
practical purposes, the most important of which is to solve the following up-
dating problem: starting from an initial belief model for an uncertain variable
X that takes values in €, and given the additional information that some event
0 € Z)(Q) has occurred, how then should we update this belief model to
reflect this new information? If the belief model is taken to be a probability
mass function, then the traditional solution to this problem is to condition the
original model by means of Bayes’s rule. In fact, in that context, the act of
“conditioning on an event O” is often even identified with solving this updat-
ing problem. Similarly, if the belief model is an imprecise probability model,
the conditioning rules that we have discussed before are commonly used as
updating rules.

However, it should not be forgotten that conditioning is just a mathematical
concept. Before using this concept to solve a practical problem such as the
updating task, one should at least try and justify why it is indeed reasonable
to use it for this purpose. The goal of this chapter is to perform this exercise
for the two imprecise-probabilistic conditioning rules that we discussed earlier
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on: natural and regular extension. We intend to show that, in many cases, it
does indeed make sense to use these rules to update a belief model in the light
of the occurrence of an event.

Our starting point is an asymmetric version of Walley’s updating principle,
which we employ to argue for using conditioning as a conservative updating
rule for sets of desirable gambles. This will then lead to a rather straightfor-
ward justification for updating by means of natural extension. It will also fol-
low from our analysis that there is room for other updating strategies, including
less conservative ones, such as updating by means of regular extension. We end
this chapter with a justification for using regular extension as an updating rule.
We provide two versions of this justification: a simple one, which requires an
assumption of ideal precision, and a more involved one, which does not. Ap-
pendix [3.Ap7 gathers a number of additional technical results that are relevant
to the topic, but which do not fit into the main storyline of this chapter. Pointers
to these results have been inserted at appropriate places in the main text.

3.1 NARROWING DOWN THE PROBLEM

(Imprecise-probabilistic) belief updating, in a general sense, is highly com-
plicated. Many different, and often ill-defined aspects might come into play:
additional background information other than the occurrence of O, complex
dynamical aspects, changes of mind, biased information, and so on; see for
example References [911/97,|118]]. For our present purposes, we will restrict
ourselves to a specific, less general setting, which is nevertheless still applica-
ble in a wide variety of situations.

3.1.1 Updating by means of a rule

Our most important restriction is that we only consider situations where the
updated models are provided beforehand. In other words: we are looking for
an updating rule, which—by definition of a rule—is stated in advance. For any
event O € Z)(Q) that is considered, this rule provides an associated updated
belief model, that is obtained simply by applying the rule to the original belief
model. If O occurs, this updated model is then simply adopted. This situation
for example reflects the typical practical two-phased approach to modelling,
where the model is first built by experts, based on expert knowledge and/or
data, only to be queried afterwards by the user. The user is then usually not an
expert in the field, and is therefore provided not only with a model, but also
with an updating rule to go with it.

An important consequence of restricting ourselves to this particular case,
is that it rules out the possibility of taking into account any additional infor-
mation other than the occurrence of some event O, because such additional
information cannot be anticipated when designing—or choosing—the rule. In
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other words, all that is learned is that O has occurred, and nothing else. How-
ever, our setting does not rule out the possibility of changing your mind, it only
requires you to do so in a way that is specified in advance, and that is based on
no information other than that O has occurred.

3.1.2 What does it mean to learn that an event has occurred?

Since our updating rule is based only on the initial belief model and the infor-
mation that O has occurred, we should clearly define what ‘to be informed that
O has occurred’ means. The ‘O has occurred’ part is easy: it simply means that
X has taken a value in O. The ‘to be informed that’ part is a more tricky. In our
set-up, we will only deal with cases where the information that O has occurred
is reported to us honestly, correctly and whenever it applies, and where we do
not receive any additional information about which particular value X takes
in O. We discuss each of these separate requirements below, but basically,
they reduce to the following single requirement: it should be agreed upon be-
forehand that we will be informed about the occurrence of O—and nothing
more—if and only if it actually occurs.

The requirement that we should not receive any additional information
about which particular value X takes in O may seem straightforward, but it
is in fact not that trivial. For example, among other things, it implies that the
point in time when we are informed that O has occurred should not provide
us with any additional information about the value of X, other than that it be-
longs to O. For example, if X is the outcome of two consecutive coin flips,
and O is the event that the outcome of at least one of them is heads, it could
be that after the first flip, this event is already known to be true. However, we
should not be told so until after the second flip, because otherwise, we would
not only learn that the outcome of at least one of the coin flips was heads—that
O has occurred—but we would also receive the additional information that the
outcome of the first flip was heads.

The requirement of honesty is typically relevant if the information is the an-
swer to some sensitive question, such as whether or not someone is a smoker.
The answer may be biased; patients who smoke will often say that they do not.
These kind of biases occur frequently, and should be taken into account. How-
ever, we do not consider them to be part of the updating problem, but rather of
the modelling problem. Whenever such a bias is suspected, the model should
be extended in such a way as to differentiate between the answer that is given
and the actual truth, and this extended model should try and capture the rela-
tionship between both. The event O is then simply the—possibly dishonest—
answer that is given by the patient, which is not required to coincide with the
truthful answer to the question. In this way the event O is trivially guaranteed
to be reported honestly, and hence our set-up applies to the extended model.

The requirement of correctness is similar to that of honesty, but refers to
unintended errors rather than intentional ones, for example due to measure-
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ment errors, miscommunication, and so on. Again, we do not consider this
to be part of the updating problem, but rather of the modelling problem. The
event O should be taken to refer to a—possibly wrong—actual observation;
the observation process itself, as well as the errors it produces, are taken to be
part of the model. This guarantees that the observation that O has occurred is
trivially correct, thereby making our set-up apply.

Finally, the information that the event O has occurred should be reported
whenever it applies. More exactly: it should be agreed upon beforehand that if
O occurs, we are guaranteed to receive the information that it indeed does. At
first sight, this might seem to follow from the requirements of honesty and cor-
rectness, but it does not: honesty and correctness only guarantee that whenever
we are informed that O has occurred, it has indeed occurred, but not the other
way around. Consider for example a situation where we come to know that the
outcome of the roll of a die is even. Then, under the assumptions of correct-
ness and honesty alone, this only allows us to infer that the event O on which
we should update is a subset of O* := {2,4,6}. For example, it might be that it
was decided beforehand—without our knowing—that the information that the
outcome is even would only be provided to us if the actual outcome is 2 or 4,
and kept from us whenever the outcome is 6. In that case, the information that
the outcome is even is correct, as well as honest, but it is too weak, since it
also implies that the outcome is not 6. Hence, the event on which we should
be updating is O := {2,4} rather than O*.

3.1.3 Which events should be considered?

So far, we have restricted attention to a generic single event O € Z(Q2). How-
ever, that is not the end of the story. Can it be any event? Can we consider
multiple events? No and yes, respectively.

Since updating is by its very definition concerned with providing a new
belief model after getting to know that O has occurred, it clearly only applies
to observable events. We do not necessarily have to be able to observe it our-
selves, but someone has to be, and needs to be able to communicate it to us. In
contrast, conditioning can be applied to any event, regardless of whether it is
observable. It is for this reason that we use O—from ‘observation’—to refer
to a generic event on which we update, rather than B, which we use for events
on which we condition.

Many authors do not single out just one event O, but consider it to be part
of a structured collection of events that reflects the actual process of gathering
information. For example, Walley [[106] focuses on partitions of €, the ele-
ments of which typically correspond to the outcome of some experiment, or
the answer to some question. Shafer [89]] considers more complex structures,
which he calls protocols; they allow for multi-phased set-ups as well, where
additional experiments and/or questions can be used to further refine the sam-
ple space. These situations are covered by our setting as well; it suffices for
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the requirements of Section to hold for every event in the considered
collection. However, our approach is more general. For example, if O is part
of some partition, then we do not require that there is some predetermined
point in time where we are guaranteed to know which event in this partition
has occurred. In any case, it is not necessary to consider a collection of events.
Furthermore, if O does belong to some natural collection, then most of our
analysis will not depend on it. Therefore, we will usually refrain from men-
tioning any collection, and will simply consider a single event O € %%)(Q).
Whenever the specific collection to which O belongs does become relevant, it
will be mentioned explicitly; see for example Section [3.3. 2

3.2 CONDITIONING AS AN UPDATING STRATEGY

Now that we know exactly what we are dealing with, let us start solving the
problem. First of all, by our assumptions, we are guaranteed that whenever we
are informed that O has occurred, it has indeed occurred, meaning that X takes
a value in O. Hence, after learning that O has occurred, we no longer need
to consider the elements in Q \ O. This implies that the updated belief model
should capture the uncertainty about which value X takes in the remaining set
of possibilities O. Depending on the framework we adopt, this can be a set
of desirable gambles on O, a lower prevision on ¢(0), or any of the other
uncertainty models that we discussed in Chapter 7.

3.2.1 An asymmetric version of Walley’s updating principle

We first consider the framework of sets of desirable gambles. The initial belief
model is then a coherent set of desirable gambles on Q, which we denote by
2, and the updated belief model is a coherent set of desirable gambles on
O, which we denote by . By definition of an updated model, % consists
of gambles that are desirable after O occurs, whereas & consists of gambles
that are desirable now—>before O occurs. The central question of the updating
problem is whether or not, and if yes, how, Zp should be related to .

In order to be able to answer this question, we distinguish 2y from two
other sets of gambles on O. The set & |O has already been discussed at length;
it is fully determined by 2, as it consists of those gambles f € ¢ (0) for which
the gamble I f is desirable now—is an element of 2. The set 29 is new.
It consists of those gambles on O of which our subject now thinks that they
should become desirable after O occurs; following Walley’s terminology [|106,
Section 6.5.1], we call these gambles O-desirable. So how is % related to 29
and 7|07

The connection between Zp and 29 follows trivially from our assump-
tions. As explained in Section[3.1.], we are restricting attention to situations
in which the updated model is provided in advance by an expert and then sim-
ply adopted by the user once O actually occurs. Within this setting, 2 and 2°
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coincide because the user—by assumption—will consider a gamble f € 4(0)
to be desirable after O occurs if and only if it was stated beforehand by the
expert that f should be desirable after O occurs, or equivalently, if the expert
considered it to be O-desirable.

The remaining task is to establish a relationship between 2¢ and Z|0.
The best-known solution is that of Walley [106, Section 6.1.6], who claims
that 29 should be equal to Z|0. We do not agree. We will argue that this re-
quirement is too strong, and that the only thing that can be reasonably imposed
is for 29 to be a superset of Z|0. We start by repeating Walley’s argument.
The central idea is very elegant: under the assumptions of Sectionthe
effect of owning a gamble f € 4(0) after being informed that O has occurred
is indistinguishable from the effect of owning the gamble Iy f € 4 (Q) now; as
explained in Section[2.2. 2}, they result in the same payoff if O occurs and have
no effect otherwise. So far, we agree. However, Walley does not stop here. He
uses this fact to infer—without any actual argumentation—that f should be
O-desirable if and only if Ipf is desirable: f € 2° < Iof € 2 < f € 2|0,
he calls this the updating principle.

We think that in order for the updating principle to be compelling, con-
sidering a gamble to be desirable should mean being willing to accept it, as
Walley seems to assume. If this is not the case, then the fact that two trans-
actions have the same effect does not imply that their desirability should be
equivalent. In our framework, where desirability of f means strict preference
of f over the status quo—a notion that is stronger than just being willing to ac-
cept f—such an equivalence would require the status quo to remain identical
as well, and this is not the case, because the frame of reference changes: after
O has occurred, the status quo is no longer the zero gamble on Q, but rather
the zero gamble on O.

It seems to us that there are two situations where this change of status quo
may influence the desirability of a gamble: if—before the occurrence of O—
the subject believes that O cannot occur or if he has indeterminate beliefs about
whether or not O can occur. In those two cases, even if the subject does not
prefer I f strictly over the status quo before the occurrence of O, it may still
make perfect sense for him to think that f should be strictly preferred over the
status quo after the occurrence of O, because it is then clear that O can occur. It
is only if the subject believes that O can occur—again, and obviously, before
the occurrence of O—that it seems compelling that O-desirability of f should
imply the desirability of I f. In that case, it can be argued that 29 should be
a subset of 2|0. However, in general, O-desirability of a gamble f does not
need to imply the desirability of Iy f.

The converse relation does hold in general: 2|0 should be a subset of

! Actually, Walley seems to impose even stronger assumptions, as he requires O to be part of
a partition of Q. We do not consider this to be necessary.
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29, Indeed, if Ip f is desirable now, then it must be that the restriction of
Iof to O—the gamble f—is strictly preferred over the restriction of the status
quo to O—the zero gamble on O—because outside of O, Ipf is identical to
the status quo and therefore clearly not strictly preferred to it. Since, under the
conditions imposed in Section[3.1.2f, these restrictions are exactly the payoffs
that become relevant after O has occurred, we conclude that f is O-desirable.
By combining the arguments above, we find that under the conditions de-
scribed in Section [3. I
P0=2°2 7]0. (3.1

Since we also want % to be coherent, we find that the updated set of desirable
gambles Zp should be a coherent superset of the conditional set of desirable
gambles Z|0. Furthermore, as we have seen, if the subject believes that O
can occur, 29 and therefore also Z should be equal to 210. Of course, this
requires a clear definition of what it means for a subject to believe that O can
occur. We discuss this further in Section [3.3.2r; until then, as we explain in
the next section, % will automatically be equal to Z|O.

3.2.2 Conditioning as a conservative updating strategy

Without any further assumptions, the only reasonable updating strategy
that follows from Equation is to use the conditional model 2|0 as
our updated model Zp, simply because it is the most conservative—most
imprecise—choice of P that is compatible with Equation (3.I), and there-
fore the only one that is truly implied by it. Furthermore, provided that &
is coherent, 2|0 will be coherent as well. Hence, after all this effort to dis-
tinguish between conditioning and updating, it turns out—rather amusingly—
that indeed, as is commonly done, conditioning can be regarded as an updating
strategy—when the conditions of Section [3.If are satisfied.

3.2.3 Justifying natural extension as an updating rule

The result above easily translates to the framework of lower previsions. If the
original belief model is a coherent conditional lower prevision P(-]-), it suf-
fices to apply the result of Section to the smallest—most conservative—
associated set of desirable gambles &p(.|.) to find that the most conservative
updated lower prevision on ¢ (0) that is compatible with—the only one that is
implied by—Equation (3.1)) is given by the natural extension E(-|O) of P(-]-).

If P(-]-) is effectively an unconditional lower prevision P(-) = P(-|Q) on
% (Q), this natural extension can be calculated using the computational tech-
niques of Section . Otherwise, &py..) is a (possibly strict) superset of
g (.| ) and therefore, the natural extension E(-]O) of P(-]-) (possibly strictly)
dominates the natural extension E*(-]O) of E(-]Q). If the domain of P(-|)
is large enough, such that P(-]Q) is defined on ¥(Q), E(-|Q) can be re-
placed by P(-|Q) because they are then equal. If P(-]Q) is known—or if
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E(-|Q) can be calculated—E*(- | O) can be obtained by applying the computa-
tional techniques of Section [2.7.3f3. The result is guaranteed to coincide with
E(-|0) whenever P(O]Q) > 0—E(0|Q) > 0—but will be vacuous and might
therefore only be a (safe) lower approximation of E(-]|0) if P(O|Q) = 0—
E(0]Q)=0.

3.2.4 Justifying Bayes’s rule as an updating rule

For the special case of linear previsions—and hence also probability mass
functions—natural extension coincides with Bayes’s rule whenever O has pos-
itive probability, and therefore, in that case, we obtain a justification for using
Bayes’s rule as an updating strategy. Since it is impossible for a coherent lower
prevision to dominate a linear one without coinciding with it, we can even con-
clude that, whenever P(O) > 0, Bayes’s rule is the unique updating strategy
that is compatible with Equation (3.1)~. However, this special case is not our
main point of interest here, as there are many other justifications available for
updating by means of Bayes’s rule; see for example References [88L8991].

3.3 WHAT ABOUT OTHER UPDATING STRATEGIES?

As we have just shown, the use of conditioning as an updating rule is justified
by Equation (3.I)~, and this expression applies whenever the conditions of
Section[3.Tf are met. However, this is not the end of the story. Other updating
strategies can be justified as well, both more and less conservative.

3.3.1 More conservative strategies

More conservative updating rules—smaller updated sets of desirable
gambles—do not require any actual justification. Since we do not adopt an
exhaustive interpretation [see Section they are fully consistent with
the commitments that are implied by the use of conditioning as an updating
rule. However, it is rather silly to use these more conservative updating strate-
gies because, as we have just shown, they are unnecessarily weak. The rea-
son why it may nevertheless be reasonable to apply them is a practical one:
computing conditional models may be intractable, and in those cases, tractable
more conservative updating strategies can serve as a useful safe approximation.
For example, as explained in Section the natural extension E(-|O) of
the unconditional prevision P serves as a tractable outer approximation of
Py(-]0), and P4 (-|O) itself is already more tractable to compute, as well as
more conservative, than the actual conditional set of desirable gambles Z]0.
In much the same way, as explained in Section [3.2.3], the natural extension
E*(-]|0) of E(-|Q)—or P(-|Q)—can be used as a tractable lower bound for
the natural extension E(-|O) that we are actually after, which is the one that
corresponds to P(-]-).
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3.3.2 Less conservative strategies

Far more attractive are updating strategies that are less conservative, because
they result in belief models that are more informative and therefore, ulti-
mately, more powerful. One of the nice aspects of our argumentation in Sec-
tion [3.2.Tf—and Equation (3.1)y3) in particular—is that it is compatible with
such strategies: Zp may be strictly larger than 2]|0. However, the fact that
these updating strategies are not ruled out by Equation (3.T)r3 does not suffice
to justify them. In order to truly justify adding extra gambles to %, we need
to come up with a compelling principle that implies their addition. We will
introduce such a principle in Section [3.4fg, and show that it implies the use of
regular extension as an updating rule.

It is also important to realise that there are limits to how much larger %
can be made. We have already mentioned two of these upper constraints in
Section [3.2.1fr3. First of all: 2 should be kept small enough to keep it co-
herent. Secondly: if the subject believes that O can occur, then Zp should
be equal to 0. In order to make this constraint exact, we need to define
what “believing that O can occur” means. In our finitary context, and within
the framework of sets of desirable gambles, we consider it reasonable to use
the following definition: a subject believes that O can occur if and only if he
is willing to bet on its occurrence at some strictly positive (but possibly very
small) betting rate—if P, (O) > 0; see Section [2.3.5g

A third upper constraint is that, Zp and 2 should avoid partial loss, in the
sense that it should not be possible to combine a gamble f € & with a gamble
fo € Yo such that the combined transaction f + I fo results in a payoff that is
never positive and sometimes negativeE] This is important because 2 and Zp
are both announced before the occurrence of O, and therefore, a subject who
has & and 9 as its belief models can be forced to accept such a combination
of transactions. However, fortunately, as long as % is a coherent superset of
210, this will never happen.

Proposition 14. Let 2 be a coherent set of desirable gambles on Q, let O be
an event in Py(Q), and let Do be a coherent set of desirable gambles on O
such that P9 2 2]0. Then

(f€Zand fo € Do) = f+Iofo 0.

Proof of Proposition[I4) Consider any f € Z and fo € P and let f/, be the
restriction of f to O. If there is some @ € Q\ O such that f(®) > 0, then
(f+Iofo)(®) = f(w) > 0 and therefore f+1Ipfo £ 0. Hence, without loss
of generality, we may assume that Ipf > f. By coherence of 2 [D3y, this

21t suffices to consider just a single gamble from each of the sets involved because, by coher-
ence of the individual sets, any finite combination of gambles of the same set is again a member

of that set [@T_@ﬂ
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implies that I f{, = o f € 2 and therefore also that f/, € 2|0 C 2. Invoking
the coherence of Zp, we find that f{, + fo € %o and therefore also
that f, + fo £ 0 [@ﬂ Hence, we know that there is some w € O such
that f,(®) + fo(®) > 0. Since f},(®) = f(®) and fo(®) =Ip(®)fo(®), this
implies that f(®)+Ip(®) fo(®) > 0 and therefore also that f + 1o fo £0. O

The situation becomes more tricky if a subject announces, besides &, up-
dated models Z, for multiple events O, for example for every element of some
partition & of Q, or for the set of events & that corresponds to a protocol
[see Section [3.1.3]. In those cases, even if Zp 2 Z]O for all O € 0, it
is often very easy to combine gambles in & with gambles from these differ-
ent updated models Zp, O € O, in such a way that the combined transaction
makes the subject who announced these models suffer a partial loss, or some-
times even a sure loss—a strictly negative payoff regardless of the outcome.
Dempster’s rule of conditioning is for example known to suffer from this prob-
lem [106l Sections 5.13.9—11]. We will not discuss the exact conditions under
which a subject can be made to suffer from such a partial or sure loss any fur-
ther; see Reference [|118]] for detailed technical discussions of these and other
related consistency criteria between initial and updated belief models. For our
present purposes, it suffices to realise that updating by means of conditioning
will always avoid partial loss, simply because & is coherent and therefore sat-
isfies . As an immediate consequence, we find that whenever there is a
coherent set of desirable gambles Z* such that 2 C Z* and such that, for all
0 € 0, Yo C P*]0, then updating by means of these models P, O € O, is
guaranteed to avoid partial loss. Regular extension provides a nice example:
by Proposition[T3g, it can be seen to correspond to the use of updated models
that are obtained by conditioning the set of desirable gambles &, rather than
the actual model Zp; since 75 is a coherent superset of Zp, we find that updat-
ing Zp in this way is guaranteed to avoid partial loss, even if multiple updated
models are announced at the same time.

3.3.3 Different settings and interpretations

It should not be forgotten that our justification for updating by means of natural
extension only applies if the conditions that were discussed in Section 3.1 are
met, and that it furthermore crucially depends on our subjective interpretation
in terms of desirable gambles. If these conditions are not met, or if this inter-
pretation is not adopted, our argumentation is no longer compelling, and other
updating strategies could be considered, provided of course that one can find a
way to justify them. Reference [[106} Section 6.11] and References [91,97118]
provide some ideas on how to deal with situations where the conditions in Sec-
tion are relaxed. Reference [53] Section 6.3.2] compares our approach
with updating rules that are not based on interpretations in terms of gambles.
Interestingly, many of the alternative updating rules that are provided in the lit-
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erature, regardless of the setting they consider or the interpretation they adopt,
tend to be at least as informative as natural extension. Maximum likelihood
updating (a special case of Dempster’s rule of conditioning) [59] and a-cut
updating [12]] are two examples; see Section [3.4.1] as well. Since we do not
adopt an exhaustive interpretation, this implies that, rather surprisingly, and
despite the fact that they come from a completely different direction, these
other updating rules nevertheless turn out to be compatible with our approach.
This being said, we will now refocus on our setting, and our interpretation, and
we will use it to explain that it is possible to justify the use of regular extension
as an updating rule by combining the results of this section with additional
arguments.

3.4 JUSTIFYING UPDATING WITH REGULAR EXTENSION

Regular extension comes across as an intuitive updating rule because of its
clear interpretation in terms of sets of probability mass functions or sets of
linear previsions. Because of the popularity of Bayes’s rule as an updating tool,
it seems natural to simply apply it whenever possible, and to ignore the models
to which it cannot be applied—those that assign probability zero to the event
of interest. The goal of this section is to justify this approach, in two different
ways. Our first justification is based on an assumption of ideal precision. It
is expressed in terms of sets of linear previsions and closely resembles the
intuitive idea sketched above. Our second justification for the use of regular
extension as an updating rule starts from less restrictive assumptions; it does
not require an assumption of ideal precision and is expressed directly in terms
of sets of desirable gambles and/or lower previsions.

3.4.1 Using an assumption of ideal precision

As soon as ideal precision is adopted, justifying the use of regular extension
as an updating rule for sets of linear previsions is fairly straightforward. This
justification is often taken for granted, but for the sake of completeness, let us
make the argument explicit.

Let .# be a set of linear previsions. Due to the assumption of ideal pre-
cision, each of these linear previsions is considered to be a candidate for the
‘correct’ linear prevision, but we do not know which one of them it is. How-
ever, so the argument goes, after an event O € 9@(9) occurs, some of these
candidates can be ruled out, in particular those that assign probability zero to O.
Indeed, due to our interpretation for linear previsions, adopting a prevision that
assigns P(O) = 0 implies that you are willing to bet against O at betting rates
that are arbitrarily close to 1—at all odds. With hindsight, after observing O,
and given that Q is finite, this seems like an unreasonable commitment, which
is the reason why these previsions are no longer judged to be a candidate for
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the ‘correct’ model. Hence, with hindsight, after observing O, the initial set
of candidates should have been .#’ := {P € .# : P(O) > 0} rather than ./Z.
If .#' # 0, then since every prevision in .#’ is a separate candidate model,
each of these is to be updated individually. If the conditions of Section
are met, then as explained in Section [3.2. 2}, the fact that O has positive prob-
ability implies that this should be done by means of Bayes’s rule, leading us
to use .#"'|O = .# |*O as our updated set of candidate models. If .Z' =0,
then none of the candidate models are reasonable, and this procedure cannot
be applied. In that case, we are led to consider the set Po = .# | O of all pos-
sible previsions on O as our updated set of candidates, simply because by the
assumption of ideal precision, one of these previsions is guaranteed to be the
correct model. Either way, the approach above leads us to adopt .# |"O as our
updated set of candidate models, and thereby seems to provide a justification
for the use of regular extension as an updating rule.

However, there is still a slight issue with this justification, at least in the
way we have presented it so far. Indeed, one could argue that after O has
occurred, the initial candidate models are no longer relevant, and that therefore,
it makes no sense to go back and remove some of them. This problem is solved
by the fact that we are adopting the setting of Section[3.1.Tfr. Since this setting
requires that the updated model is provided in advance, the act of constructing
this updated model is necessarily a thought experiment that is conducted in
advance, before the occurrence of any event. Within this thought experiment,
it is implicitly assumed that O can occur, because otherwise, it makes no sense
to provide an updated model for when O actually occurs, and it is this implicit
assumption that leads us to adopt .# instead of .#. It is important to realise
that .#' exists within this thought experiment only. Our initial belief model,
before any event has occurred, is still the set .Z .

Similar arguments can also be used to try and justify other updating rules.
For example, taking .#’ to be the set of all previsions that assign maximal
probability to O results in maximum likelihood updating, of which Dempster’s
rule of conditioning can be regarded as a special case [59]]. a-cut updating cor-
responds to the removal of all previsions P in .# for which P(O) < aP 4(0),
for some o € (0,1) [12]]. However, we consider the case P(O) = 0 to be the
more fundamental. The removal of extra previsions seems hard to justify on
theoretical grounds. For example, the value of ¢ is bound to be arbitrary. Fur-
thermore, the resulting rules are no longer guaranteed to avoid partial or sure
loss and will often fail to satisfy the second upper constraint that was discussed
in Section [3.3.2}71. Nevertheless, these rules have proved useful in practice,
and the argumentation above can be used to motivate their use on theoretical
grounds.

These arguments can also be used to justify regular extension as an up-
dating rule for lower previsions. It suffices to adopt the sensitivity analysis
interpretation, and to apply the reasoning above to the set of dominating linear
previsions. However, this is unnecessarily restrictive, because, as we are about
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to show, a similar justification can also be obtained more directly, without any
reference to the sensitivity analysis interpretation or ideal precision.

3.4.2 Dropping the assumption of ideal precision

One of the crucial points in the previous section was that, since the updated
model is (assumed to be) specified in advance, the act of constructing it is
necessarily a thought experiment that makes the implicit assumption that the
event O can occur. Under this assumption, some of the previsions in .# can
be removed, and in this way, we obtain regular extension.

The very same idea can be applied to sets of desirable gambles. Our current
set of desirable gambles 2 need not be the same as the set of desirable gambles
2’ that we would adopt under the extra assumption that O can occur—not to
be confused with the set of gambles & |O that are desirable contingent on the
actual occurrence of O. But what should 2’ be? Is it related to 2? Can we
construct it in an automated way?

3.4.3 Adding an assessment

We think that an assumption that O can occur should lead us to add the follow-
ing assessment

For ¢ € (0, 1) sufficiently small, Iy — € should be desirable. (3.2)

In other words, there should be some positive—but possibly very small—
betting rate at which you are willing to bet on O. Although we prefer not
to stress this because it might easily be associated with an assumption of
ideal precision—which do not want to make—it might be useful to realise
that in terms of probabilities, this assessment simply means that O has some
positive—but possibly very small—probability €. We consider our assumption
that Q is finite to be crucial here, because it guarantees that O is ‘sufficiently
large’” with respect to Q. If Q were to be infinite, we would not be inclined to
adopt Assessment (3.2) for singleton events. Nevertheless, even for finite Q,
one might think that Assessment is still not compelling; we leave it to the
reader to decide for himself.

We want to stress that we are not assuming that O can occur. Our sugges-
tion here is simply that if such an assumption is made, then Assessment (3.2))
should be adopted. Our further analysis is based on this principle, and our con-
clusions therefore only apply to events O for which it is considered reasonable.
The main idea is that, while constructing an updated model that is to be used
after the occurrence of O, we are conducting a thought experiment in which O

3This can also be regarded as a consequence of our definition for “believing that O can occur”

in Section 3.3z,
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can obviously occur, thereby allowing us to invoke Assessment (3.2) ~. How-
ever, outside of this thought experiment, we do not assume that O can occur.

In any case, if we choose to adopt Assessment (3.2)) -, the first problem we
are confronted with is the meaning of ‘sufficiently small’: how small should
€ be? An obvious suggestion is to return to the subject whose beliefs are
modelled by means of Z—often an expert—and ask him to provide us with an
€ € (0,1) such that, under the assumption that O can occur, Iy — € would be
desirable to him. Alternatively, the choice of € can be based on someone else’s
opinion—possibly your own. For now, let us assume that € is known; we will
come back to this shortly.

We are now faced with a classical belief expansion problem [56,/66]: we
have an initial belief model 2—a coherent set of desirable gambles—and want
to incorporate the additional assessment that Iy — € is desirable. Similarly to
what is done in propositional logic, this can be achieved by considering the de-
ductive closure of the union of these assessments, where in the language of sets
of desirable gambles, the deductive closure is obtained by applying the natu-
ral extension operator &’; see References [38,(77,/114] for more information.
Applying this procedure, we obtain the following set of desirable gambles:

EE(D) = E(2U{lo —€}). (3.3)

This set is not guaranteed to be coherent; the assessment Iy — € can be incon-
sistent with 2. It is easy to see that £5(Z) will be coherent if and only if
e—1Ip ¢ 2. It is useful to compare this with what happens in propositional
logic: a belief base can be expanded with a proposition a if and only if this
belief base does not contain the negation of a.

Let us now come back to the problem of choosing €. In practice, it is
often very difficult to do so. The fact that we think that there should be some
€ € (0,1) for which Iy — € is desirable does not imply that we can actually
provide such an €. This typically occurs if & was provided by an expert that is
no longer available for extra questions. Therefore, instead of fixing € in some
arbitrary way, we propose to restrict attention to the set of desirable gambles

E0(2)= [\ €5(2), (3.4)
e€(0,1)

which consists exactly of those gambles whose desirability can always be in-
ferred by expanding 2 with Iy — €, regardless of the value of € € (0,1). As-
sessment (3:2),~ should clearly lead us to consider—at the very least—the
gambles in &p(2) as desirable. Other gambles might be desirable as well,
but in order to find out which ones, some kind of domain expertise seems nec-
essary. If this kind of expertise is not available, then £p(Z) seems to be a
reasonable, conservative choice of model. Basically, we are then no longer
adopting Assessment (3.2))~, but merely some of its consequences.
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3.4.4 Investigating the consequences of the assessment

In its current form, our expression for &p(2) is rather indirect, making it diffi-
cult to get a feeling for which gambles it contains. Therefore, before drawing
any conclusions with respect to updating, we start with a theoretical study of
the set p(2). We restrict ourselves to results that are directly related to the
updating problem we are trying to solve; see Appendix for additional
properties that are—although they are definitely relevant—not directly related
to the present discussion.

The following proposition establishes that in order for &p(2) to be coher-
ent, it is sufficient as well as necessary for Py (O) to be strictly positive.

Proposition 15. Consider a coherent set of desirable gambles 9 C 4 (Q) and
an event O € Py(Q). Then (D) is incoherent if and only if P5(0) = 0.
Furthermore, if 6o(9) is incoherent, then 6p(2) = 9 (Q).

Proof of Proposition[I3] First, assume that &p(Z) is incoherent. Since, by
construction, &y () satisfies D2kg-D4fg, this implies that &y (Z) fails to sat-
isfy and therefore, that 0 € &p(2).

Fix € € (0,1). By Equation (3.4) -, we know that 0 € £5(2). By Equa-
tion @ ~, and since Z is coherent, this implies that either Ip — & = 0 or
g+A({p—¢€)=0, with A € Ry and g € Z. The first option is impossible
because € < 1. Hence, we have that € —Ip = 1/Ag and therefore, by the coher-
ence of 2 and because 1/ >0 and g € 2, that € — Iy € Z. Since this holds for
all € € (0,1), we infer from Equation that P5(0) < 0 and therefore,
by Equation that P (0) = 0.

Next, still assuming that &p(2) is incoherent, we set out to prove that
60(2) =% (Q). Choose any f € 4(Q). Now choose any € € (0, 1). From the
first part of this proof, we know that ¢/2— Iy € 2. Now choose a € Rx high
enough such that f 4+ a > 0. Then, by Equation (3.3) ~,

f=(f+a)+2/e(e/2—1o) +20/e(lp — €) € 65(7).

Since this holds for all € € R., we infer from Equation (3.4) that f €
60(2). Since this holds for all f € 4(Q), we find that §p(Z) =9 (Q).
Finally, assume that P5(0) = 0. Consider any € € (0,1). Then by Equa-
tion (2.14)zg, we know that there is some 0 < o < € such that a —Ip € 2.
Hence, due to Equation (33),, and the coherence of &, we obtain that
0=(e—a)+(a—1Ip)+(Ip—¢) € &5(Z). Since this holds for all € € (0, 1),
we infer from Equation (3:4) - that 0 € £p(2), implying that &p(2) is inco-
herent. O

Therefore, if P»(0) = 0, the set &p(2) is clearly not very useful. For now,
let us assume that P (O) is strictly positive. In that case, perhaps surprisingly,
none of the gambles Iy — € in Assessment (3.2)gy is actually added to 2.
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Proposition 16. Consider a coherent set of desirable gambles 9 C 4 (Q) and
an event O € Py(Q) such that P5(0) > 0. Then for all € € (0,1):

Ho—eeé"o(@)@lof«s‘e@.

Proof of Proposition[l6] Since 7 is clearly a subset of &p(Z), we only need
to prove the direct implication. So consider any € € (0,1) and assume that
Ip — € € E0(2). We will prove that then o — € € 2. If we choose 0 < €' < g,
then by Equation (3.4)gz, we know that Iy — € € (fog/ (2). By Equation (3.3)gz,
and because Z is coherent, we now have that, without loss of generality, either
@Ip—e€Por)Ip—e=g+A(Ip—¢€),withge 2U{0} and A > 0. In
case of (a), the proof is concluded. In case of (b), we find that, with A’ :=1— A,

MIp—e)=Ip—€e+A(e' —Ip)+A(e—¢€)=g+A(e—€) e 2,

where the last inclusion is a consequence of the coherence of 2. If A’ =0,
we have that 0 € 2, contradicting the coherence of 2. If A’ < 0, then, again
by the coherence of &, we find that € — Iy € 2 C £p(Z). By combining this
with our assumption, and using the coherence of &p(2) [which is a conse-
quence of Proposition and our assumption that P (0) > 0], we find that
0= (e—1Ip)+ (Ip — €) € £0(2), contradicting the coherence of £p(Z). The
only remaining possibility is that A’ > 0. In this case, by the coherence of 2,
we find that, indeed, [p — € € Z. O

If P, (0O) is strictly positive, we even find that () is equal to Z.

Proposition 17. Consider a coherent set of desirable gambles 9 C 4 (Q) and
an event O € Py(Q) such that P5(0) > 0. Then o(Z) = 2.

Proof of Proposition[[7] By Equation (Z.13)gg, and since P,(0) > 0, we
know that there is an € > 0 such that Ip — € € 9. Since Z is coherent, we also
know that € < 1. From Equation we now infer that §5(2) = £(Z) and
therefore, since 7 is coherent, that £5(2) = 2. Applying Equation (3.4)gz,
we find that £p(Z) C 2. Since clearly also 7 C &p(2), we conclude that
60(2) = 9. O

By Equation (2.13)jzg, the remaining option is that P4 (0) > P, (0) = 0.
In that case, &p(2) is completely characterised by the following theorem, the
proof of which can be found in Appendix [3.Bg.

Theorem 18. Consider a coherent set of desirable gambles 9 C 4(Q) and let
0 € Py(Q) be any event such that P5(0) > 0. Then

feé"o(@)
SfePor(Vee(0,1)(FAeRs) f+A(e—Tp) €D (3.5)
s fePor(Veec(0,1)(31 €Rug)(VA € (0,A]) f+A(e—1Tp) €int(2).

(3.6)
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Although this result applies whenever P (0) > 0, we are of course mainly
interested in the case P, (0) = 0. If P, (O) is positive, we already know from
Proposition that 6p(2) = 2. If P4#(0) =0, £p(Z) might be strictly
larger than &; however, as the following result shows, only slightly—or should
we say, marginally—so.

Corollary 19. Consider a coherent set of desirable gambles 9 C 4(Q) and
any O € Py(Q) such that P4 (0) > 0. Then 9 C £9(2) Ccl(2) =cl(p(2))
and

Ps9)(f) =Pgy(f) forall f € 9(Q).

Proof of Corollary[I9 We first prove that 2 C &p(Z) C cl(Z). Since Z is
clearly a subset of £p(2), it suffices to show that &p(Z) C cl(Z). So fix
any f € 6p(2) and 8 € R-o. By Equation (Z.5)gq, we need to prove that
f+8€ D If fe D, this follows trivially from the coherence of 2. Hence,
by Theorem [I8], we can assume without loss of generality that

(Ve € (0,1))(3A €R-0) (VA € (0,A]) f+A(e—Tp) €int(2) C 2. (3.7)

Choose any ¢ € (0,1). Equation implies that there is some A € R~ such
that, with A == min{6,A}, f+A(e —Ip) € 2. Since f+6 > f+ A(e —Lp),
we infer from the coherence of & that f + 6 € 2.

We now know that 2 C £p(2) and £p(2) C cl(Z). By applying the
operator cl to both sides of each of these inclusions, we find that

cl(2) Ccl(ép(2)) Ccl(cl(2)) =cl(2),

where the last equality follows trivially from the fact that, for coherent 2,
cl coincides with the topological closure operator. Hence, we may conclude
that cl(2) = cl(£p(2)). By Equation (2.8)gp, and since &p(Z) is coher-
ent because of Proposition [I5gg, this implies that P, () (f) = Py (f) for all
fegQ). O

Hence, if P»(0) > P,(0) = 0, the difference between 2 and &p(2) is
situated on their border. Nevertheless, this difference could be important, es-
pecially if we start to condition these models.

One particular conditional model that will be especially useful to us is
60(2)]0. 1t has the nice property that the associated set of almost desirable
gambles does not depend on the border structure of p(Z) or Z.

Proposition 20. Consider a coherent set of desirable gambles 9 C 4 (Q) and
an event O € Py(Q) such that P5(0) > 0. Then for all f € 4(0):

fe Cl((fo(.@)J 0) slof € Cl(é"o(.@)) slof € Cl(.@).
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Proof of Proposition20. We prove that f € cl(6p(2)]0) < Iof € cl(2);
this implies the other equivalences because, as we have shown in the proof of
Corollary [19, c1(60(2)) = cl(2).

First assume that [pf € cl(Z). Consider any A € R and € € (0,1).
Then by Equation @3)gq, Io(f +A) +A(e —1p) =Iof + A€ € Z [because
0 = A& € Rp]. Since this holds for all € € (0, 1), we infer from Theorem
that Io(f 4+ A) € o(2) or, equivalently, that f + A € p(2)] 0. Since this
holds for all A € R+, we find that f € cl(£p(2)]0).

Conversely, assume that f € cl(6p(Z2)]0). Consider any § € R-¢ and
choose a € (0,1) such that ¢ < §. Then, by Equation @3)gp, f + ¢/2 €
60(2) |0 and therefore Ip(f + ¢/2) € o(2). If Io(f + %/2) € 2, then by
coherence of Z also Ip(f+98) € 2. If Ip(f + ¢/2) ¢ 2, then by applying
Theorem with € := /2, we find some Ae R+ such that

Io(f+¢/2) +A(¢/2—1p) € int(2) C 2,
with A := min{1,A} € (0,A]. Since A <1 and 0 < a < §, we know that
0> o >a/2(1+1p) > @/2(A +1p), which implies that

Tof +6>Tof +5 (A+T0) 2 Tof + 5 (2 +To) ~Io2
(04 (04
—]IO(f+ E)-ﬁ-l(z —]Io).

Therefore, because Lo (f + %/2) + A(%/2—1p) € 2, the coherence of & implies
that, again, Ipf + 8 € 2. Hence, in all cases, Iof + & € 2. Since this holds
for all 8 € R~, we infer from Equation (2.3)gq that Ip f € cl(2). O

Therefore, if we are only interested in cl(&p(Z)|0), or equivalently, in
Ps,(2)(-]0), all we need to know is cl(2), or equivalently, Py. The connec-
tion between Py, () (-]O) and Py is provided by regular extension.

Corollary 21. Consider a coherent set of desirable gambles 9 C 4 (Q) and an
event O in Py(Q) such that P5(0) > 0. Let R(-]O) be the regular extension

of Py, as given by Equation 2.29g3 Then

Ps,(2)(f]0) =R(f]0) forall f € 4(0).

Proof of Corollary[21} Fix any f € 4(0) and any u € R. By Proposition 20|
and Equation (2.6)gp, we have that

Py(Iolf —u]) >0 Io[f — u] € cl(2)
& f—pec(éo(2)]0) & Pgyz)j0(f —1) = 0.

Since P4(0) > 0, we know from Proposition @ that £p(2) is coher-
ent. This implies that £p(Z)]O is coherent and therefore also that Py (5)|0
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is coherent, which in turn implies that Py, (5)|0(f — 1) = P, (a)0(f) — 1
Furthermore, due to Equations (2.3)gg and (2.9)g3 we know that
Ps9)0(f) = Pe,(2)(f]O). Hence, putting it all together, we find that

Py(lo[f —u]) >0 Pgo(f10) > .

Since this holds for all u € R, we infer from Equation (2.29)g3 and the fact that
P4(0) >0 that Pg, () (f]O) > R(f]0).

Next, since 6p(2) is coherent, we know that P () (-|O) is coherent with
P, () and therefore also, since P, (5) = P because of Corollary @], that
P, (2)(-]0) is coherent with Py, Since P5(0) > 0 guarantees that R(-|0) is
the largest lower prevision on ¢(0) that is coherent with P, this implies that
Psy9)(f10) <R(f]0). O

3.4.5 Turning the assessment into an updating rule

Plenty of mathematics so far, but still no updating rule. So let us get back to
the beginning: a coherent set of desirable gambles 2 C 4(Q) and an event
0 € Pp(Q). We are looking for an updated set of desirable gambles % that
we intend to adopt after the occurrence of O, but which is specified in advance.

If O cannot occur, it makes no sense to provide an updated model %,
nor does it matter if we get it wrong. Hence, while constructing the updated
model 9o, we might as well assume that O can occur. Within this thought
experiment, if we are willing to adopt Assessment (3.2)g—and we will as-
sume that we are—then as explained in Section [3.4.3k, we can combine this
assessment with our set of desirable gambles 2 to obtain a new set of gambles
that is guaranteed to include &p(2). Given that our interpretation for sets of
desirable gambles is non-exhaustive, using &p(2) itself puts us on the safe,
conservative side. The rest of the argument now depends on whether or not
60(2) is coherent.

If it is, it means that Assessment @hﬂ] is compatible with 2, and we are
led to consider 2" = &p(Z) as our set of desirable gambles. It is important to
realise that 2’ is only adopted within the thought experiment of—in advance—
constructing an updated model for after the occurrence of O; the belief model
of our subject is still Z. Within this thought experiment, we can now apply the
arguments of Section @B] to the set &', and this results in the use of Zp =
9'|0 = &p(2)]0 as a conservative choice of updated model. If P, (0) > 0,
Proposition tells us that &p(2) = 2, which implies that in that case, the
updated model Zp = 2|0 is exactly the same as the one we would have used
had we not included Assessment (3.2)g7,

If £&o(2) is incoherent, or equivalently, by Proposition @], if P»(0) =0,
it means that Assessment (3.2)gy is not compatible with Z. In fact, it even im-
plies that &p(Z) = ¥ (). Hence, in that case, it clearly makes no sense to use
&0(2) as the set 2 that is adopted within the thought experiment of construc-
tion Yp. A possible solution to this problem is to drop Assessment
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and take 2’ to be equal to 2. By applying the arguments of Section @E
to ', this results in the use of Zp = 2|0 = 2|0 as our updated model.
However, the same conclusion can also be reached without dropping Assess-
ment (3.2)gy. The fact that Assessment (3-2)gy is incompatible with & does not
imply that this is also the case for subsets of &. Indeed, in particular, the gam-
bles that are of the form Ipf, with f € 2|0, will always be compatible with
Assessment @ME' Since these gambles are the only ones that are relevant
for Equation (3I)yr3, the argumentation in Section [3.2fr5 can still be applied,
and it leads us to conclude that using Zp = Z] 0O as our updated model is a
conservative approach.

By combining the case in which &p(2) is coherent with the one in which
it is not, we end up with the following updating rule:

0(2)]0=2]0 ifP4(0)>0
b= o(2)|0 if P»(0) > P,(0)=0 forall O€ Z)(Q).
2)0 if P»(0)=0
(3.8)

It is identical to simply conditioning, except if Py (0) > P, (0) = 0, in which
case it is guaranteed to be at least as informative—since 6p(2) 2 %. Nev-
ertheless, despite it being more informative, this strategy still avoids partial
loss, even if we announce updated models for multiple events O at the same
timeE| Furthermore, it clearly also satisfies the second upper constraint that
was discussed in Section 3327,

If we let R(-]-) be the regular extension of P, then by Theorem [I8g, for
all 0 € Fp(Q), the lower prevision B% that is associated with the updated set

p is given by

R(f]0) = Py(f|0) ifP5(0)>0
Py (f) = ( 10) if P7(0) > P5(0) =0 (3.9)
Py(f]0) if P (0) =0

forall f € 4(0).

“Because the coherence of 2 implies that I f £ 0, which in turn implies that f £ 0. Hence,
for any € € (0,1) and any A € Ry, it holds that f+ A(1 —¢€) £ 0 and therefore also that
lof+A(lo —€) £0.

SThere is a coherent set of desirable gambles 2* = &(2) [see Corollary % in Ap-
pendix [3-Ap]l for which it holds that 2 C 2* and &p(2) C 2* for all O € Py(Q) such that
Py(0) > P,(0) = 0. Hence, by Equation (3:8), for all 0 € Zp(Q), 2%, C 2* | 0. As explained
in Section @m this implies that updating by means of the updated sets &}, is guaranteed to
avoid partial loss, even if multiple updated sets are announced at the same time.
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3.4.6 Translating it into a justification for regular extension

The updating rule that was derived in the previous section can be translated
to the framework of lower previsions in a straightforward manner. For any
coherent conditional lower prevision P(-]-) and any event O € Z(Q), we
simply apply Equation (3.8)~ to the smallest associated set of desirable gam-
bles 7 = &p(.|.) and consider the corresponding lower prevision B%, as given
by Equation (3.9) ~. In order to reflect this particular choice of 2 in our no-
tation, we denote this lower prevision as Rp;. J_)(-JO). The following result
establishes that Rp(.|.)(+]-) is a coherent conditional lower prevision on ()
and expresses it directly in terms of P(-|-).

Corollary 22. Consider a coherent conditional lower prevision P(-]-) with
arbitrary domain €. Let E(-|-) be its natural extension and let R(-|-) be the
regular extension of E(-|Q). Then Rp(.|.(-]-) is a coherent lower prevision on

€ (Q) and, for all (f,0) € €(Q):

R(f]0)=E(f]0) ¥E(0)Q)>0
Rp(1(f10) =  R(7]0) IE(0)Q) > E(0)Q) =0
E(f]0) fE(0]0) =0

Proof of Corollary[22] The equality follows from Equation (3.9)  and the fact
that, with & = &p(.).), by definition of natural extension, Py(-]-) = E(-]-) and
therefore also Py (-) = E(-|Q). Since P(-|) is coherent, & = &p(., is coher-

ent as well, and therefore, Corollary [see Appendix [3.Ap] implies that
Rp(.}.)(-]*) = Per(g)(-]-) is a coherent lower prevision on €' (Q). O

Furthermore, if we apply this procedure to an unconditional lower previ-
sion P on ¢(£2), the resulting conditional lower prevision Rp(-|-) is equal to
the regular extension of P.

Corollary 23. Consider a coherent lower prevision P on 4 (Q) and let R(-]-)
be its regular extension. Then

Rp(f10) =R(f]0) forall (f.0) € €().

Proof of Corollary[23] As explained in the proof of Corollary 22| Rp(-]-) is
equal to Pgr(5)(-]+), with, in this particular case, = &p = Zp. The proof
now follows immediately from Corollary [32g [see Appendix [3.ApT. O

Given that the only assumptions that were made to obtain R(-|-) are (i)
that we are working within the setting described in Section and (ii) that
within the though experiment of constructing the updated model, the subject
whose beliefs are being modelled is willing to adopt Assessment (3.2)gy, we
have finally found our justification for updating by means of regular extension.
It follows from our results that, whenever these two conditions are met, regular
extension serves as a conservative updating strategy.
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3.4.7 A generalisation of regular extension

Corollary implies that Rp(.|.(-]-) can be regarded as a generalisation
of the notion of regular extension to coherent conditional lower previsions.
Therefore, from now on, for any conditional lower prevision P(-]-), we will
refer to Rp(.|(-]) as the regular extension of P(-]-) and, whenever it is clear
from the context which conditional lower prevision it is derived from, we drop
the index and write R(-|-) instead of Rp(.|.y(-|-). As we have seen in the pre-
vious section, this generalised notion of regular extension—similarly to the
version for unconditional lower previsions—can be justified as a conservative
updating rule.

If we are considering the regular extension R(-]-) of a conditional lower
prevision P(-|-), some notational confusion might arise, because in Corol-
lary 22], we used R(-]-) to refer to the regular extension of E(-|Q), with
E(-]-) the natural extension of P(-|-). In order to avoid this confusion, we
will from now on denote the regular extension of E(-|Q) by R*(-|-). Simi-
larly, as we did in Section [3.2.3f75, we denote the natural extension of E(-|Q)
by E*(-]-). Using these conventions, the regular extension R(-]-) of P(-]-) is
given, for all (f,0) € €(Q), by

R*(f]0)=E*(f]0)=E(f]O) ifE(0|Q)>0
R(f]0) = { R*(f]O) if E(0]Q) > E(0]Q) =0
E(f)0) ifE(0)0) =0,
(3.10)
It coincides with the natural extension E(f]O) whenever E(O|Q) > 0 or
E(0]Q)=0. If E(O|Q) > E(0|Q) = 0, regular extension may differ from
natural extension and is guaranteed to dominate it.

If P(f]Q) is defined for all f € 4(Q), then E(-|Q) will be equal to P(-|Q)
and E*(-]-) and R*(-]-) can be taken to be the natural and regular extension of
P(-]Q), respectively. If P(-]Q) is known—or if E(-]Q) can be calculated—
R*(-]O) can be obtained by applying the computational techniques of Sec-
tion 2.7.363. The result is guaranteed to coincide with R(-|O) whenever
P(0]Q) > 0—E(0]Q) > 0—but will be vacuous and might therefore only
be a (safe) lower approximation of R(-|0) if P(O|Q) = 0—E(0]Q) = 0.

The natural extension E (- |-) of a conditional lower prevision P(-|-) can be
given a sensitivity analysis interpretation in terms of linear conditional previ-
sions: as we know from Equation (2.18)53, it is the lower envelope of the set
AMp(.|.) consisting of the linear conditional previsions that dominate P(-]-). A
similar interpretation can be given to the regular extension R(-]-) of P(-]-) as
well. IFE(0|Q) =0o0r E(O|Q) > 0, then R(-|O) is equal to E(- | O) and there-
fore borrows its sensitivity analysis interpretation. If E(O|Q) > 0—which,
again, includes the case E(O|Q) > 0—then R(-]O) is equal to the regular ex-
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tension R*(-|O) of E(-]Q), and therefore given by

R(f]0) = inf{P(f|0): P € .My ) and P(0) > 0}
= inf{P(f|0): P(-]-) € Mpj) and P(O]Q) >0}  (3.11)

for all f € ¥(0), where the last equality follows because .#g/.|.) = Mp(.}
and because, if P(-|-) is a linear conditional prevision on % () such that
P(0O]Q) > 0, then P(f]O) is fully determined by P(-|Q2) through Bayes’s rule

(P

3.A TECHNICAL RESULTS RELATED TO UPDATING

Besides the ones that were already discussed in Section [3.4.4ky, the operator
&p that was introduced in Section has some additional nice properties
as well. Since they do not fit nicely into the main discussion of the paper, we
gather them in this appendix.

We start by investigating what happens if we apply &p multiple, say n € N,
times. Consider a sequence of events O; € Zy(Q), i € {1,...,n}, and let us
apply the corresponding sequence of operators &p,, i € {1,...,n}, to a coherent
set of desirable gambles 2 C 4(Q), in that order, resulting in a set of gambles

Sor,..0,(P) = E0,(60,_,( -+ E0,(60,(2)) ).

What does this set look like? And does it depend on the order in which the
operators are applied? The following results provide an answer to these ques-
tions.

Proposition 24. Consider a coherent set of desirable gambles 9 C 4 (Q) and
a sequence of n € N events O; € Zy(Q), i € {1,...,n}. Then &p, .. 0,(2) is
coherent if and only if P4(0;) > 0 for all i € {1,...,n}. If it is coherent, then
cl(8o,...0,(2)) = cl(D). If it is incoherent, then &y, ...0,(Z) =9 (Q).

Proof of Proposition We provide a proof by induction. For n = 1, the result
follows trivially from Proposition I35 and Corollary [I9%3. Consider now the
case n > 1. Then by the induction hypothesis, we may assume that the result
is true for n — 1.

First, assume that &p, . 0,(Z) is coherent. Now assume ex absurdo that
80,,...0,_ (2) is incoherent. The induction hypothesis then allows us to infer
that o, .0, ,(2) =9 (K), which implies that

¢0,....0,(7) = €0,(é0,....0,1 (7)) = €0,(9(Q)) =4 (Q)

is incoherent, a contradiction. Hence, we find that 2’ := &p, .0, ,(Z)
must be coherent. By the induction hypothesis, this implies that cl(2') =
cl(2) and, for all i € {1,...,n— 1}, that P5(0;) > 0. Since 2’ and 2
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are both coherent, we infer from cl(2') = cl(Z) and Equation (2.8)zy that
Py = Py and therefore, by conjugacy, that Py(0,) = P4(0,). Since
we have that &y, 0,(2) = 60,(2’), we infer from Proposition @ and
the coherence of 2’ and &p,..0,(2) that Py (0,) > 0, which in turn im-
plies that cl(&p,(2')) = cl(Z') [Corollary [1%g]. In conclusion, we have
found that cl(&p, ....0,(2)) = cl(é0,(2")) = cl(Z') = cl(Z) and that, for all
i€ {1,...,}’1},?@(0,') > 0.

Next, assume that 6"0],,_,,0,1(9) is incoherent. We need to prove that
80,...0,(2) =% (Q) and that P5(0;) = 0 for some i € {1,...,n}. This clearly
the case if 7' := &p, .0, ,(2) is incoherent, because it then follows from the
induction hypothesis (a) that P5(0;) = 0 for some i € {1,...,n— 1} and (b)
that 2' = ¢(Q) and therefore also &y, ...0,(2) = é0,(2') = 9(Q). Hence,
without loss of generality, we can assume that 2’ is coherent. As shown in
the first part of this proof, this implies that Py (0,) = P4(0,). Since 2’ is
with the fact that &p, . 0,(2) is incoherent to infer that &p, . 0,(2) =9 (Q)
and F_@/(On) = p_@(on) =0. O

Proposition 25. Consider a coherent set of desirable gambles 9 C 4(Q) and
a sequence of n € N events O; € Py(Q), i € {1,...,n}. Then

éoy...0.(7) = €0,(2).
i=1

Proof of Proposition[23] Let us define %y := 2 and, for all i € {1,...,n},
@,’ = gO,v(-@i—l) = (5)01“,’0’,(.@). Since .@0 - .@1 c...C gn—l - @n, we find
that, for all i € {1,...,n},

60,(2) = E0,(D) C 0,(%i—1) = D; € Dy = bo,....0,(D).

Hence, we are left to prove that &p, .. 0,(Z) C U!_,80,(Z). So let us fix any
f€&0,...0,(Z). We will prove that f € U, £0,(2). By Proposition[1 5z, we
may assume without loss of generality that, for all i € {1,...,n}, P5(0;) >0,
because otherwise, U!_; £p,(Z) would be equal to ¢(L2), which would make
the proof trivial. Now let i* be the smallest i € {0,...,n} for which it holds
2, which makes the proof trivial. Hence, without loss of generality, we may
assume that i* > 1. This allows us to consider the set Z;+_1, of which we know,
by definition of i*, that f ¢ Z;«_. Since P (0;) >0 foralli € {1,...,i* — 1},
we know that Z<_; is coherent and that cl(Z_;) = cl(2) [this is trivial if
i* —1 =0 and otherwise follows from Proposition[24] with n = i* — 1]. Since
91 is coherent and P4 (0;+) > 0, we can combine Theorem @3] with the
fact that f € D \ D1 = (5001.* (Di—1)\ D+ to infer that

(Ve € (0,1))(3A € Rug)(VA € (0,4]) f+A(e—1p,.) €int(Z—1). (3.12)
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Since 2 and Z_; are both coherent, cl(Z_1) = cl(2) implies that
int(Zr_1) = int(2) [Equation 28)ggl. Therefore, since 2 is coherent and
P4(0s) > 0, we can infer from Equation (3:12),~ and Theorem [18 that
f € &0, (Z) and therefore also, that f C U}, 60,(2). O

It follows from this last result that &, . 0,(2) is fully determined by the
set of events & = {0;: i € {1,...,n}}, and we will therefore simply denote it
by 8¢(2). The order of the events Oy, ..., 0, does not matter, neither does the
fact that some of the events might appear multiple times. For this reason, from
now on, we no longer consider sequences of events, but non-empty subsets &
of f@@ (Q) .

For any non-empty set of events & C ZZ(Q), and any coherent set of
desirable gambles 2 C ¢(Q), we define

gﬁ(@) = U go(.@)

oco

By the results above, and since () and therefore also ¢ is finite, the fol-
lowing properties are immediate.

Corollary 26. Consider a coherent set of desirable gambles 9 C 4(Q) and
a non-empty set of events 0 C Py(Q). Then Eg(D) is coherent if and only if
P4(0) >0 forall O € 0. If it is coherent, then cl(65(2)) = cl(D). If it is
incoherent, then 4(9) =9 (Q).

Proof of Corollary[26] Trivial from Propositions 24y and 25]-. O

The necessary and sufficient condition for & (2) to be coherent—P4(0) > 0
for all O € &—that is provided in the result above simplifies if & = Z(Q).
In that case, because & and therefore also P, is coherent, this condition is
satisfied if and only if Py (@) > 0 for all ® € Q.

It is also possible to characterise &, (2) differently, in a way that closely
resembles our definition for & (2).

Theorem 27. Consider a coherent set of desirable gambles 9 C 4(Q) and a
non-empty set of events 0 C Py(Q). Let £5(2) = E(2U{lp—€p: O € 0})
forany € € (0, l)ﬁﬁ Then

©An element € of (0,1)? is a map from & to (0,1). For any O € &, the corresponding value
is an element of (0, 1) and will be denoted by &p.
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Proof of Theorem[27]. For the sake of notational convenience, let us denote
the right-hand side of the desired equality by &(2). We will only prove
that &(2) C 6x(Z). The converse inclusion holds trivially because, for all
0 <€ 0, 80(2) is clearly a subset of £(2).

Fix f € ;(Z) and assume ex absurdo that f ¢ &5(2) = Upeeo 60(2),
which already implies that f ¢ 2. Then for all O € O, f ¢ £o(2) and there-
fore, there is some &o € (0,1) such that f ¢ &;°(2). Let &min == minpes €o
[this minimum is well-defined because Q and therefore also Z%(Q) and & are
finite] and let €’ € (0,1)? be defined, for all O € &, by €], := &min| 0| " Since
we know that f € &;(2)\ 2 C é"g(@) \ 2, we can infer from the definition
of é"é’(@) and the coherence of & that there are n € N such that n < |£],
g€ 2U{0}, Vie{l,...,n}) A; € Ryp and O; € & such that

n

< emm
f=g+Y Mlo,—€,) =g+ Y Aillo, — o1 2 ZA (3.13)
i=1 i=1

Let Amax := max{A;: 1 <i<n}and inax € argmax{A;: 1 <i<n}, then

n
Y Ao, —
i=1

n
81‘1’1.
Z Amax Io, max 2 nAmax > Amaxlo,, — EminAmax

|ﬁ| imax
Z ;Lmax (HO

imax )

imax

and therefore by Equation (3.13), f > g+ Amax (T,
that f € é" ‘max () g contradiction. Hence, we conclude that f € E6(D).
Since this holds for all fe&H(2), we find that §(2) C E6(2). O

—€p, ), which implies

Imax

Again, as was the case for £p(2), &»(2) is closely connected with reg-
ular extension. For every event O € 0, Pg, (5)(-|0) is equal to the regular
extension R(-|O) of Py.

Proposition 28. Consider a coherent set of desirable gambles 9 C 4 (Q) and
a non-empty set of events 0 C Py(Q) such that, for all O € O, P5(0) > 0.
Let R(-|-) be the regular extension of P, defined by Equation 2.29gg Then

Ps,9) =Ly
Ps, ) (-]O) =R(-]O) forall O € &

and

Ps () (-10) = Py(-]0) forall O € Py(Q) such that P5(0) = 0.

Proof of Proposition[28) We know from Corollary that &, (2) is coher-
ent, and that cl(6(2)) = cl(2). Therefore, by Equation 2.8, Pg, (5) =
Py.
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Fix O € 0. The coherence of &(%) implies that Py, (5)(-]O) is coherent
with Py () and therefore also with Py,. Since P5(0) > 0, this implies that
B&](@)(.J 0) < R(-]O) [see Section . By Corollary [2 , we know
that Pg, () (-]O) =R(-]0). Furthermore P(n )(-]O) > Pg () (-|O) because
60(2) C E¢(Z). Putting it all together, we ﬁnd that Pg (o )( 10) =R(-]0).

Consider any O € Z(Q) such that P5(0) = 0. By Lemma we know
that £ (2)|0 = 710, which implies that Py, (5)(-|O) = Py (-] O). O

Lemma 29. Consider a coherent set of desirable gambles 9 C 4 (Q) and a
non-empty set of events 0 C Py(Q) such that, for all O € O, P4 (0) > 0.
Then

Eg(2)|0=2]0 forall O € Py(Q) such that P4 (0) = 0.

Proof of Lemma[29) Fix O € Py(Q) such that P, (0) = 0. We only prove that
E6(2)]0 C 710, because the other inclusion follows trivially from the fact
that 2 C &4(2).

Consider any f € ¢(2)]O and assume ex absurdo that f ¢ 2]0. We
then have that Ipf € &4(2) \ 2, which implies that there is some O* € &
such that Ipf € £p+(2)\ 2. Using Lemma we find that Py (Ipf) > 0.
Choose A € Ry such that A > max f. Then by the coherence of P, we have
that P (Ipf) < Py(IpA) = AP4(0) = 0. This is a contradiction, allowing
us to infer that f € 2|0. Since this holds for all f € &7(2) |0, we find that
¢(2)]0C 2]0. O

Lemma 30. Consider a coherent set of desirable gambles 9 C 4 (Q) and a
non-empty set of events 0 C Py(Q) such that, for all O € O, P4(0) > 0.
Then forall f € Eg(2)\ 2: 0=Py(f) < Py(f).

Proof of Lemma Consider any f € £(2) \ Z, which implies that there is
some O € O such that f € £p(2)\ 2. Choose € € (0,1) such that € < P5(0).
Since P4 (0) > 0, we know from Theorem @m that there is some A € Rxq
such that f+ A (e —1p) € 2, which implies that Py, (f + A[e —Ip]) > 0. Using
the coherence of P, [C2m) [Com and [CYggll, this allows us to infer that

Py(f)=Py(Allo— €]+ f+Ale —To))
Pgy(Allo —€]) +Py(f +Ale —To]) > Py(A[lo —¢€])
= A(P2(0)—¢)>0.
Since f € 6p(2), we know that Bgo(_@)(f) > 0 and therefore, by Corol-

lary 1%, that Py (f) > 0. Finally, the fact that f ¢ & implies that, for all
o >0, f—a ¢ 2, which in turn implies that Py, (f) <O0. O

If we let & be equal to 01(2) = {0 € Py(Q): P4(0) > P,(0) =0}
or 05(2) :={0 € Py(Q): Py(0) > 0}, or any set in between these two, we
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3.A TECHNICAL RESULTS RELATED TO UPDATING

obtain an important special instance of the operator &, which we denote by
&"(2). For any coherent set of desirable gambles 2 C ¢(Q), it is defined by

&= U @ = U &2
06,@@(9) 0e Py (Q)
P4 (0)>P4(0)=0 P4(0)>0

The last equality is a consequence of Proposition[I7ga, which is also the reason
why 8(2) = E4(2) forall 01(Z) C O C Or(D).

Corollary 31. Consider a coherent set of desirable gambles 9 C 4 (Q) and let
R(-]-) be the regular extension of Pg,. Then &"(Z) is coherent, Pgr(z) = Py
and
R(f]O if P(0) >0
Pa)(710) = (B TPAD =0 o (1,0) (@)
Py(f]0) if P5(0)=0
Proof of Corollary[31] Since &"(2) = &g,(7)(Z), this follows immediately
from Corollary 263 and Proposition 28z O

If 9 is the set of desirable gambles Zp that corresponds to a coherent
lower prevision P, then &"(Zp) is a subset of &}, and—as is the case for Z;—
its associated conditional lower prevision Bgr<;P)(~J -) is equal to the regular
extension of P.

Corollary 32. Consider a coherent lower prevision P on 4 (Q) and let R(-]-)
be its regular extension. Then & (p) is a coherent subset of Dp, Pgr(q,) =P
and N

Pir(ap)(F10) =R(f]O) for all (f,0) € ().

Proof of Corollary[32] Since Zp is coherent and Py, = P, we infer from
Corollary [31| that it suffices to prove that &"(Zp) C Zp and that, for all
(f,0) € €(Q) such that P(O) =0, P, (f]0) = R(f]0). The inclusion fol-
lows from Lemma and the fact that &"(Zp) = &,(,)(Zp). So consider
any (f,0) € €(Q) such that P(O) = 0. Let E(-|-) be the natural extension of

P. Then as explained in Section , P4, (f]0) = E(f]0O). Hence, since
natural and regular extension coincide if the conditioning event has upper prob-

ability zero, Py, (f]0) = R(f]0). O
The following example illustrates that &"(Zp) can be a strict subset of Zp.

Example 1. Let Q = {a,b} and consider the lower prevision P that is defined
by
fla)+f(b)

B(f) = min{ f(a). =

} forall f€9(Q).
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Then

Dp={f€9(Q): f(a)>0and f(a)+ f(b) >0} U4 (Q)~¢
={fe9(Q): f(a) >0and f(a)+ f(b) > 0} (3.14)

and

Ip=TpU{f €9 (Q): —f(b) = f(a) >0}
={f€9(Q): f(a) = 0and f(a)+ f(b) = 0} \ {0}

Since P(Q) =P(Q) =1, 1/2=P({a}) <P({a}) = 1, 0=P({b}) < P({b}) =
I/2 and Py, = P, we know that 0\(9p) consists of the singleton {b}, which
implies that &™(9p) = Epy(Dp). Assume ex absurdo that 8,y (Zp) \ Dp #
0. Consider any f € 5{b}(@p) \ Dp. Then by Theorem and since
Pjp({b}) > 0, there is some A € R such that, for all & € (0,A], f+

A(1/2=1yy) € Dp, which implies, by Equation (3.14), that f(a)+A1/2>0
and f(a)+ f(b) > 0. Since this holds for all A € (0,1], we infer that f(a) >0
and f(a)+ f(b) > 0, or equivalently, that f € Pp. This is a contradiction, al-
lowing us to infer that &, (Zp) \ Zp = 0 and therefore, by Theorem@ and
since Pg,({b}) > 0, that &y (Zp) = Pp and therefore also &' (Ip) = Dp.
Hence, in conclusion: 9p = & (Dp) C Dy. O

3.B  PROOF OF THEOREM [I8§]

Proof of Theorem[I&a First, assume that the right-hand side of Equa-
tion (3-3)ga or Equation (3-6)gg holds. Then clearly, for all € € (0, 1), by Equa-
tion 3.3)gz, f € £5(2). Hence, by Equation B.4)gy, f € £0(2).

Next, assume that f € p(2). We will prove that this implies the right-
hand side of Equations (3.3)gg and (3.6)ga. Clearly, without loss of generality,
we may assume that f € &p(2)\ 2. Now fix € € (0,1). By Equation (3:3)gz,
and because & is coherent, we find that there are g € ZU {0} and A¢ € R>¢
such that f = g+ A.(Ip — €). If g =0, then by the coherence of &p(2) [be-
cause of Proposition @ and because Py (0) > 0], [p — € € &p(Z). Due to
Proposition@ and the coherence of 2, this implies that f = ¢ (Ip —€) € 2,
a contradiction. Hence, g € Z and therefore f + A¢(e —Ip) € Z. By repeat-
ing this argument, we obtain a set of coefficients A, € R~, one for every

€ (0,1), that satisfies the following condition:

(Ve € (0,1)) f4+Ae(e—Tp) € 2. (3.15)

This already proves Equation (3-3)jgg [simply denote e as A].

Now fix € € (0,1) and A € (0,A¢+], with €* := £/2. We will show that
f+A(e—1Ip) € int(Z) and thereby finish the proof for Equation (3.6)gg [sim-
ply denote A+ as A]. We consider two possibilities. The first possibility is
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3.B PROOF OF THEOREM|1§]

that, for all &’ € (0,€*], A& > Ae*. Then for all €” € (0,1), we can choose
o > max{0, max f} and &’ € (0,&*] small enough such that &’ (1 +/r¢*) < €’
and therefore also

o - o
— ) — >A (€ =
o) ~To) 2T (1 2

= +Is’(8/ —Io) > f+Ie’(8/ —1Io).

18/(81/7110) ZIE/(81(1+ )7]10)

By combining this with Equation (3.13)~ and the coherence of 2, we find
that €” —Tp € 9. Since this holds for all €” € (0,1), we infer from Equa-
tion (Z.14)gg that P, (0) < 0, which contradicts our assumption. Hence, we
only have to consider the second, remaining possibility, namely that there is
some £’ € (0,€*] for which A€’ < A€*. Since also A€* < Ag+€*, we can use
this particular €' to define

Aex€* — Ae* Ae* — Ay

6] ::izo, 52::175] :i>0
Aer€* — A€ Aer€* — Ag€!
and
— L Ae* —Age —
13 = 812'8’ + 52)“8 :J‘ifﬂuy =+ %)"8*
Aex€* — Ag€! Aer€F — Agr€
A€ Ay —AE A+ AE Agr — A€ Agr
Aeg* — Agg! ’
Since

B>A A€ Ay —Ae Ay + A Agr — A€ der > A€ A — A€’
= L* E*Ie/ — /18*18/ *xg/&‘lxg* JrIE/S/l >0
S Ape —Ae" — e +EA >0 (A —A)(eF—€) >0,
we find that § > A. Since we also know that
61%8/8/ + &Ig*s* = 611818/ + (1 — & )IE*E*
= A& + 8| (Ag€ — Aer€*) = AE*,

we find that

FAAE —To) =f+Ae" —Alp
Zf+z-8* — ﬁ]IO
:(51 + 62)f+ 5118/8/ + 5215* e — (61151 + &Ig)ﬂo
=81[f +Ae (€ —10)] + &[f + e (" — o))
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3.B PROOF OF THEOREM]1]|

This implies that f + A(e* —Ip) € 2 because of Equation (3.13)jy7 and the
coherence of 2. Hence, if we define 6 := A€* > 0, then since Ae* = Ae -0
[because €* = ¢/2], we find that f+ A(€ —Ip) — 6 € & and therefore also, by

Equation 27)gg, that f + A (e — o) € int(2). O
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4

MULTIVARIATE MODELS

“We neither fear complexity nor embrace it for its own sake, but
rather face it with the faith that simplicity and understanding
are within reach.”

Frederick R. Adler

The frameworks introduced in Chapter 27 were all concerned with mod-
elling the uncertainty that is related to a single variable X. In contrast, practical
modelling tasks are usually concerned with multiple variables at once. Con-
sider for example a situation where we want to model the weather. In that case,
instead of modelling ‘the weather’ directly, we would usually separate it into
multiple more manageable variables such as rainfall, wind speed, barometric
pressure, and so on. Not only do we want to model the uncertainty that is as-
sociated with each of these variables individually, we also wish the capture the
connection between them and how they influence each other.

Fortunately, from a theoretical point of view, these multivariate set-ups are
identical to the univariate case that we considered before, and all the machin-
ery we have introduced so far keeps on working. In fact, as we will see, the
multivariate case even is a special case of the univariate one, and it comes
with its own additional toolbox, including concepts such as marginalisation,
structural assessments, and so on. The goal of this chapter is to introduce the
multivariate framework, to link it with the univariate one, and to discuss the
additional tools that become available. With respect to structural assessments,
we will mainly focus on epistemic irrelevance, an asymmetric notion of inde-
pendence, because it is one of the cornerstones of the theory of credal networks
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under epistemic irrelevance that will be the topic of the following chapters. As
we will see, and in contrast with the precise-probabilistic case, independence
becomes a highly non-trivial concept.

The underlying ideas behind many of the things that we do in this chapter
are not new. Our contribution mainly consists in presenting, justifying, unify-
ing, combining and extending existing ideas in the literature [19,/45.|76] into a
full-fledged and consistent account.

4.1 REDUCING EVERYTHING TO THE UNIVARIATE CASE

Consider a finite number of individual variables X, indexed by the elements s
of some finite set G. For every s € G, the variable X; assumes values in
some non-empty finite state space Z;. In the aforementioned weather exam-
ple, we could take G to be equal to {r,w,b}, using r, w and b as respective
shorthand notations for rainfall, wind speed and barometric pressure, respec-
tively. A simple choice of associated state spaces could be 2, = {yes,no},
2, = {light, strong, storm} and 2}, = {high,low}.

For any subset S of G, we now let Xg be the tuple whose components are
the variables X, with s € S. This new joint variable Xg assumes values xg
in the finite Cartesian product set Zs := X csZ5. For any such tuple-valued
element xg of 25, and any s € S, the s-component of xg is an element of 25,
and we will denote it by x;. If S = 0, 2 is taken to be a singleton—the empty
map. Xp can then only assume this single value, so there is no uncertainty
about it. For § = {s}, X can be identified with X;. The case S = G is the most
important one, because it provides us with a single tuple-valued variable Xg
that represents all the individual variables we are interested in.

Modelling the uncertainty that is associated with the collection of vari-
ables X, s € G, is now extremely easy. It suffices to apply the frameworks
introduced in Chapter 257 to the single tuple-valued variable X¢, simply by
choosing X := X and Q := 2. Depending on the chosen framework, one
can use a coherent set &g of desirable gambles on 2, a coherent conditional
lower prevision Pg(-|-) on €(Z¢), a set .4 of linear conditional previsions
Ps(-]-) on 9(Z5), a set Z¢ of full conditional probability mass functions
pc(+]-) on €. (Zs), or any of their unconditional versions. Whenever we need
to distinguish them from other—local—models that will be introduced further
on, we will refer to these uncertainty models for X as global or joint mod-
els. The theory [see Chapter 7] remains exactly the same and our results for
conditioning and updating [see Chapter 3g]| are directly applicable.

4.2 MARGINALISATION, CONDITIONING AND UPDATING

One of the major advantages of the multivariate set-up is that it corresponds to
the use of a state space Q = X ;%5 that is highly structured. This structure
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allows for the introduction of some new concepts—such as marginalisation—
as well as special cases of existing ones—such as conditioning and updating.
This is all well known and relatively easy in terms of probabilities, but for some
of the other frameworks that we consider, clear definitions are often missing.
We present an overview of existing tools, connect ideas from different frame-
works to one another and add new material whenever necessary. The result
is a complete and well-founded theory of multivariate imprecise probabilities
that is, to the best of our knowledge, novel in its completeness, generality and
consistency.

4.2.1 Marginalisation

In practice, we may not always wish to consider all the variables that are repre-
sented by X. Instead, we may want to focus on a specific subset of variables
X, only, indexed by the elements of some subset S of G. As an important
special case, we might want to focus on just a single variable X;—choosing
S = {s}. Of course, we could simply construct a separate model for the uncer-
tainty that is associated with Xg. However, in doing so, we would be ignoring
the fact that this information is already contained within the uncertainty model
for X¢. In the precise-probabilistic case, as we all know, the model for Xs is
related to that for X; by means of marginalisation. As we are about to show,
this concept generalises easily to the imprecise-probabilistic case.

Regardless of the framework we adopt, the uncertainty model for Xg will
be expressed in terms of gambles on Z, either by assessing their desirability
directly—sets of desirable gambles—or by providing supremum buying and
infimum selling prices for them—Ilower and upper previsions. Any such gam-
ble f € ¥ (Zs) is a map on £ that associates a real number f(xg) with every
xs € Zs. For any S C U C G, we now let fy be the cylindrical extension
of f to 2y, defined by fy(xy) = f(xs) for all xy € Zy, letting xs be the
projection of xy on Zg. Although fy is formally a function of xy—the val-
ues of the variables X; that are indexed by an element of U—it only depends
on xs—the values of the variables that are indexed by an element of S—and
remains constant if x\ g is varied within 27, 5. Hence, conceptually, fy is in-
distinguishable from f, which allows us to identify them with one another and
simply denote them both by f. Using this convention, for any .#° C ¢4(%2¢),
we can write % N¥(Zs) to refer to the gambles in ¢ (.Zs) whose cylindrical
extension belongs to JZ", or equivalently, those gambles in %" that only depend
on the variables X, s € S.

In terms of sets of desirable gambles, marginalisation is now based on the
intuitive idea that a gamble f € ¢¥(.Z5) should be desirable if and only if its
cylindrical extension is desirable. This leads to the following definition for the
marginal model for Xs [45]]:

margg(%g) = {f €EY(Xs): f€ 9@} =9cNY(Zs). 4.1)
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Loosely speaking, the marginal model margg(Zg) consists of the gambles in
the global model % that only depend on the variable Xs. It is a matter of
straightforward verification to see that marginalisation preserves coherence:
if ¢ is coherent, margg(%s) will also be coherent. See Reference [45] for
additional properties of this marginalisation operator.

Similarly, in terms of lower previsions, we adopt the intuitive idea that
the lower prevision of a gamble f € ¥(Zs) should be identical to that of its
cylindrical extension. Starting from a lower prevision P; on ¥(Z¢), this
leads us to consider the following expression for the corresponding marginal
model Pg:

Py(f) = Pg(f) for all f € 4(Zs). 4.2)

Coherence is again preserved: if P is coherent, Pg will be coherent as well.
For coherent lower previsions, Definition (@.2) can also be regarded as a con-
sequence of Definition {@.I)~: if P is related to a coherent set of desirable
gambles 2 by means of Equation Z3)gg, then Py and margg(%) will be
related in the same way.

Since linear previsions are a special type of lower previsions, they can
be marginalised in the same way. In this special case, if we let pg be the
probability mass function for X that corresponds to a linear prevision Pg on
9 (Zc), then

Ps(f)=Ps(f)= Y, f(x¢)pc(xc)

XGEZG
Z Z f(xs, xG\S)pG (xs »XG\S)

XSE%S XG\SG‘?IC\S

Y flxs) Y polxsixas)= Y, flxs)ps(xs),

XSG%:g xG\Se‘%fG\S X_gG%S

letting ps be the marginalised probability mass function for the variable Xg,
as derived from pg by summing out the variable Xg\s. In other words: in
the case of linear previsions, our notion of marginalisation is equivalent to the
usual precise-probabilistic one.

A set . of linear previsions on ¥ (Z2¢) or a set .Z¢ of probability mass
functions on 2 can be marginalised by marginalising each of its elements
separately, leading to the following expressions for the corresponding marginal
models:

margg () = {Ps: P € MG}

and
margs (%) = {ps: pc € Fc}-
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4.2 MARGINALISATION, CONDITIONING AND UPDATING

When applied to such sets, the operator margg(-) preserves closedness and
convexity: if .#¢ is closed and/or convex, so too is margg(.#), and similarly
for .#¢ and margs(ﬁg)

Although we prefer to interpret—and motivate the wuse of—
Equation {.2) ~ directly in terms of supremum buying prices for gambles, Pg
can also be given an alternative interpretation, which is especially intuitive if
the sensitivity analysis interpretation is adopted. If P is coherent, it follows
from the lower envelope theorem [Theorem 7] that

Pg(f) = min{Ps(f): Ps € margg(.#p,)} forall f € G(Zs). 4.3)

Since P; and therefore also Pg are both coherent, we know from Sec-
tion that .#p,, and .#p, are the unique closed and convex sets of linear
previsions of which P and Py are the respective lower envelopes. By combin-
ing this with Equation and the fact that margg(-) preserves convexity and
closedness, we find that .#p, = margg(.#p). Consequently, by the one-to-
one correspondence between linear previsions and probability mass functions,
we also have that .#p, = margg(Fp,,).

4.2.2 A special type of conditional models

Given that the multivariate set-up is just a special case of the univariate one, we
could in theory consider conditional models with respect to any chosen con-
ditioning event B € ¥y(Z¢). However, in the multivariate case, some con-
ditioning events are more fundamental than others, as they lead to conditional
models that are particularly intuitive.

The most fundamental type of events are those that correspond to fixing
the value of some subset of the variables X, s € G, or in other words, fixing
the value x; of Xj, for some subset I of G. With any such x; € 2, we can as-
sociate a corresponding event {x;} x Zg\; = {26 € Z6: u =x1} € Po(Zc)
that consists of the tuples zg in Z¢ for which, for all s € I, the s-component
of zg is equal to that of x;. The indicator ]I{x,}xt%\l of {x;} x Zg\s clearly
only depends on the variable X;. In fact, it is the cylindrical extension of the
indicator I,y € ¢4 (27), which allows us to identify these two indicators and
simply denote them both by I, ;. In the same spirit, the events {x} % Zao\
and {x;} can also be identified with each other, and we will use {x;} to refer to
them both or, whenever it is clear that we are referring to a set, simply denote
them both as x;.

IConvexity is trivially preserved. For sets of linear previsions, closedness is preserved be-
cause, with respect to the topology of pointwise convergence, restricting the domain of a linear
prevision P—which is what marginalisation essentially does—is a continuous operation. For sets
of probability mass functions, closedness is preserved because, with respect to the topology that is
induced by the Euclidean metric, summing components together—which is what marginalisation
essentially does—is a continuous operation.
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If we start from a set of desirable gambles 7 on ¢ (Z¢) and condition it
on such an event {x;}, then according to Equation (2.2, the resulting condi-

tional mode
_@GJ)CI = {f S %({xl} X %G\I): H{x,}f S @G}.

is a subset of & ({x;} x Zz\;). However, in practice, the gambles in Z¢|x;
only depend on the value of Xg\;, because the value of X; is equal to x; and
therefore fixed. It is therefore far more intuitive to identify these gambles with
gambles on Z\;. By the obvious one-to-one correspondence between {x1} x
Ze\ and Zg\;, such an identification is trivial. The resulting conditional
model i

margG\I(ngxl) = {f €9(Zou): Lixpfe .@G}. 4.4)

It represents our subject’s beliefs about the values of the variables that are
represented by Xg\ 7, contingent on the fact that X; assumes the value x;. Co-
herence is again trivially preserved. Also, since I,y = 1, the degenerate case
I = 0 yields no problems. As is to be expected from conditioning on the value
of a deterministic variable such as Xp, it amounts to not conditioning at all.
Similar definitions can be given for conditional lower previsions, for (sets
of) conditional linear previsions, and for (sets of) full conditional probability
mass functions, by using a similar identification. However, since we are about
to introduce a generalised version of Equation (4.4]), we will—in order to avoid
having to repeat ourselves—defer the translations to these other frameworks to
the next section, where we will introduce them directly for the general version
that is considered there, rather than the specific case that was considered here.

4.2.3 Marginalised conditional models

The concepts that were introduced in Sections 4.2 Tfrps and[4.2.2], can be com-
bined with each other to obtain a single generalised operator that includes them
both as special cases. For any two disjoint subsets S and / of G, the idea is to

2This is a nice example of an instance in where it is safe—as well as far more elegant—to use
x7 as a shorthand notation for the set {x;} = {x;} x 2\, because it is clear from the context that
we are referring to a set.

3In Reference [45]), the authors used D¢ |x1 to refer to a different set of desirable gambles: the
set margg\;(Zc|x1), as given by Equation (#.4). We prefer to distinguish between these two sets
because it allows us to establish a clear connection with the general—non-multivariate—notion of
conditioning that was discussed in Chaptergm.

“4For those among you who wonder why the marginalisation operator is part of our notation:
we will generalise this operator in the next section, in such a way that, in this particular case, it
maps gambles on {x;} x Zg\1 to their counterpart on Z\;. However, it would be overkill to
formally introduce this generalised version of the marginalisation operator already here, because
in this case, it corresponds to a rather degenerate notion of marginalisation.
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construct a model that represents our subject’s beliefs about the value of the
variable Xg contingent on the occurrence of an event Bg X By € Pp(Zsur),
for some Bs € Py(Zs) and By € Py( Z;)—contingent on the fact that Xy as-
sumes a value in Bg and X; assumes a value in B;. This model should reflect
our subject’s beliefs about which value Xg will take in the remaining set of
possibilities Bg. Let us start by explaining how this works in terms of sets of
desirable gambles.

The first step consists in generalising the concept of conditioning on an
event {x;} to conditioning on an event By X B;, with By € Zp(Zs) and
B; € Pp(%1). As we did in the special case where Bs = Zs and B; = {x;}
[see Section F.2.2maml we can identify the event Bg x B; with the event
Bs x By x Zg\(sur) € Po(Zc), and similarly for their indicators. Using this
convention, we also have that Ip .5, = Ipllp,. Conditioning on the event
Bg x By is now again a matter of applying Equation (2.2)gg, which results in a
conditional model

96 |Bs X By = {f € 9 (Bs X By x %&;\(SUI)): I, f € -@G} 4.5)

that consists of gambles on Bs x B; X Z¢\(sur)- However, unlike what hap-
pened in the special case where Bs = 2 and By = {x;}, there is no immediate
one-to-one correspondence with gambles on Bs x 2\ (sup)» and therefore def-
initely not with gambles on Bg. Consequently, we do not trivially obtain a set
of desirable gambles on Bg.

The second step therefore consists in generalising the concept of marginal-
isation. The central idea of marginalisation was to restrict attention to those
gambles in Z; that, although they are formally defined on Z¢, depend on the
value of Xg only. The very same trick can also be applied to a set Z; of gam-
bles on Bs x B x Z¢\(sur)- Formally, we identify a gamble f € ¢(Bs) with

its cylindrical extension| f € 9 (Bs X By x Z¢\(sur))» defined by
f6(xG) = f(xs) for all xg € Bs x Br X 2\ (sun)
and denote them both by f. Using this identification, we can then define
margg(7g) = 26NY (Bs) = {f €4 (Bs): f € I}

Loosely speaking, the elements of margg(Z;) are the gambles in Z; that de-
pend on the value of Xg only, meaning that they remain constant if the value
of Xg\s varies within its remaining set of options By X Z¢\(sur)- It is easy to
check that this generalised notion of marginalisation preserves coherence: if
9; is a coherent set of desirable gambles on B x By X 2\, then margg(Z;;)
is a coherent set of desirable gambles on Bg.

SThis is a more general notion of cylindrical extension than the one that was considered in
Section m)j which restricted attention to the special case where Bg = 25 and B; = 2.
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By sequentially applying the two steps that were discussed above, we ob-
tain the following marginalised conditional model, which represents our sub-
ject’s beliefs about the value of the variable Xs, contingent on the fact that Xs
assumes a value in Bg and X; assumes a value in B;:

margs(gngs X B]) I:(.@(;JBS X B[) ﬁg(BS)
={f €Y (Bs): Iglp [ € D5} (4.6)

The operator margg(-|Bs x By) is guaranteed to preserve coherence, simply
because this is the case for each of the two individual operators -|Bg x By and
margg(-).

If Bs = Zs, we use 2| By as a shorthand notation for Z¢ | Zs x BIEI and
similarly for 2 |Bs = 9¢|Bs x Z;. If Bs = %5 and B; = 2}, we find that
D6 = D] Zs x Z1. In this way, we see that Equations and
correspond to particular cases of margg(Zg | Bs X Br). The former corresponds
to letting By = Zs and B; = %7 and the latter can be obtained by choosing
S= G\I, BS = %:g and B] = {)C]}.

A similar story can be told in terms of lower previsions. If we start from
a conditional lower prevision Pg(:|-) on €(Zs), then Ps(-|Bs x By) is a
lower prevision on ¢(Bs x By x Zg\(sury)- If all we are interested in is the
conditional lower prevision of gambles that only depend on the value that Xg
takes in its remaining set of options Bg, we can simply restrict the domain of
Pq(-|Bs x By) to (cylindrical extensions of) gambles in ¢ (Bg). The resulting
operator is denoted by Pg(-|Bs X By) and is trivially defined as

BS(fJBS X B]) = BG(fJBS X B[) for all f c g(Bs). “4.7)

Coherence is again preserved and—as was the case for marginalisation—this
definition can also be regarded as an immediate consequence of its counterpart
for desirable gambles: if Pg(-|-) is obtained from a coherent set of desirable
gamble Z—by means of Equation 2. I0)my—then Pg(-|Bs x By) is the co-
herent lower prevision that corresponds to margg(%c|Bs x By)—as given by
Equation (2.3)gg

Linear previsions correspond to a special case. Furthermore, in that case,
if we let pg(-]-) be the unique full conditional probability mass function that
is associated with a linear conditional prevision Pg(-|-) on € (Z¢), then for

all f € 4(Bs):

In previous work [31| Section 3.3], 2 |B; was used to refer to a different set of desirable
gambles: the set margG\I(@GjBl), as given by Equation (.6). We prefer the current notation be-
cause it allows for a clear connection with the general approach to conditioning that was discussed
in Chapter @g}; see Footnoteﬁ@ as well.
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Ps(f|Bs x By) :=FPg(f|Bs x Br) (4.8)

= Y f(x6)pc(xc|Bs x Br)
XGEBSXBIX%C\(SUI)

=) Y f(xs,%6\5) PG (xs,XG\s|Bs % Br)

XsEBg XG\SEBIX%C\([US)

=Y flxs) Y paG(xs,xg\s]Bs x Br)

xs€Bs XG\SEBI X 2\ (1Us)
= Z f(xs)ps(xs|Bs x Br),
XsEBg

(4.9)

where pg(xs|Bs x By) is the probability that Xg has the value xg, conditional
on By X By, as obtained in the conventional way, by summing out the re-
maining possible values for Xg\5. Hence, we see that—as was the case for
marginalisation—the usual precise-probabilistic concept is again obtained as a
special case.

These combinations of conditioning and marginalisation can be introduced
for sets of conditional linear previsions and sets of full conditional probability
mass functions as well, simply by applying the above procedures elementwise.
For a set .# of conditional linear previsions Pg(-|-) on € (Z£¢), we define

margs(///(;JBS X B[) I:{Ps(~JBS X B[)Z P(;(~JBS X B[) € %GJBS X B]}
={Ps(-]Bs x By): Fo(-]) € Mc},

and for a set .%¢ of full conditional probability mass functions on €, (Z¢), we
let

margs(ijBS X B[) IZ{ps(-JBS X B])Z pG('JBS X B[) S yGJBS X B[}
={ps(-|Bs xB1): p(-]-) € Fc}.

The operator margg(-) will again preserve closedness and convexity if
M| Bs x By is closed and/or convex, then margg(.# | Bs x By) will be closed
and/or convex as well, and similarly for .%¢ | Bg x By and margs(-%¢|Bs X By).

Finally, Equation (@.7) ~ can also be given a sensitivity analysis interpreta-
tion. If P;(-]-) is a coherent conditional lower prevision on € (Z¢), it follows
from the lower envelope theorem [Theorem@zﬂ that, for all f € ¢ (By):

Ps(f]Bs x By)
= min{PS(fJBS X B[) : PG('J ) S %EG(J)}
= min{PS(fJBS X B[)I PS('JBS X B[) S margs(//lBG(,JﬂBS X B])}. (4.10)

"This follows from an argument that is analogous to the one in Footnote m;
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Since Pg(-|Bs x By) is a coherent lower prevision, we know from Sec-
tion that .#p(.|Bsxp;) is the unique closed and convex set of lin-
ear previsions that has Pg(-|Bs x Bj) as its lower envelope. However, since
Mp (. )Bs X B = Mp,(.|BsxB;) [s€€ Proposition@gl] and since #p (.| psxB))
is a closed and convex set of linear previsions [see Section
margg(.#p,(..)|Bs X Br) is also a closed and convex set of linear previsions
that, by Equation (.10) -, has P(-|Bs x By) as its lower envelope. Hence, we
may conclude that

//&(,Jgsxgl) :margs(//lBG(.J_”Bstl) 4.11)

Due to the one-to-one correspondence between conditional linear previ-
sions and full conditional probability mass functions, this also implies that

Fpy(.|BsxBy) = margs(Fp (.|| Bs X Br).

4.2.4 Keeping all the conditional information together

The models that we have introduced in the previous section are fairly general,
as they consider two conditioning events: Bs and B;. In many practical situ-
ations, the event Bg will be trivial, in the sense that it is equal to Zs. In that
case

margg(P6|Br) ={f € 9(Zs): I, f € D}

represents our subject’s beliefs about X, contingent on partial information
about X;—the fact that X; takes a value in B;. It is important to realise that
margg(%g |Br) truly reflects all of our subject’s beliefs about Xg, including
conditional beliefs: for any Bs € Py(Zs), we can obtain the corresponding
conditional model margg(%¢|B;)|Bs by applying Equation 2-2)gy. We find
that

margg(Z;|Br)|Bs = {f € 9(Bs): Ip, f € margg(Z:|Br)}
={f €9 (Bs): Ip,[lpsf] € D}
= margy(%c|Bs X Br). (4.12)

In other words: margg(Zc | Br) can be regarded as a convenient representation
for all the models margg(Z¢ | Bs X Br), with Bg € Pp( Zs).

This is no longer true if we move from the framework of sets of desirable
gambles to that of coherent lower previsions. Consider a coherent conditional
lower prevision Pg(-|-) on € (Z¢) and an event B; € Py(Z7). Then for any
Bs € Py(Zs), we can derive P(-|Bs x By) from Pg(-]-) by applying Equa-
tion (.7 However, it may be impossible to derive P(-|Bs x B) from
Pg(-]Br)—unless Pg(Ip,|B;) > 0. This means that, in contradistinction with
what we have found for margg(Z¢ |B;), Ps(-|B;) does not truly represent all of
our subject’s beliefs about Xg contingent on By, but only his ‘unconditional’ be-
liefs. In order to represent all of our subject’s beliefs about Xg contingent on By
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by a single operator, we introduce the conditional lower prevision Pg(- | - xBy)
on € (Zs), defined by

BS(fJBS X B[) = BG(fJBS X B[) for all (f,Bs) S (g(%g) 4.13)

For a fixed event By € Py(Zs), Ps(-|Bs x By) is a lower prevision on ¢ (Bs)
that is equal to the identically denoted operator that was defined in the previous
section [see Equation @7zl For B; = 27, we let Pg(-|-) :== Pg(-| - X Z1).
It is a matter of straightforward verification that if Pg;(-]-) is derived from a
coherent set of desirable gambles %, then Pg(-| - xBy) is the coherent con-
ditional lower prevision on ¢’ (Z5s) that corresponds to margg(Z¢c|B;). As an
immediate consequence, we find that Equation preserves coherence: if
Ps(-]*) is coherent, then Pg(-] - xBy) is also coherent.

A similar concept can be introduced for a set .#¢ of conditional linear
previsions on ¢ (Q). By applying Equation (.13)) to every element of ./Z¢, we
obtain a set

margs (/4 ]|Br) = {Ps(-| - xB1): P(-]-) € A5}
of conditional linear previsions on € (Zs). For all Bg € &y( Zs), we have that

margg(.#c||Br)|Bs ={Ps(-|Bs x Bi): Ps(-| - xBr) € margg(.#c]|Br)}
={Ps(-|Bs X By): P5(-]-) € M5}
:margS(Q//ZGJBS X B[). (414)

We add the superscript ¢ to indicate that the set marg§(.#¢]|By) is more
than just a convenient representation of the sets margg(.#¢|Bs X By), for
Bs € Py(Zs). The set marg§(.#]|By) also tells us, for a given combination
of elements of margg(.#¢|Bs X By), one for every Bg € Pp(Zs), whether or
not there is some conditional linear prevision P(- |-) € .#¢ from which they can
all be derived by means of Equation @8)ygg. This is a major difference with
Pg(-| - xBy), which only serves as a convenient representation for the lower
previsions Pg(-|Bs x By), for By € Zy( Zs). Nevertheless, rather surprisingly,
we can still establish the following connection.

Theorem 33. Consider a coherent lower prevision Pg(-|-) on € (Q). Let S
and I be two disjoint subsets of G. Then for all B; € Py( %)), it holds that
margs(-Apq (|- ||Br) = Mp(.).x,)-

Proof of Theorem[33] First consider any Pg(-]-) € margg(.#p,.|.)||Br). This
means that there is some Pg(-]-) € .#p,.|.) such that P§(-]-) = Ps(-] - xBy).
Hence, for all (f,Bs) € €(Zs), we find that

Ps(f]Bs) = Ps(f|Bs x Br) > Ps(f|Bs x By),

which implies that P§(-|-) € Mpy(.|.xp,)-
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Next, consider any P (-|-) € Mpg(.|.xp,)- Let P;(-]-) be the conditional
lower prevision on ¢'(Z¢) that is defined by

P (£]B) {Ps"(fJBs) if f € 9(25) and (3Bs € P9(25)) B = By  B;
=6 Ps(f|B)  otherwise.
Assume ex absurdo that é}& ]9 is incoherent. As explained in Section ;y)
this implies that ‘Q@BEH') does not avoid null gain [Dlggl: 0 € gBE(M' ince
é}w -y and &p(.|.y are coherent, it now follows from the definition of éagé(. 1)
that there are fS € gp* yand fG € &p (| such that Ip, fs + fg = 0.

By definition of @@ps( |-)» we know that there are n € N, (f;,B;) € €(Zs),
& € Rog, A; € Rog such that

fs—Z/UIB — P5(fi] Bi) + €

i=

n
Z —P5(fi]Bi) +ZMIB > fhs €], (4.15)
where we let Bg := U!_| B;, € := 1/2min}_, 4;¢; and

hs_ZuB[ —P(fi|B) + z‘}eg(Bs).

=1

Observe that Igshs € &pz (1. Since PS(-]-) is coherent and therefore coin-
cides with its natural extension, we have that P¢(-]-) = Pg,. - Hence, since
Ipshs € éopgu,), we know that ng (hsJBs) > 0. §

Let f{ be the restriction of fs to Bg. It then follows from Equation (@.13)
that fs = I, fs = I, f§ and that f{ > hg+ €. The linearity of P (-]Bs) now
implies that Pg(—f§|Bs) < P§(—hs — €|Bs) = —Ps(hs]Bs) —€ < 0. Since
P§(-]) € Mpy(.|.xp,;) and therefore Pg(-|-) > Pg(-] - XBy), this in turn implies
that Pg(— ijBS X Br) < 0. Hence, we find that P;(—f¢|Bs % By) < 0. Since
the coherence of P;(- |-) implies that it coincides with its natural extension, we
also know that Pg(-|-) is the conditional lower prevision that corresponds to
&pg(-|)- By combining this with the fact that P;(—fg]Bs x By) < 0, we find
that HBI]IBS[*]C;‘} ¢ gﬁG(J) Since fg = 7]131]“5 = 7HBI]IBSf3/* = HBI]IBS[*fé‘] and
fc € @QBG(- IBE this is a contradiction. Hence, we may conclude that gBH 1 is
coherent.

Due to Proposition [%], this allows us to infer that there is some condi-
tional linear prevision Pg(-]-) on €¢'(Z¢) such that Pg(-]-) > P§(-]-). Since
Pg(-]:) > Pg(-] - ><BI) this implies that Ps(-]-) > Ps(+]-) or, equivalently,
that PG(-|) € Mp,.|.)- Furthermore, Pg(-]-) > Pg(-]-) also implies that
Ps(-| - xBr) > P§(- j ) Smce Ps(-] - xBy) and P§(-]-) are both conditional lin-
ear previsions on ¢’ (Zs), this implies that Ps(- | - xBy) = P (-]-), which allows
us to conclude that P (-|-) € margg(.#p,,(.|.) ||Br)- O
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Finally, for a set .%; of full conditional probability mass functions on
6.(Z:), we define

margs(Zc||Br) = {ps(-] - xB1): pc(-]-) € Zc},

where, for every pg(-]-) € Zg, ps(-| - xBy) is a full conditional probability
mass function on %, (Zs), defined for all (xg,Bs) € €(Zs) by

ps(xs]Bs x By) i= Y PG(xs,xg\s]Bs x Bi).
XG\SGBIX‘%/G\(IUS)

As a direct consequence of Equation (#.9)qg and the one-to-one correspon-
dence between conditional linear previsions and full conditional probability
mass functions, we find that marg§(.#z,||Br) = M a7 )5y~ Similarly,
for any set .#¢ of conditional linear previsions on ¢(Zs), we have that
marg§(Z 4 ||Br) = Frnargs (46 )|B:)-

4.2.5 Conditioning and updating

In the previous two sections, all the required conditional models were avail-
able, simply because we started from a conditional lower prevision, a set of
conditional linear previsions, and so on. All we did was consider special cases
of these conditional models, and show how they can be marginalised. How-
ever, in practice, these conditional models are not always given. If they are
not, they have to be derived from unconditional ones or from other conditional
ones, using the methods discussed in the previous chaptersﬂ

The concepts that we introduced in Section remain applicable
in these situations as well, in the way you would expect them to. For ex-
ample, if .#¢ is a set of unconditional linear previsions on ¥(Z¢), we let
margg(.#c|"Bs x By) be the set of linear previsions on ¢(Z5) obtained by
applying Equation to every element of .#¢ |"Bs x B, where Bs x Bj—
as before—serves as a shorthand notation for Bs X By X Z¢\(sur)- Similarly,
for the natural extension E(-]-) and regular extension R(-]-) of a (conditional)
lower prevision P(-|-) on € C € (Z¢). the lower previsions E(-|Bs x Br) and
Rg(-|Bs x By) are defined by

E¢(f|Bs x By) :==Eg(f|Bs x By) for all f € 9(Zs)
and
BS(fJBS X B]) = BG(]CJBS X B[) for all f S g(%),

respectively. By not fixing the set Bs in E¢(-|Bs X By), we obtain—as in Sec-

tion 4.2 4po—a conditional lower prevision Eg(-| - xBy) on ¢'(Zs), and sim-
ilarly for Rg(-| - X By).

8In particular: Sections and .
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Our justifications for updating by means of conditioning, as discussed in
Chapter [3g, remain applicable as well. Once these updated models have
been constructed—for example, by means of conditioning—we can use the
techniques discussed in Section to marginalise them. In this way,
we find that the lower previsions Eg(-|Bs x B;) and Rg(-|Bs X By) can be
interpreted as updated belief models for the variable X, and similarly for
margg (4 |"Bs X Br), margg(.#g|"Bs x Br), and so on. These models are
applicable in situations where we have some—possibly partial—observation
about the variables that are represented by X;—the event Bj—and Xs—the
event Bg—and we want to use these observations to update our subject’s be-
liefs about Xg. In many practical situations, there will not be an observation
for Xs. In those cases, Eg(| - XBy), Rg(-| - XBr), and so on, are the appropriate
updated belief models for Xs.

With regard to updating and conditioning, the multivariate set-up is often
easier than the univariate one because it allows us to specify events more in-
tuitively. Events of the form B; = {x;}, with x; € 27, constitute an important
example. Observing such an event simply means observing the value x; of X;
for all s € I. These events are typical in the context of updating: we learn the
value of a number of variables and then wish to use this information to up-
date our beliefs about other variables. For these kinds of events, it will often
also be easier to fulfil the requirement that we should be informed about the
occurrence of an event—and nothing more—if and only if it actually occurs,
as needed in order for our justifications for updating by means of natural or
regular extension to apply [see Section [3.1.24].

4.2.6 Conditional lower previsions as gambles

A conditional lower prevision P(-|-) on € () takes two arguments, the first of
which is a gamble f and the second of which is an event B. Because of how
we have defined a conditional lower prevision, the event needs to be fixed first,
because it determines the set ¢(B) from which f is to be taken—the domain
of the unconditional lower prevision P(-|B).

In a multivariate context, it is rather intuitive to reverse this process, es-
pecially if we are considering lower previsions of the form Pg(f|x;). Indeed,
for a fixed gamble f € ¥(Zs), it feels rather natural to regard Pg(f |x) as a
function of x;. More formally, we let P¢(f]X;) be a gamble on ¢4 (.27), defined
b

Y Ps(f|X1)(xr) == Pg(f]xr) for all x; € Z7.

The operator Pg(-|X;) is map from ¥ (Zs) to ¥(Z;). With every gamble
fE€9(Zs), it associates a corresponding gamble Pg(f|X;) € 4(Z1). The
domain of the operator P¢(-|X;) can also be extended to include gambles
fe9(Zw), for some S C W C G, by letting Pg(f]X;) be a gamble on
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Zw\s)ur» defined by

Ps(f1X1) (xew\s)ur) = Ps(f (Xs, xw\s) | x1) for all xgw 01 € 2w\ s)ur-

In this way, Pg(-]X;) can also be regarded as a map from ¥(Zw) to
9 (%W syur)- For any V.2 W UI, the concept of cylindrical extension [see
Section 4.2 ljig] even allows us to regard Pg(f]X;) as a gamble on Zy\s.

For conditional linear previsions, these conventions allow us to state the
well-known law of iterated expectation or, in our terminology, the law of it-
erated prevision. Consider pairwise disjoint subsets S1, S and I of G and let
S := 81 US,. Then for any conditional linear prevision Pg(:]-) on € (Z¢), we
have that

Ps(fJXI) = P52 (PS1 (fJXSZUI)JXI) for all f S g(%(;) (4.16)

Proof of Equation (4.16). Let pg(-|-) be the full conditional probability mass
function that corresponds to Pg(-|-). Fix any gamble f € ¥(Z2¢) and regard
g = Ps,(f]Xs,ur) as a gamble on Zg,g, , as defined for all xg\5, € Z\s, by

g(xa\s,) = Ps, (f1Xs,u1) (xan\s,) = Ps, (f (Xs,,X6\s,) Jxs,01)-

For any xg\s € Z¢\s, we then find that

Ps(f1X1)(xg\s) = Ps(f (Xs,xg\s) *1)
= Y flxs,xes)psas)x)

xs€Zy

= Z Z f(xsl7x527xG\S)p51(xsljxszUl)pSz(xsszl)

X85 E.fll/fsz X8 635:5‘]

= Z PSl (f(Xsl7-x527xG\S)JxS2U1)p52(xSZJxI)

x5, €23,
= Z g(xsz 7xG\S)PSz (xsszl) = ks, (g(stva\S)Jxl)
XSZE%SZ
= P5,(81X1)(xg\s);
using Bayes’s rule for the third equality. O
This proof shows that Equation (4.16) is an alternative formulation of the

law of total probability.

4.3 EPISTEMIC IRRELEVANCE

At this point, we have all the tools necessary to introduce one of the most im-
portant concepts in this thesis: epistemic irrelevance. We will distinguish be-
tween three variants: epistemic value-irrelevance, epistemic subset-irrelevance
and epistemic h-irrelevance. We focus on their conditional versions, as the un-
conditional ones can be recovered easily as a special case.
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4.3.1 Epistemic value-irrelevance

Consider three pairwise disjoint subsets C, I, and S of G. When a subject
judges X; to be epistemically value-irrelevant to Xg conditional on Xc, as de-
noted by VIR(/,S | C), he assumes that if he knew the value of X¢, then know-
ing in addition which value X; assumes in 27 would not affect his beliefs
about Xs. Formally, depending on the framework that is used, he assumes that,
for all xc € Z¢ and x; € Z7:

margg( %) xcur) = margg(Zgxc).

or
Py(-|xcur) = Ps(-]xc)-
or
margg(. g |xcur) = margg(Ac | xc).
or

margg(F¢|xcur) = margg(Fg|xc).

The conditional models at both sides of these expressions should not be inter-
preted as updated ones. We take epistemic value-irrelevance to be a statement
that is concerned with current beliefs about Xs, contingent on the fact that X¢
(and X7) take specific values.

For the unconditional versions of value-irrelevance, it suffices to let C = 0.
This makes sure the variable X¢ has only one possible value xp—and is there-
fore deterministic—so conditioning on that variable amounts to not condition-
ing at all.

4.3.2 Epistemic subset-irrelevance

Alternatively, a subject can make the stronger statement that he judges X;
to be epistemically subset-irrelevant to Xg conditional on Xc, as denoted by
SIR(Z,S | C). In that case, he assumes that if he knew the value of X¢, then
receiving the additional information that X; is an element of any non-empty
subset By of 27 would not affect his beliefs about Xs. In other words, he
assumes that, for all xc € Z¢ and all By € Pp(27):

margg(Zc |{xc} x Br) = margg(Zc | xc) 4.17)

or
Pg(-|{xc} x Br) = Pg(-Jxc) (4.18)

or
margg (A |{xc} x Br) = margs(.Ag |xc) (4.19)

or

margg(.F%¢ | {xc} x Br) = margg(:Fg | xc). (4.20)
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Again, the conditional models at both sides of these equations should be inter-
preted as contingent models, not as updated ones. The unconditional version
corresponds to C = 0.

Making a subset-irrelevance statement SIR(Z, S | C) clearly implies the cor-
responding value-irrelevance statement VIR(Z,S | C). Even stronger, it implies
that VIR(I',S | C) for all I’ C I. As the following counterexample illustrates,
the converse relation does not hold in general.

Example 2. Consider two variables X, and Xy, that take values in their re-
spective state spaces Zs, '={a,b,c} and %, = {0,1}. Hence, G = {s1,52}.
Now let I :={s1}, S:= {52}, C:=0and B; = {a,c} C 2, let g € 9(Zs) be
defined by g(1) := 1 and g(0) := —1, and define

P = E({Ig8}) = {f € 9(25): (A € Rxo) f > Allg g or f >0}

According to this set of desirable gambles, Xj is epistemically value-irrelevant
to Xs because, for all x; € 2}, margg(Zg|xr) = Y (Zs)>0 = margg(Zg).
However, X is not subset-irrelevant to Xs, because

margg(Z6|Br) = &({g}) ={f €9 (Zo): (A €Rsp) f>Agor f>0}
is strictly larger than 9 ( Zs)~o and therefore not equal to margg( 7). O

We consider epistemic subset-irrelevance to be the more natural of the two
concepts, as it requires all information about the value of X; to be irrelevant,
including partial information, which is what—in our opinion—epistemic irrel-
evance should meanﬂ For example, in Example 2} although Xj, is epistem-
ically value-irrelevant to Xj,, knowing that X, # b does affect our subjects
beliefs about Xj,; this would be impossible if X, were epistemically subset-
irrelevant to Xj,.

Epistemic value-irrelevance and epistemic subset-irrelevance seem to be
the prevailing notions of epistemic irrelevance in the literature on imprecise
probabilities. However, the prefixes ‘value’” and ‘subset’ are not added Both
notions are simply referred to as epistemic irrelevance and the distinction be-
tween them is usually not made [15}|18}[22} 45} 46| 106]@ In an attempt to

9If the state space is infinite—a case we do not consider here—then the advantages of
epistemic-subset irrelevance (and the notion of epistemic h-irrelevance that we consider further
on) over epistemic-value irrelevance are even more prominent because epistemic value-irrelevance
tends to become a very weak concept; see Example 4 (and Remark 1) in Reference [75].

10With the exception of References [28[31]], where we recently introduced the notion of epis-
temic subset-irrelevance for sets of desirable gambles; however, in these papers, we have also used
the term epistemic irrelevance to refer to what we now prefer to call epistemic value-irrelevance.

UThe notion of epistemic irrelevance that is mentioned in References [|15,[22} 45| /46L|106]
coincides with wat we have chosen to call epistemic value-irrelevance. On the other hand, Ref-
erence [18]] uses the term epistemic irrelevance to refer to what we have called epistemic subset-
irrelevance.
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clarify the difference, we have chosen to let it be reflected in our terminol-
ogy. However, the possible definitions of epistemic irrelevance have not been
exhausted yet. The—in our opinion—most important variant is a very recent
notion of irrelevance, called (epistemic) h-irrelevance by Cozman [19]@

4.3.3 Epistemic h-irrelevance

For frameworks other than sets of desirable gambles, epistemic value- and
subset-irrelevance share a common weakness, which is that they require infor-
mation about the value of X;—be it the actual value or partial information—
to be irrelevant only to unconditional beliefs about Xg, and not to beliefs
about Xy that are conditional on some event Bg € &y(.Zs). For example, in the
framework of lower previsions, an assessment that X; is epistemically subset-
irrelevant to Xg only requires that Pg(-|B;) should be equal to Pg(-). As we
know from the discussion in Section .2.4fg, this may not imply the equality
of P¢(-|Bs x By) and Pg(-]Bgs). Nevertheless, it seems to us that any property
that claims to reflect epistemic irrelevance should impose this equality; there
seems to be no reason to restrict attention to unconditional beliefs about X
only.

In order to strengthen the concept of epistemic (subset-)irrelevance in such
a way that it displays this desired behaviour, Cozman introduced the concept
of h-irrelevance [[19, Definition 2], which he named after a similar precise-
probabilistic notion introduced by Hammond [61]. Within the framework of
lower previsions, Cozman calls X; h-irrelevant to Xg conditional on X¢ if, for

all xc € Z¢, Br € Pp(Z1) and Bg € Pyp( Zs):
BS(-JBsX{xC} XB[) :Bs('JBSX{xC})- (4.21)

Inspired by this definition, and using the notation introduced in Sec-
tion 4.2.4fqg, we say that a subject judges X; to be epistemically h-irrelevant
to Xg conditional on Xc, as denoted by HIR(Z, S | C), if he assumes that, for all
xc € Zcand By € t@@(%)

marg (%) {xc} x Br) = margs(Zg]xc) (4.22)
" Py(-] - x {xc} x By) = Ps(-] - xxc) (4.23)
N marg§ (/6 || {xc} x Br) = marg§(./c Ixc) (4.24)
N marg$(Fc | {xc} x Br) = marg§(Fc xc). (4.25)

12Begides epistemic value-, subset- and h-irrelevance, other—in our opinion less
fundamental—notions of (epistemic) irrelevance have been defined as well; some of them are
briefly mentioned in Section 4
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depending on the framework that is adopted. We add the prefix ‘epistemic’ be-
cause we believe that it better reflects the meaning of such an assessment. The
irrelevance that is imposed here is with respect to a belief model—subjective
knowledge—and need not be related to (a lack of) causation or some kind of
‘physical’ independence, concepts with which the word irrelevance—without
the prefix ‘epistemic’—might otherwise easily be associated.

Our definition for conditional lower previsions [Equation (4.23) ] is
clearly equivalent to that of Cozman [Equation (4.21) ~]. We prefer our no-
tation because a similar equivalence does not hold for some of the other frame-
works that we consider. For example, for the framework of sets of conditional
linear previsions, mimicking Cozman’s definition would lead us to impose that,
for all xc € Z¢, By € 9@(%) and By € @@(%‘)

margg (A |Bs x {xc} x Br) = margg(.#c|Bs x {xc}). (4.26)

However, as explained in Section [@@], this is not equivalent to our defini-
tion of epistemic h-irrelevance, which is stronger, in the sense that it implies
Equation (#.26). A similar statement can be made for the framework of sets of
full conditional probability mass functions.

The framework of sets of desirable gambles is special. For that framework,
as the reader might already have noticed, our definitions for subset-irrelevance
and h-irrelevance [Equations (.22)) ~ and @.I7)r3)] are identical. This makes
perfect sense because it follows from the discussion in Section [4.2.4jgor—in
particular, Equation (4.12)mgr—that, for a coherent set Z of desirable gambles
on Zg, epistemic subset-irrelevance [Equation (4.17)3] implies that

margg( 2 |Bs x {xc} x By) = margg(%c]|Bs X {xc}) 4.27)

for all xc € Z¢, By € Pp( %) and Bg € Pp( Zs). Hence, for sets of desirable
gambles, epistemic subset-irrelevance already displays the behaviour that is
expected of a notion of epistemic h-irrelevance. It is therefore not necessary—
nor possible—to strengthen the notion of epistemic subset-irrelevance any fur-
ther; it is already strong enough. The notion of epistemic h-irrelevance is there-
fore redundant in the framework of sets of desirable gambles. The reason why
we have chosen to define it anyway, is because it allows us to make general
statements about epistemic h-irrelevance that apply to each of the four frame-
works that we consider.

We consider epistemic h-irrelevance to be more fundamental than epis-
temic value- and subset-irrelevance. Not only does it require all information
about the value of X;—including partial information—to be irrelevant con-
ditional on the value of X¢, it also requires it to be irrelevant to all beliefs
about Xg—conditional and unconditional beliefs. We think that these are ex-
actly the properties that a notion of epistemic irrelevance should have. For
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this reason, from now on, we will drop the prefix ‘h’ and refer to epistemic h-
irrelevance simply as epistemic irrelevance, denoting it by IR(I,S | C) instead
of HIR(Z,S | C). This is unconventional; as we have mentioned in the previ-
ous section, most authors use the term epistemic irrelevance to refer to either
epistemic value-irrelevance of epistemic subset-irrelevance. However, we are
convinced that it is appropriate, and that over time, epistemic h-irrelevance
will become the prevailing notion of epistemic irrelevance. We think that
epistemic value- and subset-irrelevance should be regarded as simplifications,
which should only be adopted if the added strength of epistemic h-irrelevance
is not important for the problem at hand.

Whenever the difference between the three different versions of epistemic
irrelevance is not relevant, we will also use epistemic irrelevance as a generic
term that refers to all three of them.

4.3.4 Does it matter which framework we use?

Suppose now that we have a coherent set I of desirable gambles on 2, a
coherent conditional lower prevision Pg(-|-) on € (Z¢), a set .#¢ of condi-
tional linear previsions on %'(Z£¢) and a set % of full conditional probability
mass functions on %, (Z¢) that are all related to each other, in the sense that
Pg(-]) =Py, (-]), M = Mp,(|.y and FG = F,. Does it matter in which
framework we express an assessment of epistemic irrelevance? Yes, some-
times, but not that much.

The versions for coherent conditional lower previsions, sets of condi-
tional linear previsions and sets of full conditional probability mass functions
are equivalent: Pg(-]-) satisfies Equation @.23)yr7y if and only if .Z¢ satis-
fies Equation if and only if .Z¢ satisfies Equation (4.25)7. The

first equivalence follows from Equations (4.10)gg and @.14)1g and Theo-
rem [33jrg. The second one follows from the one-to-one correspondence be-

tween conditional linear previsions and full conditional probability mass func-
tions; see the end of Section f.2.4] as well. Similar equivalences also hold
for value-irrelevance and subset-irrelevance; Equation is then no
longer necessary, and the role of Theorem [33frg is then taken up by Equa-
tion (@11

The version for coherent sets of desirable gambles [Equation @173l
clearly implies the one for conditional lower previsions; this follows from
Equation (#.27) ~ and the text that follows Equation (. 7)yg. Consequently, it
also implies the other two versions. However, the converse relation does not
necessarily hold; it may be the case that Ps(-]-) satisfies Equation (.23)q77
whereas 2 does not satisfy Equation (@.22)r7 Similar statements apply to
epistemic value- and subset-irrelevance too.

It follows from these considerations that if we prove an irrelevance state-
ment in terms of sets of desirable gambles, we immediately obtain a corre-
sponding result in terms of the other frameworks.
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4.4 VARIOUS OTHER NOTIONS OF INDEPENDENCE

Epistemic irrelevance is not the only imprecise-probabilistic notion of inde-
pendence that has been discussed in the literature. In fact, it is not even among
the more popular ones. The reason why we focus on it here, is (a) because
it will—obviously—be one of the essential tools further on in our study of
credal networks under epistemic irrelevance, and (b) because we believe that it
deserves more attention than it is currently receiving. In order to try and moti-
vate (b), we now give a brief overview of other imprecise-probabilistic notions
of independence, compare them to epistemic irrelevance, and discuss some of
the advantages of the latter. We focus on independence for variables; in partic-
ular, independence of X; and X5. We could easily add a variable X¢ and discuss
independence of X; and X conditional on X¢; our reason for not doing so is
because it would only distract from the main message Other, more compre-
hensive overviews of imprecise-probabilistic notions of independence can be
found in References [|15,/19,37].

In order to understand why there are multiple notions of imprecise-
probabilistic independence, it is instrumental to start by taking a closer look at
precise-probabilistic independence or, as we prefer to call it, stochastic inde-
pendence. Consider a linear prevision on ¢ (£ ) and its corresponding proba-
bility measure. Then Xy and X; are said to be stochastically independent if any
of the following three equivalent requirements holds. For all By € %y(Zs)
and By € Zy(Z1):

P(Bs x By) = P(Bs)P(B)) (4.28)

or
Ps(BSJB]) = Ps(Bs) whenever P(B]) >0 (4.29)

or
P[(B[JBs) = P[(B[) whenever P(Bs) > 0. (4.30)

Equation (4.28) is the most well-known of these three equivalent formulations.
Its popularity is mainly due to the mathematical convenience of this so-called
factorisation property. However, it provides little intuition about what indepen-
dence means. In that respect, Equations and are more important:
they clearly illustrate that independence means mutual irrelevance.

The way we have presented it so far, stochastic independence is a relatively
weak concept, especially in the presence of zero probabilities. It seems that the
only purpose of the inequalities in Equations (@.29) and @#.30) is to circumvent
the issue of conditioning on events with probability zero. Since conditional
linear previsions regard conditional models as primitive instead of as models
that need to be obtained through conditioning, they do not require such an

13 And because the mathematical details of notions of independence other than epistemic irrel-
evance will not be used in the following chapters anyway.
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escape clause, and these inequalities can therefore simply be dropped. For
Equation (4.29) ~, this results in the following requirement:

Ps(stBI) = Ps(Bs) for all Bg € 32@(1%/5) and By € @@(%)

This is equivalent to imposing that X; should be epistemically subset-irrelevant
to Xs. We could take this even further, and impose epistemic (h-)irrelevance
instead. In any case, the main point here is that imposing epistemic irrelevance
on a conditional linear prevision implies stochastic independence, but not the
other way around. We consider this to be a first important property of epistemic
irrelevance: when applied to a precise model, it is a generalisation of the
usual notion of stochastic independence. For an overview of other precise-
probabilistic generalisations of stochastic independence, see Reference [21]].

When moving from precise- to imprecise-probabilistic notions of indepen-
dence, two different routes can be taken. The first route is to stick with the
notion of stochastic independence—or any of its generalisations—and to im-
pose it on each—or some—of the elements of a set of precise models. The two
best-known examples are complete and strong independence.

Consider a set .#g of linear previsions on 4 (Zs). Then X; and Xs are
said to be completely independent if X; and Xy are stochastically independent
according to every Pg € .4 [18]]. For sets of conditional linear previsions,
elementwise epistemic (value-, subset- or h-)irrelevance can be defined in the
same way. These notions of independence are especially intuitive if the ideal of
precision is adopted—if each of the elements of .#(; is regarded as a candidate
for some ‘true’ precise probabilistic model. Indeed, in that case, it often makes
sense for a structural judgement—such as independence—to be imposed on
each of the individual elements of .#; rather than on the set .#; itself. How-
ever, without an assumption of ideal precision, complete independence—and
any generalised version of it—is merely a mathematical property that seems
to have no intuitive meaning Furthermore, these notions of independence
can only be applied to sets of precise models. They cannot be imposed on a
coherent lower prevision P on 4 (2¢) because complete independence is in-
compatible with the convexity of the set ///EG [18L Section 3.1], and definitely
not on a coherent set of desirable gambles. We consider this to be a second
advantage of epistemic irrelevance: it can easily be imposed in each of the
four frameworks that we consider.

If .4 is a closed and convex set of linear previsions on 4(2¢), then X;
and Xy are said to be strongly independent if X; and Xs are stochastically in-

14In all fairness, there are some very recent results that indicate that complete independence
could be axiomatised in terms of choice functions, a framework for modelling uncertainty that falls
beyond the scope of the present discussion [18| Section 4]. We believe this to be promising. In
cases where these kinds of axioms can be defended, they could lead to a justification for complete
independence that does not require an assumption of ideal precision.
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dependent according to every P € ext(.#g), or equivalently, if X is a convex
hull of linear previsions for which X; and Xs are stochastically independent.
More generally, for any set .#¢ of conditional linear previsions on & (Z¢),
we could require .# to be of the form .#p (.|, with P;(-]-) the lower en-
velope of some set of conditional linear previsions for which X; and Xy sat-
isfy some generalised notion of stochastic independence, such as epistemic
value-irrelevance, epistemic subset-irrelevance, and so on. Strong indepen-
dence seems to have been introduced out of mathematical convenience, and
is an attempt to reconcile complete independence with convexity. However,
it seems to have little intuitive meaning, and is therefore hard to justify as a
concept of independence@ Nevertheless, rather surprisingly, it is by far the
most popular imprecise-probabilistic notion of independence.

A second route that can be taken to move from precise- to imprecise-
probabilistic independence, is to forget about the individual elements of a set
of precise models, and to develop properties that can be expressed directly in
terms of the imprecise model. The advantage of taking this route—as epistemic
irrelevance does—is that it does not require an assumption of ideal precision.
Furthermore, since they do not need to refer to individual precise models, the
resulting notions of independence can also be expressed in the framework of
lower previsions and sets of desirable gambles. For this second route, three
different approaches can be distinguished, each of which tries to generalise
stochastic independence in a different way.

The first approach is to develop a generalised version of the factorisa-
tion property [Equation (#28)yzgl. Reference [46, Section 3.1] provides an
overview of some of the ways in which this can be done. With the excep-
tion of Kuznetsov independence [20]], most of these properties are not re-
ferred to as notions of independence, and rightly so. We believe that the use
of Equation (4.28)y3q is justified only because of its equivalence with Equa-
tions (-29)zm and (@.30)zg- Without a similar equivalence, generalisations of
factorisation are merely mathematical properties; we see no reason why they
should be referred to as notions of independence.

The second approach is to develop a generalised version of Equa-
tion @29 zg. This is exactly what we have done in Section .37z the three
versions of epistemic irrelevance that we have discussed can all be regarded
as generalisations of Equation @h@] The philosophical advantage of
such an approach is that it has a very clear and intuitive meaning: it simply
means that, according to the subject whose beliefs we are modelling, informa-

15See References [[18126] for (partial) justifications of special cases, using an assessment of
infinite exchangeability.

16 At first sight, it might seem like this is not the case for epistemic value-irrelevance, since it
does not consider conditioning on events Bg, but only on values xs. However, the difference only
appears in the presence of (lower) probability zero, and this case is excluded by Equation (.29
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tion about the value of X will not alter his belief model for Xs—his ‘epistemic’
uncertainty about Xg.

As illustrated by the three different versions that we have introduced, this
intuitive property can be formalised in different ways. We believe epistemic
h-irrelevance to be the most fundamental of those three. Some authors have
adopted yet other versions than the ones we consider, by requiring the condi-
tional models that appear in a statement of irrelevance to be derived by means
of regular extension—in the sense of Section [2.7.Ig—instead of consider-
ing them to be given as part of a ‘full conditional’ model such as a condi-
tional lower prevision, a set of conditional linear previsions, and so on; Refer-
ence [|19, Section 2.1] provides an overview. It seems that the sole purpose for
doing so is to avoid the issue of conditioning on events with lower probability
zero. However, given that this issue can easily be dealt with by considering
conditional models as primitive notions—as ‘full conditional’ models do—we
see no reason why a conditioning rule—such as regular extension—should be
part of the definition of epistemic irrelevance. Epistemic irrelevance relates
different conditional models; where these models come from and how they are
obtained should—in our opinion—not be part of the definition.

Although an assessment of epistemic irrelevance does not require an as-
sumption of ideal precision, it is nevertheless fully compatible with it. If
such an assumption is made, epistemic subset-irrelevance assesses that the set
margg (.4 |By) of candidate belief models for Xs is not affected by informa-
tion about the value of X;—the event B;. However, for an individual condi-
tional linear prevision Pg(-|-) in .#g, epistemic subset-irrelevance allows for
Ps(-|By) to be different from Ps(-|B}), for B; # B}, and thereby allows for de-
pendencies between X; and Xg5. These dependencies are however limited by
the fact that epistemic subset-irrelevance requires that Ps(-|By) and Ps(-|Bj})
should both be elements of marge(.#g). If margg(.#¢) is small, the differ-
ence between Ps(-]B;) and Ps(-|B}) is bounded, and this limits the amount of
dependence between X; and Xs. In that sense, under an assumption of ideal
precision, from the point of view of the individual candidate models, epistemic
(subset-)irrelevance can be regarded as a notion of almost-independence or
almost-irrelevance. If margg(.#) is a singleton, it reduces to actual indepen-
dence. Since assessments of independence are usually regarded as ‘approxi-
mations of reality’ anyway, we consider such a notion of almost-independence
to be particularly realistic in practice.

The third approach is to impose mutual irrelevance, which is simply a
combination of two irrelevance statements: X; is epistemically irrelevant to
Xs—using any of the definitions that were discussed before—and Xy is epis-
temically irrelevant to X;. This notion of independence is called epistemic
independence [106]]. Depending on the notion of irrelevance on which it is
based, one can distinguish between epistemic value-independence, epistemic
subset-independence, etcetera.

Epistemic independence, strong independence and complete independence
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can all be regarded as strengthened versions of epistemic irrelevance, in
the sense that—when suitably defined—they all imply epistemic irrelevance.
Making an assessment of epistemic irrelevance is therefore easier to justify.
As we have seen in this section, replacing epistemic irrelevance by one of the
other notions of independence requires additional assessments or assumptions.
Sections [5.33] and discuss some additional advantages of epistemic
irrelevance in the context of graphical models.

Notions of independence are sometimes also compared with respect to the
graphoid properties that they satisfy [[18,21,22]]. For example, epistemic h-
irrelevance satisfies more graphoid properties than epistemic value- and subset-
irrelevance, and this could be regarded as an argument in favour of epistemic
h-irrelevance. However, we believe that graphoid properties are overrated as
axioms. In an imprecise-probabilistic context, some graphoid properties—
such as contraction and intersection—should not be regarded as axioms that
a notion of independence should satisfy, but rather as mathematically conve-
nient properties of models, which may or may not be satisfied. We discuss this

point further in Section [6.5.3j6g.

4.5 GENERALISING THE NOTION OF NATURAL EXTENSION

We have managed to fill a chapter with all kinds of tools for—and properties
of—multivariate models. However, we have not yet explained how to construct
one. So, in order to end this chapter: how can we construct a multivariate
model? The general answer is very simple: in the same way as a univariate
one, by means of natural extension.

The starting point is to gather assessments, either from a domain expert
or from data. In the framework of sets of desirable gambles, this would be
some set /s of gambles that are considered to be desirable. For lower pre-
visions, this would be a partial specification of a conditional lower prevision,
for some subdomain ¢’ C € (Z¢), or equivalently, assessments of supremum
contingent buying prices for some—usually limited—set of combinations of
gambles and events. For sets of conditional linear previsions or sets of full
conditional probability mass functions, an assessment consists of linear con-
straints on the individual elements of these sets. We will not discuss the prac-
ticalities of gathering such assessments any further; References [106, Chap-
ter 4], [4,[8,(93,/107,/108] and [81, Section 3.2] provide plenty of information
on the topic. For our present purposes, it suffices to say that these assessments
can either be given directly by the expert, or obtained indirectly from data,
in which case the role of the expert lies in selecting an appropriate model for
deriving assessments from data.

A problem that arises when gathering such assessments in a multivariate
set-up is that the size of the state space Q = Zg = X;e¢ Z; is exponential
in the number of individual variables. For this reason, making assessments
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about the global tuple-valued variable X directly is rather impractical. For-
tunately, the multivariate set-up itself already solves this problem, because it
provides us with tools that allow us to focus on individual variables X or small
sets of variables, as represented by X, with S C G. Using the example of Sec-
tion . Tjroy, we could for example make an assessment such as: given that there
is no rainfall—X, = no—the barometric pressure is at least as likely to be high
than it is to be low—pj, (X, = high | X, = no) > p, (X =low | X, = no). If we let
S ={b},1={r}, and B; = {no}, such an assessment is concerned with the lo-
cal model margg(.#¢ | Bs). In the same way, local assessments in terms of other
frameworks can also be considered. Making assessments about these local
models is easier and more intuitive than trying to deal directly with the tuple-
valued variable X;. Nevertheless, since these local models are related to—are
derived from—a global model, local assessments can also be interpreted as
global assessments. For example, stating that a gamble f € ¥(Zs) belongs
to margg(Zc|Bs) is equivalent to stating that the gamble Ip, f € ¥ (XZ¢) is
globally desirable—belongs to Z. This connection between local and global
models is crucial for elicitation. On the one hand, we can gather intuitive local
assessments that are concerned with only few variables. On the other hand, we
can translate them into statements about the global variable Xs. In this way,
many local assessments that are concerned with different local variables can
be combined into a single global set of assessments.

Within a multivariate set-up, we do not need to restrict ourselves to direct—
local or global—assessments, such as the ones discussed above. Other very
important types of assessments are the structural ones, such as assessments of
irrelevance or independence. On their own, structural assessments have little
impact. For example, the vacuous conditional lower prevision Pg ,(-|-) on
€(25), defined by '

Pg(f]B) =minf forall (f,B) € ¢ (Z2c),

satisfies every possible epistemic irrelevance statement that one could come
up with. However, combining these structural assessments with direct ones
can lead to a substantial increase in information. For example, if X; is as-
sessed to be epistemically irrelevant to X, it implies that any direct assessment
about Pg(-) immediately leads to an analogous assessment about Pg(-|By),
simply because the assessment of epistemic irrelevance requires that Pg(-) and
Pg(-|By) should be equal.

Once we have a collection of assessments—which may include both direct
and structural ones—the next step is to use it to construct a global belief model.
Depending on the framework that is adopted, this might be a coherent set Z
of desirable gambles on 2, a coherent conditional lower prevision Pg(:|-) on
€ (Zc), a set Mg of conditional linear previsions on € (Z¢) or a set .#g of
full conditional probability mass functions on %%(Z¢). In order to be able to
associate a unique such global model with a collection of assessments, this col-
lection needs to satisfy two crucial properties. First of all, there must be at least
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one global model that is compatible with each of the assessments. Secondly,
out of all global models for which this is the case, there should be a unique
most conservative—most imprecise—one. If that is the case, this unique most
conservative model is the only model that can reasonably be inferred from the
assessments.

Satisfying the first property is a matter of careful elicitation. If it fails, some
of the assessments need to be reconsidered. In order for the second property to
be satisfied, it suffices that each assessment allows for conservative reasoning.
The exact definition depends on the framework. For sets of desirable gambles,
an assessment allows for conservative reasoning if it is preserved under taking
intersections. Indeed, suppose that this is the case, and consider the set Zg y,
v €T, of all coherent sets of desirable gambles that satisfy our assessments.
Then ﬂyer -@ay will also be coherent, will also satisfy the assessments, and
will furthermore be the smallest—most conservative—set of desirable gam-
bles on & (Z¢) for which this is the case. Direct assessments clearly allow for
conservative reasoning: if f € gy forall y €T, then f € (yer Zg.y- If there is
a global model—a coherent set &g of desirable gambles on Z;—that is com-
patible with a direct assessment @/—such that @7 C Zs—then the unique
most conservative such model is the natural extension & (<7;) of <7, as intro-
duced in Section [%] However, we can go further than that, because many
structural assessments also allow for conservative reasoning. For our present
purposes, epistemic irrelevance is the most important example: it is not hard to
see that if & y satisfies a given epistemic irrelevance statement (using any of
the three versions we consider) for every y € I', then [, % y also satisfies
this statement. When a type of structural assessments allows for conservative
reasoning, we can combine such structural assessments with direct ones, and
as soon as there is a single global model that satisfies the resulting collection of
assessments, we are guaranteed that there is a unique most conservative model
that satisfies them. This model can be regarded as a generalised notion of the
natural extension of Section [2.2. Iz

This approach also works for the other three frameworks that we consider,
but the definition of ‘allowing for conservative reasoning’ changes. For co-
herent lower previsions, an assessment allows for conservative reasoning if it
is preserved under taking lower envelopes, in the sense that if an assessment
is satisfied by all coherent lower previsions P ,(-]-) that are indexed by the
elements Y of some set I, then the pointwise infimum of these coherent lower
previsions should also satisfy the assessment. For sets of conditional linear
previsions and sets of full conditional probability mass functions, an assess-
ment allows for conservative reasoning if it is preserved under taking unions.
Again, as was the case for sets of desirable gambles, it is not hard to see that
assessments of epistemic irrelevance allow for conservative reasoning. Hence,
also in these other frameworks, we can consider a generalised notion of natural
extension that can deal with assessments of epistemic irrelevance.

Although the concept of conservative reasoning and the resulting gener-
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alised notion of natural extension guarantee the existence of a unique most
conservative model that is compatible with a collection of assessments (pro-
vided that there is at least one compatible model), they do not provide practical
guidelines for constructing this most conservative model, because the index set
I" is usually infinite. The actual construction of the most conservative model
that is compatible with a given collection of assessments is therefore a prob-
lem that needs to be solved on a case-by-case basis and that—depending on the
case—may have a practical solution method or not. In the following chapters,
we will focus on one specific case, where local direct assessments are com-
bined with structural assessments of epistemic irrelevance that are generated
automatically from a graphical model.

However, before we start focusing on this specific case, we should mention
that epistemic irrelevance is not the only structural assessment for which this
generalised notion of natural extension can be considered. There are many
other examples of structural assessments that allow for conservative reasoning:
symmetry, exchangeability, epistemic independence, complete independence,
and so on. For more information, the interested reader can take a look at,
among others, References [40,45-H47.(72L(99]] and [[106, Chapter 9]. We believe
that the concept of conservative reasoning is important, and that it could be
successfully applied in various contexts. The specific case that we are about to
introduce and study in detail serves as a promising example.
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5

CREDAL NETWORKS UNDER EPISTEMIC
IRRELEVANCE

“...all models are approximations. Essentially, all models are
wrong, but some are useful. However, the approximate nature of
the model must always be borne in mind...”

George E. P. Box

Although multivariate models provide an intuitive framework for mod-
elling a multitude of real-life situations, they are far from easy to construct.
Theoretically speaking, as explained in Section .53, we can consider any
combination of direct assessments and structural ones, and consider the most
conservative model that is compatible with them. However, in practice, com-
ing up with such a combination of assessments may be hard, especially since
they should satisfy two opposing criteria. On the one hand, it should be possi-
ble to construct a model that satisfies all these assessments. On the other hand,
the most conservative such model should be informative enough to yield useful
inferences.

In order to simplify this task, one can use graphical models as a tool for
helping domain experts in providing such assessments, and ultimately, to con-
struct multivariate models. In the precise-probabilistic case, Bayesian net-
works have proved to be a successful example. In this chapter, we will extend
this approach to the imprecise-probabilistic setting. The resulting generalised
notion of a Bayesian network is called a credal network, after the credal sets
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5.1 DIRECTED ACYCLIC GRAPHS

that were initially used by Cozman to define it [16]. However, as we will
see, it can be developed in terms of other imprecise-probabilistic frameworks
as well, the most important of which are sets of desirable gambles and lower
previsions. We will focus especially on credal networks under epistemic irrel-
evance, which—as their name suggests—adopt epistemic irrelevance as their
notion of independence. Relatively little is known about this particular type of
credal network. This dissertation is intended to be a first detailed study of the
topic.

Basically, a credal network under epistemic irrelevance is just a special
kind of multivariate model, which models some subject’s beliefs about a finite
set of variables X;, with s € G. We will consider four different frameworks.
Depending on the framework that is chosen, the multivariate model will either
be a set Y of desirable gambles on Z¢, a coherent conditional lower previ-
sion on € (Z¢), a set .4 of linear conditional previsions on ¢ (%Z¢) or a set
Z of full conditional probability mass functions on €% (.Z¢).

5.1 DIRECTED ACYCLIC GRAPHS

The first step in constructing a credal network is to connect the variables of
our multivariate model by means of a graph. In particular, a directed acyclic
graph (DAG), which consists of a finite set of nodes (vertices), joined into
a network by a set of directed edges, each edge connecting one node with
another. Since this directed graph is assumed to be acyclic, it is not possible to
follow a directed sequence of edges from node to node and end up at the node
one started out from.

Formally, we will identify the elements s of the index set G with the nodes
of such a DAG. Technically, the DAG connects these nodes. Loosely speaking,
it connects the variables X;. For two nodes s and ¢ in G, if there is a directed
edge from s to 7, we denote this as s — ¢ and say that s is a parent of t and t is
a child of s. For any node s, its set of parents is denoted by P(s) and its set of
children by C (s) If a node s has no parents, that is, P(s) = 0, then we call s a
root node. We will use Ro(G) to refer to the set of all root nodes. If C(s) = 0,
then we call s a leaf, or a terminal node.

Two nodes s and ¢ are said to have a path between them if one can start
from s, follow the edges of the DAG regardless of their direction and end up
in . In other words: one can find a sequence of nodes s = s1,...,5, =1,
n > 1, such that for all i € {1,...,n— 1} either s; — s;41 Or §; < Siy1.
If this sequence is such that s; — s;+; for all i € {1,...,n— 1} (all edges
in the path point away from s), we say that there is a directed path from

'The symbol P is already used for linear previsions as well. However, due to the rather differ-
ent meaning of these two concepts, and because we will mainly consider lower previsions—rather
than linear previsions—anyway, we do not consider this overload of notation to be problematic.
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G = {51,52,53,54,55,56,57,58,59,510 }

P(s7) = {s4,55}
C(S7) = {S9,S10}
D(s7) = {s9,s10}
(s7) = {s1,52,53,56,58 }
(s7) =

{31752a53754,55}

57

BN

57

Figure 5.1: Example of a directed acyclic graph (DAG).

s to t and write s C ¢. In that case we also say that s precedes t. If
s Ct and s # t, we say that s strictly precedes t and write s C t. For any
node s, we denote its set of descendants by D(s) :={t € G: s Ct}, its set
of non-parent non-descendants by N(s) == G\ (P(s) U{s}UD(s)) and its set
of ancestors by A(s) = {t € G: t C s}. We also use the shorthand no-
tation PN(s) := P(s)UN(s) =G\ ({s} UD(s)) to refer to the so-called non-
descendants of s.

Example 3. Consider the DAG in Figure which consists of 10 nodes—
the elements of G—and 10 edges. For the node s; € G, the set of parents is
P(s7) = {s4,55}, the set of children is C(s7) = {59,510}, the set of ancestors is
A(s7) = {s1,52,53,54,85}, the set of descendants is D(s7) = {s9,s10} and the
set of non-parent non-descendants is N(s7) = {s1,52,53,56,58 }- %

5.2 ADDING LOCAL MODELS

The second step in constructing a credal network is to add local uncertainty
models to each of the variables X, with s € G. These local models are assumed
to be given beforehand and serve as basic building blocks that we will combine
into a global multivariate model.

For every node s € G and any instantiation xp(;) € Zp(,) of the variables
associated with the parents of s, we are provided with a local belief model
about X;, conditional on xp(,). If we use the framework of sets of desirable
gambles, this local model will be a coherent set of desirable gambles on 25,
which we will denote by @SJXP(s)' This local model represents our subject’s
beliefs about the variable X;, contingent on the fact that its parents Xp() assume
the value xp(,). If 5 is a root node—has no parents—then P(s) = 0, which
implies that Xp(,) can take only the single value xg and therefore, that |,
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5.2 ADDING LOCAL MODELS

is effectively an unconditional model, which we will then simply denote by
Ds = -@ijm-

These local models constitute direct assessments of desirability. Given that
we do not enforce an exhaustive interpretation, they imply that, for all s € G
and xp(y) € Zp(y):

D |xpy © marg (%6 | xp(s)) (N1A)

(s)
It is not really essential for these local assessments to be coherent. Arbitrary
assessments 7| Xp(s) C Z; can also be considered, as long as their natural ex-
tension exists. Without loss of generality, %),
to 5(%JXP(S))'

Alternatively, these local assessments can also be expressed in terms of
other frameworks. Depending on the chosen framework, we assume that we
are given, for all s € G and xp(5) € Zp(y), either a coherent lower prevision
P, Jepy ON 9(Zs), a closed and convex set . Jxpyy OF linear previsions on
Y (Z;) or a closed and convex set % Jp(s
Zs—a credal set. These local assessment are again interpreted as constraints
on a global model:

) can then be taken to be equal

) of probability mass functions on

Bs(‘JxP(s)) 2 stxp(s) (N2A)

or
marg, (A |xp(s)) © M)y, (N3A)

or
margs(yGJxP(s)) - jijp(s)' (N4A)

Again, these local models do not need to be given as such, they can also be
derived from local assessments.

For example, we can consider a—not necessarily coherent—lower previ-
sion on some subset %~ of &(Z;) and let Py p(y be the unconditional part of
its natural extension. In principle, we could also consider conditional lower
previsions P(-]-); Jp(y) OD 6 (Z;) as local models. In fact, if we were to do so,
the theory that we are about to develop would still work—given some rather
straightforward minor adaptations. Our only reason for not doing so is be-
cause it would be overkill. In practical modelling situations, local assessments
are always ‘unconditional’, in the sense that they are only conditional on the
value of the parent variables Xp(y), and not conditional on an additional event
B, € 330(%)

For that same reason, the elements of .7, ) are taken to be unconditional
linear previsions on ¢ (.Z) rather than conditional linear previsions on € (.Z5),
and similarly for .%; Jepgs)- The requirement that . Jepe) and .7 Jepe) should be
closed and convex could in principle be dropped. However, this would lead to
non-trivial technical complications, especially with respect to the development
of efficient algorithms. In any case, such an assumption of closedness and
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convexity is standard in the context of credal networksE] It is also not that re-
strictive because many imprecise-probabilistic methods for elicitation—either
directly from experts or indirectly by means of a statistical model and data—
result in closed and convex sets of probability mass functions. For example,
provided that it has at least one solution, a set of (non-strict) linear constraints
has a closed and convex solution set. Furthermore, for any set of probability
mass functions, the closure of its convex hull can always be used as a conser-
vative outer approximation.

5.3 JUDGEMENTS OF EPISTEMIC IRRELEVANCE

In Bayesian networks, the graphical structure of the DAG of a network is
taken to represent the following assessments: for any node s, conditional on
its parent variables, the associated variable is independent of its non-parent
non-descendant variables [64] Section 3.2.2]. When generalising this interpre-
tation to credal networks, the classical notion of independence gets replaced
by a more general, imprecise-probabilistic notion of independence. For credal
networks under epistemic irrelevance, this notion of independence is epistemic
irrelevance, as introduced in Section [4.3.3{rrzl|

Let us state this interpretation more formally. We assume that the graphical
structure of the DAG embodies the following conditional epistemic irrelevance
assessments which, by definition, turn the corresponding multivariate model
into a credal network under epistemic irrelevance. Consider any node s in the
network, its set of parents P(s) and its set of non-parent non-descendants N(s).
Then conditional on Xp ), Xy(s) is assumed to be epistemically irrelevant to X;:

IR(N(s), {s} | P(s))- (NB)

Depending on the framework that is adopted, this means that, for all s € G,
Xp(s) € Zp(s) and By(s) € Po( Ziy)):

marg (76 ]{xp(s) } X Bn(s)) = marg(Zc]xp(s)) (N1B)

or
Py(-] - x{xp(s) } X By(s)) = Ps(+] - x{xp(s) }) (N2B)

or
marg (¢ |[{xp(s) } X By(s)) = margg (A || xps)) (N3B)

or
marg(F|[{xp(s) } X Bn(s)) = margg(Fc||xp)) (N4B)

2See Section|5.5(for a short overview of the theory of credal networks.

3Recall that we take epistemic irrelevance to mean epistemic h-irrlevance.
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R({s1},{s3} [ {2})  ()—>(2)—(3) R({s; [{s2})

XS‘ 1 XYz XY 3

Figure 5.2: Tllustration of the non-symmetric irrelevance assessment that cor-
respond to a DAG

An at first sight perhaps peculiar aspect of these assessments is that they
are asymmetric. Consider for example the simple network in Figure[5.2] For
that DAG, the only epistemic irrelevance assessment that follows from Re-
quirement (NB),, is that X, should be epistemically irrelevant to X;, con-
ditional on X,,: IR({si},{s3} | {s2}). However, we do not impose that
IR({s3},{s1} | {s2}). We do not consider this aspect to be strange. In fact,
we think that it is very natural, for the following reasons.

First of all, the assessments of epistemic irrelevance that we make—in the
specific direction that we make them—have an intuitive meaning in terms of
the local models that we introduced in the previous section. For example, Re-
quirement (NTB).~ is not just a structural assessment of irrelevance. In combi-
nation with Requirement (NTAJ3T, it can also be interpreted as an additional
collection of direct assessments: for any By(,) € Zp(Zy(y)), it leads us to im-
pose that Jxp(, Should be a subset of marg (26 |{xp(s)} X By(s))- Similar
things happen for the other frameworks. Basically, the effect of our epistemic
irrelevance assessments is that the local assessments are duplicated and applied
to a larger class of conditional models.

Secondly, there seems to be no fundamental reason why an assessment of
epistemic irrelevance—say IR({s1},{s3} | {s2})—should lead us to adopt the
reverse version—say IR({s3},{s1} | {s2}). As Dawid [23] put it: “The desir-
ability of the symmetry property is not so obvious: if learning Y is irrelevant to
X, must it follow that learning X is irrelevant to Y ?”. We agree with Dawid that
this is indeed not obvious, and that therefore, there is no reason why it should
be imposed by definition. Of course, this does not exclude that there might
be instances where it makes sense to impose mutual irrelevance. In fact, we
will sometimes do so: if a credal network under epistemic irrelevance consists
of two disconnected nodes, the associated variables will be epistemically ir-
relevant to each other and therefore epistemically independent; Section [6.67m
discusses more general cases.

Thirdly, to a practitioner who constructs a credal—or Bayesian—network,
the direction of the arrows matters intuitively. Suppose for example that X,
represents whether or not someone is a smoker, X;, represents whether or not
someone has lung cancer and X, represents whether or not some medical test
indicates that the person has lung cancer. Then most people would put the
edges in Figure[5.2]as we have put them, in that particular direction, and would
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5.4 THE IRRELEVANT NATURAL EXTENSION

feel that changing the direction would alter the meaning of the assessment.
Nevertheless, in a Bayesian network, because stochastic independence is sym-
metric, these two graphs—ours and the one where the arrows are reversed—
correspond to the same structural assessments. In technical parlance: they are
Markov-equivalent. For credal networks under epistemic irrelevance, no such
equivalence is present: since epistemic irrelevance is an asymmetric notion
of independence, graphs that are Markov-equivalent in the Bayesian network
sense can lead to different structural assessments in a credal network under
epistemic irrelevance.

The intuitive philosophical difference between Markov-equivalent graphs
that is perceived by users of Bayesian networks is often associated with causal-
ity. As Shafer [90] put it: “we need a way to give mathematical and philosoph-
ical content to the differences between Markov-equivalent graphs, differences
that are none the less real to practitioners for the fact that they are not expressed
by conditional independence”. The theory of causal networks [[64, Chapter 21]
does exactly that: although it is based on the theory of Bayesian networks,
it differentiates between Markov equivalent graphs, both mathematically and
philosophically. However, as explained above, it is not the only theory that is
capable of doing so. It shares these features with the theory of credal networks
under epistemic irrelevance.

The advantage that credal networks under epistemic irrelevance have over
causal networks is that they are more generally applicable. The reason why—
besides the fact that they allow for imprecision—is because causality is a prop-
erty that is hard to define, and an assessment that is often too strong to make.
Although it is natural to think of the edges in a credal network as some kind of
causal links, the notion of ‘causality’ that people tend to associate with these
links is usually rather vague and weak. For example, although one might think
of the edge from Xj, to X, as a causal link between smoking and lung cancer,
this is usually not taken to mean that smoking truly ‘causes’ lung cancer but
rather that it influences it in some way, and similarly for the edge from Xj, to
X, . Credal networks under epistemic irrelevance are fully compatible with this
weak notion of causality. Furthermore, if the edges of the DAG in Figure[5.2]
are truly causal—whatever that may mean—this will imply an assessment of
epistemic irrelevance. If X;, causes X, and Xj, in turn causes Xj,, then given
Xy,, Xy, is causally irrelevant to X;,—whatever that may mean—and therefore
definitely epistemically irrelevant. However, conversely, as mentioned in Sec-
tion [4.3.3frr7, an assessment of epistemic irrelevance does not require a causal
interpretation, it is simply a statement about beliefs.

54 THE IRRELEVANT NATURAL EXTENSION

The Requirements (NTAJsy and (N1B))r33—and their counterparts for frame-
works other than sets of desirable gambles—usually do not determine a unique
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global coherent model. However, as explained in Section as soon as
there is a single model that satisfies them, then among all solut10ns, there is
a unique most conservative one. In the case of credal networks, we will call
this unique most conservative solution the irrelevant natural extension of the
network. The goal of this section is to define this irrelevant natural extension
in terms of each of the four frameworks that we consider, to derive manage-
able expressions for them, and to establish connections between them. Finally,
we will show that Bayesian networks correspond to the special case where the
local models are precise.

5.4.1 For sets of desirable gambles

Within the framework of sets of desirable gambles, the local models of a credal
network are coherent sets of desirable gambles %), . The irrelevant natural
extension is then a global coherent set of desirable gambles. In particular, the
most conservative one that includes the local assessments and furthermore sat-
isfies the irrelevancies that are encoded by the network. More formally: the ir-
relevant natural extension of the local models is the smallest coherent set & of
desirable gambles on 2 that satisfies Requirements and (N1B)r1
As we are about to show, this global model can be constructed easily from
the local ones. Basically, it suffices to extend the ideas of De Cooman and
Miranda [45]] to the context of credal networks; a published version of this
material can be found in Reference [31]].

We start by looking at a single given local model % 2h() and investigate
some of its implications for the global model ;. Consider any node s and
fix values zp(5) and zy(y) for its parents and non-parent non-descendants. Then
for any f € 9., . we infer from Requirements and that
f € marg (%G |zpy(s)) and therefore, that Lzpytf € Y. Inspired by this
observation, we introduce the following set of gambles on Z¢:

= {I[{ZPN 315 €G, zpyis) € Xpngsys f € 95J2P<S)}- (5.1
It should be clear that sz(i;“ must be a subset of our joint model Z;.

Proposition 34. szci” is a subset of any global set 9@ of desirable gambles on

2 that satisfies Requirements (NTA)rz and (N1B]

Proof of Proposition[34] Consider any s € G and ZpN(s) € Epn(s)- As
a consequence of Requirements (NIA)mp and (NIBJ3; we see that
marg (Zc|zpN(s)) should be a superset of the given local model % Jepy) -

Hence, if we choose f € %), and apply Equation @6, it follows im-
mediately that I, ) f is an element of Z. O

Since the global set of desirable gambles Z should also be coherent and there-
fore, in particular, a convex cone, we can derive the following corollary.

135



5.4 THE IRRELEVANT NATURAL EXTENSION

Corollary 35. posi(dci") is a subset of any coherent set 9 of desirable gam-

bles on X that satisfies Requirements (NTA)rzy and (NIB)33

Proof of Corollary[33] We already know from Proposition that .;zf(i;” isa
subset of any joint model that satisfies Requirements (NTA)zy and (NTB)rg:
427&" C Y. Applying the posi operator to both sides, we obtain that
posi(27) C posi(Zg). If in addition to satisfying Requirements (NTA)rsy
and (NTB)jrg, Zc is also coherent, and thus in particular is a convex cone
(satisfies properties and %} then posi(Zg) = Y and we get that
posi(F") C Y. O

We now suggest the following expression for the irrelevant natural extension
of the network: _ '
95" = posi(5"). (5.2)

Since we know from Corollary [33] that it is guaranteed to be a subset of the
irrelevant natural extension, it is rather natural to propose it as a candidate
for the irrelevant natural extension itself. In the remainder of this section, we
will prove that 9&" is indeed the unique smallest coherent set of desirable
gambles on 2 that satisfies Requirements (NTA)z and (N1B)g We start
by providing two alternative characterisations of Z17, the first of which shows
that it is not necessary to take positive linear combinations of elements of .7/"™:
a simple sum will do the job just fine.

Proposition 36. A gamble f € 4(Z¢) is an element of Z if and only if it
can be written as:

f= Z Z H{ZPN(S)}fSaZPN(x)’

$€G zpy(s) ELPN(s)

where, for all s € G and zpy () € Zpy(s), the gamble fS»ZPN(.;) is either zero or
an element of %, J2p(s)° and at least one of them is non-zero.

Proof of Proposition[36 Since _@é;" = posi(fgaf(i;“ ), the ‘if” part of this proof is
trivial. For the ‘only if* part, fix any f € Z§". By the definition of ', we
know that

f = Z Z Z )"SﬁzPN(s)wi]I{ZPN(,c)}fsvaN(.r)-,h

5€G zpy(5) € Zpn(s) I€1(s,2pN(s))

where, for all s € G and zpy(s) € Zpn(s)> 1(5:2pn(s)) is a (possibly empty)
finite index set (but with at least one of them non-empty) and for all s € G,
ZpN(s) € %PN(S) andi € I(SaZPN(s)) A i € R+ and fS»ZPN(.v)»i € 9,

> 748,2pN(s J2p(s) -
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We now construct, for every s € G and every zpy(s) € Zpy(s)» @ gamble
f:Y7ZPN(S) € g(‘%) It I(S7ZPN(S)) =0, welet fS,ZpN(s) =0.1If I(SaZPN(s)) 7é 0, we

let
fyvaN(x) = Z )’SvZPN(x) 7i-vaZPN(.v) i

i€l(s,.z2pn(s))

which is an element of % ) (and thus different from zero) because

2p(s
fyvaN(s)vi € %y 2p(s) for all i € I(s,zpy(s)) and because 2p(s) is coherent. It
should now be clear that

f= Z Z ]I{ZPN(s) }fS*ZPN(s) )

s€Gzpy(s) € ZPN(s)

in which the gambles f,7zPN(S) are elements of 7 2y Y {0} and at least one of
them is non-zero. ]

Proposition 37. ¢(2¢)-0 C L and, consequently, 75 = &(/iM).

Proof of Proposition[37] The first step in the proof consists in showing that
for any zg € Zg, the indicator I,y is an element of dé”. To prove this,
pick an arbitrary leaf s € G. This is possible because a DAG with a finite
amount of nodes always has at least one leaf. Since s is a leaf, it has no
descendants and we therefore have that G = {s} UPN(s). Due to the co-
herence of the local models, and in particular property [D2kg, we know that

the indicator Iy is an element of 7 2h(e)" We can therefore apply Equa-

tion (3.I)r33 to see that Le T zpyi) = Uz} = Lizg) is an element of
/5", Since every f € 4(Z¢)>o is a finite strictly positive linear combi-
nation of the indicators H{za} that were constructed above, it follows that
G ()0 C posi(lT) =: g,

To prove the second part, notice that any gamble in &(#/y") is a fi-
nite, strictly positive linear combination of gambles in 74" and gambles in
Y (Zc)>0. Since we have just shown that gambles in ¢4 (Z¢)>o are them-
selves finite strictly positive linear combinations of specific indicators in .27\,
this implies that &(.7/i™) C posi(2/™). The converse inclusion is trivial and
we thus find that &™) = posi(/") =: ZLT. O

These two propositions serve as a first step towards the following important
result, the proof of which can be found in Appendix [5.Ajg,

Proposition 38. Qic“ is a coherent set of desirable gambles.

The crucial step in our proof for this result is to consider a specific Bayesian
network that has the same topology as our credal network and to use the corre-
sponding joint probability mass function to construct a separating hyperplane
argument. In this way, we are using existing coherence results for Bayesian
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networks to prove their counterparts for credal networks. Since we now know
that 7' is coherent, Proposition can now be taken to mean that Zg" is
the natural extension of .&/}".

Next, we turn to a factorisation result that is essential in order to prove
that 7" extends the local models and expresses all conditional irrelevancies

encoded in the network—satisfies Requirements (NTA)psp and (N1B)j33 The
proof for this result is given in Appendix [5.Afzg

Proposition 39. Fix any s € G, xp(y) € Zp(s) and g € (X (s))>0. Then for
every f € G(Z5):

g]I{xP(S)}f € @gr = fe @SJXP(.Y)'

Corollary 40. 21 satisfies Requirements (NTA)rsn and (NIB)zy Even
stronger: it holds for all s € G, xp(s) € Zp(s) and By(s) € Po( L s)) that:

margr(@grj {XP(S)} X BN(S)) = margx<@ngxP(s)) = QSJXP(S) .

Proof of Corollary[0} Fix any s € G, f € 9(Z5), xp) € Zp(s) and any
By(s) € Po(Zn(s))- Since Ip,, and 1 are elements of G (Zn(s)) >0, We in-
fer from Equation (#.6)ry7 and Proposition [39] that

f € marg (78 | {xp()} % By(y) € Ipy, Lxp 3 € 2
S f € Dy © Ui} € 76
& f € marg (Z¢ |xp(s))- O

Interestingly, although (NTA)rzy only requires marg (28" | xp(;)) to be a super-
set of the local model % pe)? they turn out to be equal.

At this point, we already know that _@gr is coherent and that it satisfies
Requirements (NTAJ3y and (NTB)jrz3. The final result of this section ensures
that Z¢" is the smallest set for which this is the case, or equivalently, that it is

irrelevant natural extension that we have been looking for.

Theorem 41. @iGrr is the smallest coherent set of desirable gambles on Z¢

that satisfies Requirements (NTA)zy and (N1B)3g

Proof of Theorem @] We know from Proposition [38] and Corollary [40] that
& = posi(&/y") is a coherent set of desirable gambles on 2 that satisfies

Requirements (NTA)sy and (NIB)s3 Because of Corollary [33zg, it is fur-

thermore the smallest coherent set of desirable gambles on Z¢ for which this
is the case. O
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By carefully going through the proof of Theorem [41]- and the proofs of the
results that it uses, one can furthermore see that if we were to replace Re-
quirement (NTB)33 with a weaker version that only imposes epistemic value-
irrelevance, the resulting irrelevant natural extension would be the same set
@g’ and would therefore still end up satisfying the strong version of Require-
ment that we are currently using. This is a nice example of how
imposing epistemic value-irrelevance can lead to epistemic (h-)irrelevance be-
ing satisfied ‘for free’.

5.4.2 For conditional lower previsions

Within the framework of lower previsions, the global model that corresponds
to a credal network is a coherent conditional lower prevision Pg(-|-) on
% (Z¢) that satisfies Requirements (N2ZA)rsy and (N2B)yr3z If such a model
exists—and we will show that it does—then, since coherence and both of
these properties are preserved under taking lower envelopes, there is a unique
most conservative—pointwise smallest—coherent conditional lower prevision
PI(-]-) on ¢(Z¢) that satisfies them both. We call this unique model the
irrelevant natural extension of the local models Py xp(s . The following results
show that this concept is strongly connected with its counterpart for sets of
desirable gambles.

Theorem 42. Let PII(-|-) be the irrelevant natural extension of local coher-
ent lower previsions Py, and let @‘" be the irrelevant natural extension of
- Dp

the corresponding local coherent sets of desirable gambles I,
Then PEE(-]") = P (-],

S T T hslepy”

Proof of Theorem[d2] Since we know that @iG“ is coherent and satisfies Re-

quirements (NTA)ryg and (NIBjsy [see Section [5.4.0jg it follows that

Py (-]-) is also coherent and satisfies Requirements (N2AJsy and (N2B)j33
This implies that PiT (- |-) < Pgin(-]").

Now let 2 be any coherent set of desirable gambles on £ such that
PI(-]) = Py (-]-) [there is such a set % because PI(-]-) is coherent].
Choose any s € G and xpy(;) € Zpy(s)- Since it follows from Require-

ments (N2A)zy and @m at P (f xPN(s)) = P (f1xp(5) = Py, ()
for all f € 9(Z5), we have that
QSJXP(,;) =9p

Sslepgs)

g @ﬁi;"('JXPN(S)) g margs(@GJ-xPN(s))a

where the last inclusion holds because it follows from P (- J) =Py, (-]-) that

the coherent set of desirable gambles marg (% |xpy(s)) has P Jxpn(s)) asits
lower prevision [see Section 4.2.3j1p3]] and because me (Jxpnie)) is the smallest

coherent set of desirable gambles for which this holds [see Equation Z:4)gT).
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5.4 THE IRRELEVANT NATURAL EXTENSION

Hence, we find that ]I{XP )} f €Y forall f € Yy, . Since this holds for all
s € G and xpy(5) € %FN , we find that _@gr = pom(,&% i) C 9P because Zg
is coherent, Wthh in turn 1mphes that B@é;"( 1) <Py (-])= PIT(-]). O

Proposition 43. Let @iG” be the irrelevant natural extension of local coherent
sets of desirable gambles Py and let P(-|-) be the irrelevant natural
extension of the correspondlng coherent lower previsions Py, o = Py .
1rr 5 S2p(s)
Proof of Proposition For each s € G and xp(,) € %p<x), consider the local
set of desirable gambles & ey = ‘@qup( C Yy p(s) . If we let .@i“* be the
irrelevant natural extension of these local models then @”T* is clearly a subset

of 9 [by monotonicity of irrelevant natural extension].
Consider any f € 25 and § € R.o. Due to Proposition @m, we know

that
f= Z Z ) H{ZPN(S)}fS’ZPN(s)’

s€G zpy(s) ELPN(s)

where, for all s € G and zpy(s) € Zpy(s), the gamble f&z;w@ is either zero or
an element of % Zp(s)? and at least one of them is non-zero. It is now always
possible to choose € € R~ small enough to guarantee that

Z Z H{ZPN(.V)} [fS‘ZPN(s) +e] < f+6. (5.3)

seG ZPN(s) € ’%PN(S)

For all s € G and zpy(y) € Zpn(s)» it follows from the coherence of 7, and

the fact that fy.,. € 95 U {0} that

I2p(s)

JZPS

ﬁ.YJZP (fS ZPN + 8) BQSJZP(_;) (fS-,ZpN<S) + 8) > 07

which implies that f; e TEE DS jz " Therefore, it follows from Equa-

tion (5.3), Proposition 36fzg and the coherence of 2.7 [see Proposition 3§y
that f 4 6 € 2. Since this holds for all 6 € R, we find that f € cl(Z5™).
Since this holds for all f € ZI, we find that ZI' C cl(Z2™), which in turn
implies that cl(Z) C cl(Z[7). Since we already know that 2™ is a subset
of 21, this allows us to infer that cI(ZF) = cl(Z). The proof now follows
from Theorem[#2], and Equation 2-8)gg. O

Similarly to what we found for sets of desirable gambles, a closer look at the
proof of Theorem [42] reveals that replacing Requirement with a
weaker version that only imposes epistemic value-irrelevance would result in
the exact same notion of irrelevant natural extension.

The importance of Theorem [d2] is that it allows us to—often trivially—
translate properties that we have proved—or will prove—for Z\ into prop-
erties of PI(-|-). As a first example, we translate Corollary into the
language of lower previsions.
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5.4 THE IRRELEVANT NATURAL EXTENSION

Corollary 44. For all s € G, xp(;) € Zp(s) and By(s) € Po(Z(s)), it holds
that:

P {xpi) ) X Bus)) = B5T(Jxp(s)) = Byjag
and . A

PET(-| - x{xps)} X By(s)) = P (-] - x{xp(s) })-

Proof of Corollary[4} Immediate consequence of Theorem A2}r3g and Corol-

lary A0fsg: O

The second expression in this result is to be expected, as it simply means
that Pi¥(-]-) satisfies Requirement (N2B)jr33. The first expression implies a
strengthened version of Requirement (N2ZAJrzp.

We end this section by showing that the irrelevant natural extension of
the local models is equal to the ‘normal’ natural extension of a set of global
assessments, obtained by extending the local assessments using epistemic ir-
relevance.

Proposition 45. Consider a conditional lower prevision Ps(-|-) with domain
€ ={(f,xpn(s)): s € G, f €G(Z5),Xpn(s) € Zpn(s) ) defined by

Py(flxpns)) = By, (f) forall s € G, f € G(25) and xpy(s) € Zpn(s)-

Let E(-|) be the natural extension of Pg(-|-). Then P& (-|-) = E¢(-]).

Proof of Proposition3] Since PIF(-|-) is coherent and, by Corollary {44} co-
incides with Pg(-|-) on its domain, Proposition 33 implies that &p,,(.)., is co-
herent, which in turn implies that E;(-]-) exists and is coherent and, by Propo-
sition Pz, that E¢(-]) < PIF(-]-).

For any s € G and any xpy(5) € 2pn(s), Equation (Z.12)gz now implies that
E(flxpnis)) = By(fxpn(s)) = Byjyy, (f) for all f € 9(Z5). Hence, since
Eq(-]) = BgPG " (+]-), an argument that is completely analogous to the one
that was given in the second part of the proof of Theorem A2y leads us to
conclude that ZF C &p,(.|) and therefore, that P <Eg(-]). O

5.4.3 For sets of conditional linear previsions

If we use the framework of sets of conditional linear previsions, the global
model that corresponds to a credal network under epistemic irrelevance is a set
M of conditional linear previsions Pg(-|-) on € (Z¢) that satisfies Require-
ments (N3A)zg and (N3B)rgz. The largest—most conservative—such set is
denoted by ///é” and is called the irrelevant natural extension of the local mod-
els A, Jepge) The following result establishes that this concept is equivalent to
the corresponding notion for lower previsions.
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5.4 THE IRRELEVANT NATURAL EXTENSION

Theorem 46. Let ,//{Ci;rr be the irrelevant natural extension of the local closed

and convex sets of linear previsions p(s and let PE(-|-) be the irrele-

vant natural extension of the corresponding local coherent lower previsions
. ir __ )

B‘VJXP(.;) = B »TJA'p(S) . Then % = %flér(J)

Proof of Theorem[d@6} Since PI(-]-) is coherent and satisﬁes Require-

ment (N2B)rgz, we know from the discussion in Section [4.3.4ro) that . i e J-

satisfies Requirement (N3B)rzy. It also satisfies Requlrement M}m
cause

margx(/// i (1)) Xp(s)) = ///E;"(JXP(S)) - //ZBSJXP(S) =My
where the first equality is a consequence of Equation @I T)yg, the inclusion
follows from the fact that P (-] -) satisfies Requirement (N2Alr37 and the last
equality holds because of the one-to-one correspondence between uncondi-
tional coherent lower previsions and closed convex sets of unconditional linear
previsions. Since ./Z}" is by definition the largest set of conditional linear pre-
vision on €' (Z¢) for which this is the case, this implies that .Z, pire(.]) C A

Conversely, since . satisfies Requirements (N3A)ry and (N3B)r,

its lower envelope P ///gr( J ) satisfies Requirements (N2A)rsy and (N2B)yrs3.
Since P (-]-) is the pointwise smallest coherent conditional lower prevision

on ¢ (Z¢) for which this is the case, this implies that P//,m( ) > Pi(-]),
which in turn implies that .Zj5 T C A, Pin(.]): O

Using this connection, we can translate—current and future—results for
PI(-]-) into analogous results for .#. The following intuitive characterisa-
tion of J//(i;“ is a first example, as it is basically a translation of Proposition
to the framework of sets of conditional linear previsions.

Proposition 47. A coherent conditional linear prevision Pg(-|-) on € (Zc)
belongs to A" if and only if

P(- |xpn(s)) € M)y, for all s € G and xpy(5) € Zpy(s)- (5.4)

Jxp(s)

Proof of Propositiond7] We define, for all s € G and xpN(s) € ZPN(s)>

P, Jrpg = P, VAR Since Jp) is assumed to be closed and convex, we
know that ./ x: 7 LN, which implies that Equation (3.4) is equivalent
to *

Ps('J.xPN(S)) > BSJXP(S) for all s € G and 'xPN(S) S '%-PN(S>' (55)

Consider now any coherent conditional linear prevision P5(-]-) on € (Z¢). We
need to prove that Pg(-|-) satisfies Equation (3) if and only if Ps(-|-) € AL

First assume that Pg(-]-) € ... By applying Theorem @ we find that
Ps(-]-) > P (-]-). Due to Corollary , this implies that Ps(-]-) satisfies

Equation (3.3).
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5.4 THE IRRELEVANT NATURAL EXTENSION

Next, assume that P;(-|-) satisfies Equation (3.3)~. Let Pg(-]-) and
E(-]-) be defined as in Proposition #5zm.  Equation (3.3)~ implies that
P;(-|+) dominates P;(-]-) and therefore, since P;(-]-) is coherent, that Pg(-|-)
dominates E(-]-), which means that P(-]-) € #g,(.|.) or, equivalently, by
Proposition @3y, that Ps(-]-) € .4, () BY applymg Theorem @6, we
find that Pg(-]-) € 45" - O

Our next result is the sets of linear previsions analogue to Corollary A0j3g. It
states—as is to be expected—that .Z} i satisfies Requirement (N3BJjrgz and a
strengthened version of Requirement @BII

Corollary 48. For all s € G, XP(s) S %p(s) and BN(S) S e@@(%N(x)), it holds
that:

marg (A" | {xp(s) } X By(s)) = marg (AG" |xp(s)) = M),
and

margS (A" ||[{xp(s)} % By(s)) = margS (A" ||xp(s))-

Proof of Corollary[48] Tmmediate consequence of Theorem 6] and Corol-

lary B, m

5.4.4 For sets of full conditional probability mass functions

Within the framework of probability mass functions, the global model that
corresponds to a credal network under epistemic irrelevance is a set .%g of
full conditional probability mass functions on %, (Q) that satisfies Require-
ments and (N4B] The largest such set is called the irrelevant
natural extension of the local credal sets Z Jxp(s) . It is connected to the corre-
sponding notion for sets of conditional linear prev1si0ns in the following trivial
way.

Proposition 49. Let ﬁgr be the irrelevant natural extension of the credal sets
Ty Jep(s and let /// be the irrelevant natural extension of the corresponding
local sets of linear previsions M & A . Then F§; ire J//[m

Proof of Propositioni49} This is an immediate consequence of the one-to-one
correspondence between (conditional) linear previsions and (full conditional)
probability mass functions. O

The following two results are direct translations of Proposition 47 and
Corollary 48] to the language of sets of full conditional probability mass func-
tions.

Corollary 50. A full conditional probability mass function pg(-]-) on €.(Zc)
belongs to F§" if and only if

ps(-Jxpn(s) € gﬂm( forall s € G and xpy(5) € Zpn ()
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5.4 THE IRRELEVANT NATURAL EXTENSION

Proof of Corollary[50}~. Immediate consequence of Proposition A9] and
Proposition @7z O

Corollary 51. For all s € G, xp(;) € Zp(s) and By () € Po(Z(s)), it holds
that:

marg, (F§" | {xp(s)} X Bn(y)) = marg (F& [xp()) = Fy Jeps)

and
marg{ (Zg' |[{xp(s)} X By(s)) = margg(Fg' ||xp(s))-

Proof of Corollary[51] Immediate consequence of Proposition A9]. and
Corollary 8]... O

5.4.5 Bayesian networks as a special case

Let us now focus on an important special case. Consider the framework
of sets of full conditional probability mass functions and, for all s € G and
Xp(s) € Zp(s)» let ﬁijp(s) = {pSJxP(S)}, where Pslxps) is a probability mass

function on Z;. It then follows from Corollary that a full conditional
probability mass function pg(-|-) on €, (Z¢) belongs to %" if and only if

Ps(xsJxpy(s)) = Pslxp) (xs) for all s € G, xpy(5) € Zpn(s) and x5 € Z5. (5.6)

For readers who are familiar with the theory of Bayesian networks [64}[78}82]],
this requirement should ring a bell. It is well-known to imply that

pc(xg) = Hps(x‘ijpw) = Hpijpm (x;) for all xg € Zg. (5.7
seG seG

which is the celebrated factorised form of the joint probability mass function
for a Bayesian network. In other words, in this particular case, the uncondi-
tional part ZIT| 25 of ZI consists of a single probability mass function on
Z ¢, which is identical to the joint probability mass function of a Bayesian
network with local models p; Jepey» 8 given by Equation (5.7). For this rea-
son, the theory of credal networks under epistemic irrelevance can rightfully
be referred to as a generalisation of the theory of Bayesian networks.

The main generalisation consists in introducing imprecision, but it is not
the only one. In the particular case that we are discussing here, where the local
models are precise, our approach is still more general than that of Bayesian
networks, because we regard conditional models as primitive notions. For ex-
ample, in our framework, for any pg(-]-) € ZLT, the local model p Jxpsy CAN
always be recovered from the global model pg(-]-): it is equal to ps(- |xp(y))-
For Bayesian networks, because they do not consider full conditional probabil-
ity mass functions, this is only possible if ppg)(xp(5)) > 0. More generally, for
every Bg € Zy(Zc), pc(-|-) provides us with a conditional probability mass
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function pg(-]Bg). For Bayesian networks, this is only the case if pg(Bg) > 0.
Of course, some of this extra conditional information may not be fully deter-
mined by Equation (5.6) ~. If that is the case, then ﬁci;“ will consist of multiple
full conditional probability mass functions. Nevertheless, as discussed above,
they will all have the same unconditional part. In the framework of Bayesian
networks, this unconditional part is taken to constitute the complete model,
whereas we consider the—possibly imprecise—conditional information to be
part of the model as well.

5.5 OTHER APPROACHES AND HOW THEY ARE RELATED

Bayesian networks can be generalised to allow for imprecision in many differ-
ent ways. The focus of this chapter has been on one specific approach—credal
networks under epistemic irrelevance—and, in particular, on the correspond-
ing irrelevant natural extension. In the next two chapters, we present a detailed
study of the properties of this irrelevant natural extension and we show how
these properties can be used to develop algorithms. However, before we do so,
we now take a step back and compare our approach to other types of credal
networks.

Let us start with the name ‘credal network’, which, according to our find-
ings, first appeared in Reference [55]], where it was used to refer to what we
now prefer to call the complete extension of a credal network, as discussed be-
low. Cozman [16,(17]] extended the scope of this terminology and used it as a
generic name for structures that associate convex sets of probability measures
with DAGs or, in other words, to refer to generalisations of Bayesian networks
that use convex sets of probabilities. Today, the theory of credal networks no
longer restricts attention to sets of probabilities but considers other imprecise-
probabilistic frameworks as well, such as sets of desirable gambles [|31}76] and
lower previsions [27,42].

The most straightforward way to develop an imprecise-probabilistic ver-
sion of a Bayesian network is to consider a set of Bayesian networks instead of
a single one. The elements of such a set have the same graphical structure but
their local conditional probabilities may differ. Equivalently, we consider a set
Z of joint probability mass functions on # such that, for every s € G, Xpy )
is completely independent from X, conditional on Xp(,); see Section For
obvious reasons, we call this a credal network under complete independence.
Starting from local credal sets .Z; Jeps)? the corresponding largest set of joint

probability mass functions on 2 is given by [55]]

FEM = { I1ps Xp (Xs)+ (Vs € G)(Vxp(s) € Zp(s)) Psjxpy € Pl }
seG

We call it the complete extension of the local sets 7 bl This approach is

highly intuitive if the ideal of precision is adopted. The idea is then that there
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is an underlying true Bayesian network for which, for some reason, the local
models are only known to belong to a set of candidates .7 xpy) ALE partially
specified. It seems reasonable to model this type of uncertainty by means of a
set of Bayesian models.

However, credal networks under complete independence are almost never
considered. Instead, the large majority of results have been developed for
credal networks under strong independence; Reference [2] provides a recent
overview of related literature, containing numerous references to algorithmic
developments, practical applications, and so on. On that approach, .%¢ is taken
to be closed and convex and it is assumed that, for every s € G, Xpyy) 18
strongly independent from X, conditional on Xp(y) or, equivalently, that the ex-
treme points of % correspond to Bayesian networks with the same graphical
structure. In other words: a credal network under strong independence is the
convex hull of a credal network under complete independence. In particular:
the strong extension .7, "¢ of a collection of local credal sets 7, 15 equal
to the convex hull of their complete extension .7 &°™.

It is unclear to us why credal networks under strong independence are more
popular than credal networks under complete independence, and similarly for
the corresponding extensions. We presume that this is due to a desire to keep
convexity, which, in many fields, is known to lead to more efficient computa-
tions. However, in the case of credal networks, it has already been shown in
Reference [55] that this does not lead to computational savings: for many com-
monly considered parameters of interest—such as posterior lower and upper
probabilities—it makes no difference whether we compute them with respect
to the complete extension or its convex hull—the strong extension. Hence, in
this case, enforcing convexity seems to serve no purpose. Combined with the
fact that complete extensions have a clear and intuitive sensitivity analysis in-
terpretation, which strong extensions do not have, we see no reason to keep on
favouring the latter approach.

Although the complete and strong extensions are named after the corre-
sponding imprecise-probabilistic notions of independence and—as we have
done—can be defined in terms of them, this is usually regarded as being of
minor importance. The crucial feature of credal networks under complete and
strong independence is that they can be defined in terms of sets of Bayesian
networks. Not only does this make these approaches familiar, it also helps
in the development of theoretical results and algorithms. The corresponding
concepts for Bayesian networks can be used as a starting point, and the ideas
behind them can be adapted to an imprecise-probabilistic setting. In fact, much
of the research on credal networks has been concerned with doing exactly that,
and we believe this to be one of the main reasons for the popularity of strong
extensions.

In his seminal paper [|16], Cozman approached the topic of credal networks
from a different angle. He moved the focus away from sets of Bayesian net-
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works and instead suggested that imprecise-probabilistic notions of indepen-
dence should play a more central role. In our opinion, one of his most im-
portant insights was that the generalised notion of natural extension that was
discussed in Section [4.577 can be applied in the context of credal networks;
our developments in this chapter serve as a nice example of such an approach.
Also, instead of restricting attention to imprecise-probabilistic notions of in-
dependence that are based on stochastic independence—such as complete and
strong independence—Cozman advocated the use of epistemic irrelevance and
epistemic independence. This led him to introduce two new types of credal
networks: credal networks under epistemic irrelevance and credal networks
under epistemic independence [|16}35]].

The theory of credal networks under epistemic irrelevance that was put
forward by Cozman [|16] can be regarded as a precursor to the one that we pre-
sented in this chapter. The basic idea is exactly the same: for all s € G, Xy,
is taken to be epistemically irrelevant to X, conditional on Xp(y). These struc-
tural assessments are combined with local direct assessments and the unique
most conservative model that satisfies them both—the irrelevant natural exten-
siois then considered. The difference between our approach and that of
Cozman is that he only considers the framework of sets of probabilities and
that he makes the simplifying assumption that every event has strictly positive
lower probabilityE] The main contribution of this chapter consists in dropping
these restrictions

The idea behind credal networks under epistemic independence is similar.
The only difference is that epistemic irrelevance is replaced by epistemic in-
dependence: for all s € G, Xy(y) is taken to be epistemically independent to X
conditional on Xp(5). The most conservative global model that satisfies these
independence assessments and that is furthermore compatible with a given col-
lection of local models is called the independent natural extensionﬂ[ﬂ A prob-

4Cozman simply refers to it as the natural extension; we prefer to distinguish it from other
types of natural extension by adding the prefix ‘irrelevant’.

3 Another difference is that he uses epistemic value-irrelevance instead of epistemic h-
irrelevance. However, as far as the definition of the irrelevant natural extension is concerned,
this makes no difference; see the comments after Proposition[f3zg and Theorem[@2frg. The main
advantage of epistemic h-irrelevance—besides its philosophical superiority—lies in the fact that it
allows us to state more powerful properties for this irrelevant natural extension; see Chapter @@

%Moral [[76]] already considered the framework of sets of desirable gambles. However, he uses
a more stringent notion of epistemic irrelevance than we do. As a result, his theory can only be
applied to a restricted subset of DAGs; see Section|[6.5.4frrg for more information. For the special
case of credal networks under epistemic irrelevance that have a tree topology, the framework of
lower previsions was already considered in Reference [42].

"Reference [16] refers to it as the natural extension. We prefer to distinguish it from other
types of natural extension by adding the prefix ‘independent’; see Footnote [4] as well. Refer-
ence [[35] calls it ‘the extension based on epistemic independence’ or ‘the epistemic extension’.

8This name is also used to refer to the most conservative so-called independent product of a
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lematic feature of this independent natural extension is that, in general, it has
no—known—closed-form expression. We believe this to be one of the main
reasons why credal networks under epistemic independence have received al-
most no attention; to the best of our knowledge, References [16]] and [35] are
the only exceptions.

Credal networks under epistemic irrelevance have received considerably
more attention [6}1627,[28,30,31,35[421/67,76]], and—in our opinion—rightly
s0. On the one hand, from a philosophical point of view, credal networks un-
der epistemic irrelevance share the advantages of epistemic irrelevance that we
discussed in Section f.4jz5 Most importantly: the irrelevant natural exten-
sion has a clear and intuitive definition that does not require an assumption of
ideal precision. On the other hand, from an algorithmic point of view, initial
results indicate that the irrelevant natural extension allows for efficient com-
putations. If the topology of the network is a tree, there is a polynomial-time
updating algorithm that can compute posterior beliefs about a single target
variable conditional on the observation of others [42]. We believe this to be
promising, especially since the same inference problem is NP-hard for credal
trees under strong independence [67]]. Other promising algorithmic develop-
ments have also been made—in part by us—for the special case of imprecise
hidden Markov models under epistemic irrelevance [6}30].

Despite these advantages and promising algorithmic developments, the
majority of research on credal networks is still concerned with credal networks
under strong independence. This is nicely illustrated by the fact that a recent
overview paper [2] deals almost exclusively with credal networks under strong
independence; credal networks under epistemic irrelevance are only mentioned
in passing. Nevertheless, they are regarded as a promising new subfield that
requires—and deserves—further research [2, Section 10.6]. One of the main
persisting problems is that—except for networks that are sufficiently small or
have a tree topology—no efficient, exact or even approximate inference algo-
rithm is available for the irrelevant natural extension. We believe that this is
to a great extent due to a profound lack of known theoretical properties. In
the next chapter, we start to remedy this situation by conducting a thorough
theoretical study of the properties of the irrelevant natural extension.

5.A° PROOF OF PROPOSITIONS 38| AND 39

Our proof for Proposition 387 (and Theorem [53fzg) uses the following con-
venient version of the separating hyperplane theorem. This result has been

collection of local models; see Section and Foomote Given that this most conserva-
tive independent product is equal to the independent natural extension of a credal network under
epistemic independence—or epistemic irrelevance—that consists of disconnected nodes, there is
no clash in terminology.
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proved in Reference [45, Lemma 2]; we repeat its statement here to make this
dissertation more self-contained.

Lemma 52. Consider a finite subset </ of 9(%Z). Then 0¢ () if and
only if there is a probability mass function p on Z such that, for all f € <7,
P(f) =Y cap(x)f(x)>0and, forallx € Z, p(x) > 0.

Proof of Proposition3§n Since, by Proposition 37yg, 21" = &), we
know that ZI" is coherent if and only if it satisfies [D1} which states that 0
cannot be an element of Z;". So assume ex absurdo that 0 € Z5". We will
show that this leads to a contradiction.

Since 0 € , we know from Proposition @m that

=) Y Lo 1 fs.zoncs) (5.8)

SGGZPN( )GJPN( 5)

where every f;.,, ., is an element of 7 slzpge) Y {0} and at least one of them is
non-zero. We now construct, for every s € G and zp() € Zp(y), a finite subset
of the local model % 2h(e)’

¢ JZP ={/ xen(s) - XPN(s) € ZPN(s)> Xp(s) = Zp(s) A fixpy ) 7 0}.

Since %, Pls
implies that 0 ¢ posi(a7

, 1s coherent, we have that 0 ¢ D) ZP( ) posi(@sjzp(s)). This in turn

U%(%)>) : &(/9 ), because both .27

SJZ SJZP(s) s)2p(s
and ¥4 (%)~ are subsets of 9 s and we can therefore apply Lemma
This yields, for every s € G and zp(;) € Zp(,), a probability mass function
Ps(-zp(s)) on Z5 with associated linear prevision Py(-]zp(,)) on &(Z5) such
that ps(zs]zp(y)) > 0 for all z; € 25 and Py(g|zp(5)) >0 for every g € 'Q(sjz,»

The trick is now to create a Bayesian network that has the conditional prob-
ability mass functions py(-|zp(y)) as its local models and has the same graphi-
cal structure as our credal network under epistemic irrelevance. Let pg be the
global probability probability mass function of this Bayesian network and let
Pg be the corresponding linear prevision. We then find that

Pe (f) = Z Z F (H{ZPN(S)}vaZPN(s))

‘YGGZPN(S)E'/UZ'PN(S)

:Z Z Pi(zpn(s)) P (fssz JZPN ))

s€Gzpy(s) ELpN(s)

=Y Y  Pozenis)Ps (fs,,zPN(S)JZP(s))a

SEGZPN(S) E‘%}’N(j')

where we have applied Bayes’s rule and the conditional independencies en-
coded in the graph. Since all the local probabilities ps(-]zp(y)) are strictly
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positive, this is also true for the global ones and we therefore find that
PG(zpn(s)) > 0. For the previsions Py(fi,z,y,,, 2p(s)), there are two possibilities.
The first possibility is that f;.-,. = 0, in which case Ry(fy,ZPN(S)JzP(S)) =0. The
second possibility is that fiz,,, € VQZY(J)ZP“), in which case Py(fs.zpy,) 12p(s)) > 0.
Since at least one of the gambles fY~ZPN(s) in Equation (5.8) ~ has to be non-zero,
it is not possible that Py (fwPN(S)sz(S)) = 0 for all gambles f;,,, and we can

therefore conclude that P;(0) > 0. However, the coherence of P implies that
P5(0) = 0, a contradiction. O

Since Proposition [55j37 generalises Proposition B9g without building
upon it, it is not necessary to provide Proposition 393g with a separate proof.
However, we feel that the complexity of the proof for Theorem 5355 (which
is essential for the proof of Corollary [54frsg and therefore also for the proof
of Proposition [5357) obscures the ease with which Proposition 39sg can be
proved. We therefore choose to provide Proposition 39sg with a proof of its
own. As it makes use of so-called maximal sets of desirable gambles, a concept
that has not been introduced yet, we provide a short introduction here.

A coherent set 2 of desirable gambles on 2" is called maximal if it is not
included in any other coherent set of desirable gambles on 2~—in other words,
if adding any gamble f to & makes sure we can no longer extend the resulting
set ZU{f} to a coherent set of desirable gambles. Maximal sets of desirable
gambles have a number of useful properties. For example, a coherent set 2 of
desirable gambles on Z"is always the intersection of all the maximal coherent
sets Z* of desirable gambles on 2 that include it; see Reference [47]]. In other
words, f € 2 if and only if f € 2* for every maximal coherent set 2* O 9.
As a consequence, we have the following separation property: if a gamble
f €Y (Z) is not an element of Z, there is at least one maximal coherent set
7* 2 9 for which f ¢ 2*. Another useful property is that maximal sets of
desirable gambles resolve points: for any maximal coherent set & and any non-
zero gamble fin 4 (2"), either f or — f is an element of Z; see Reference [14]).

Proof of Proposition39mg Fix any s € G, g € 9(Zy(5))>0, f € Y(Z;) and
Xp(s) € Zp(s)- '

We begin by proving that f € %), =~ implies g]I{xP(S)} fegg. Asex-
plained in the main text of Section [Ei)_l]]:g] and in the proof of Proposi-
tion @@, it holds for any xy(,) € Zy(y) that ]I{XPN(S)} f is an element of Z7".

Hence, since g = ZxN(s)e'%N(x) g(xN(s))H{xN(s)}, we get that

Sliptf = X 80w i1 f

N (s) ELNGs)

is a finite strictly positive linear combination of elements of @iGIT. Hence, since
PE is coherent [see Proposition@tm] we find that g]I{xP(v)} fegg.
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Next we prove that f ¢ 7, Jeps) implies gH{xP } f ¢ L. The case f =0 s
trivial because g]I{xp y f is then equal to zero, Wthh cannot be an element of
9‘” due to its coherence see Proposmon@m If f # 0, we start by applying
some of the properties of maximal coherent sets of desirable gambles that were
introduced in the text preceding this proof. Due to the first property, we can
infer from f ¢ 9 that there is at least one maximal set of desirable gam-

bles @S*JXP(.Y) D) @WP for which f ¢ Qij
the fact that f # 0, thls in turn implies that f € 9, J xp(s)”
by Z5™ the set that is obtained by Equation (5.2)3g if we replace the local

*

model % Jps) by the specific maximal superset &, Jxpe)” It should be clear that

JXP(
. Due to the second property and

. We will now denote

@gr* ») @iGrf. Next, since —f € @S*JXP( ) it follows from a similar argument as
the one that was used in the first part of this proof that g]I{xP(S)}(— f) € .
Hence, due to the coherence of 2, g]I{xP(S)} fé @ic”* and therefore, since
D8 2 D¢, we find that gll{xp(x)}f ¢ D5 O
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6

THEORETICAL PROPERTIES

“One cannot really argue with a mathematical theorem.”

Stephen Hawking

Some of the results in the previous chapter already illustrate that the prop-
erties of the irrelevant natural extension are not limited to the ones that are
needed and/or used to define it; see for example Proposition [39g and Corol-
laries and [d4fzm. However, so far, we have merely scratched the surface
of what can be done. As we are about to show, the irrelevant natural extension
satisfies numerous other, and often surprisingly strong, theoretical properties.

Our main technical achievement is a separating hyperplane result. As
we will see, it can be used to establish various connections between the ir-
relevant natural extension of a network and those of its subnetworks, includ-
ing marginalisation, factorisation and external additivity properties. Another
important consequence is an analogon of the classical result for Bayesian
networks that d-separation implies independence. In our case, the symmet-
ric notion of d-separation is replaced by an asymmetric version, called AD-
separation, and epistemic irrelevance takes the place of independence. We also
establish connections between the irrelevant natural extension and the notions
of marginal extension and independent natural extension and discuss some
properties of the updated models that result from applying regular extension
to the irrelevant natural extension. Published versions of some of this material,
be it in a less developed and/or general form, can be found in Reference [31].
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6.1 CLOSED SETS AND THEIR PROPERTIES

6.1 CLOSED SETS AND THEIR PROPERTIES

The different attributes of nodes s € G that were introduced in Section [5.1jzg,
such as its parents P(s), its descendants D(s), etcetera, can also be defined
for subsets of G. For any subset K of G, we define its set of parents as
P(K) = (Usex P(s)) \ K and its set of children as C(K) = (U, C(s)) \ K.
We also let D(K) := (Useg D(s)) \ K be its set of descendants and define its
set of ancestors as A(K) = (U;ex A(s)) \ K. The non-parent non-descendants
of K are given byﬂN(K) =G\ (P(K)UKUD(K)) = N,ex N(s) and we also
define PN(K) := P(K) UN(K).

In general, PN(K) cannot be referred to as the non-descendants of K since
P(K) and D(K) are not necessarily disjoint. We call those subsets of G for
which they are disjoint closed: a set K C G is closed if, for all s,# € K and any
k € G such that s C k C ¢, it holds that k € K. For these closed subsets K of G,
we find thaﬂ P(K)ND(K) =0 and therefore that PN(K) = G\ (KUD(K)).
Hence, for closed sets K C G, PN(K) can rightfully be referred to as the non-
descendants of K.

A set K C Gis called ancestral if A(K) = 0—if it includes the ancestors of
each of its elements—or, equivalentlyﬂif P(K) = 0—if it includes the parents
of each of its elements. An ancestral set is always closed and, for any closed
set K C G, PN(K) is an ancestral setﬂ

Example 4. We illustrate these notions in Figure [6.1}. It depicts the same
DAG as the one that was shown in Figure[5_Ijr, but now focuses on the closed
subset K = {ss,57,59} of G—depicted in boldface. For this subset, we find
that P(K) = {s3,54}, D(K) = {s3,s10} and N(K) = {s1,52,56}, implying that
P(K)ND(K) = 0. The set PN(K)—the shaded nodes—is an ancestral set.

With a subset K of G, we can also associate a so-called sub-DAG of the
DAG that is associated with G. The nodes of this sub-DAG are the elements
of K and the directed edges of this sub-DAG are those edges in the original
DAG that connect elements in K. For a sub-DAG that is associated with some
subset K of G, we will use similar definitions as those for the original DAG,
adding the subset K as an index. As an example: for all k € K, we denote by
Px (k) the parents of k in the sub-DAG that is associated with the nodes in K.
It is not hard to see thatﬂ Px(k) =P(k)NK and P(k)\ Px(k) = P(k)NP(K).
Similar definitions can be given for Dk (k), Nk (k), PNk (k) and Ak (k). In the
same way, for subsets S of K, we consider the sets Px(S), Dg(S), etcetera.

A proof for the last equality can be found in Lemma ‘m in Appendix .

o.M

3See Lemmal77(iv in Appendix m il

4See Lemma|77] Vim and Lemma [7&(iv gy in Appendix respectively.
>See Lemma 7653 in Appendix

2See Lemma[7§(i)gy in Appendix
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6.2 A FUNDAMENTAL SEPARATING HYPERPLANE RESULT

K = {s5,57,50}

P(K) = {s3,54}
D(K) = {ss,s10}
N(K) = {Sl,S27S6}

Px(s7) = {ss}
D (s7) = {s0}
N[((S7) =0

Figure 6.1: Example of a sub-DAG of the DAG in Figure [5.Ijr3g,

Finally, Ro(K) := {s € K: Px(s) = 0} is the set of root nodes of the sub-DAG
that corresponds to K.

Example 5. Consider again the DAG in Figure[6.1|and consider the sub-DAG
that is associated with K = {ss,57,59} C G—depicted in boldface. We find that
P]((S7) = {Ss}, D[((S7) = {89} and N]((S7) =0. <>

These concepts we have just introduced have many properties, which, if the
actual graph is drawn, are often very intuitive. However, in general, for an
abstract DAG, it can be rather cumbersome to check them or work with them;
Appendix [6.Ajrgy| gathers some technical lemmas that provide proofs for nu-
merous useful results related to DAGs.

6.2 A FUNDAMENTAL SEPARATING HYPERPLANE RESULT

As explained in the previous section, a subset K of G can be associated with
a so-called sub-DAG of the original DAG. Similarly to what we have done
for the original DAG, we can consider the irrelevant natural extension of this
subnetwork. All that we need to be able to do so is local models. One particular
way of providing these local models is to derive them from the ones of the
original DAG. We start by explaining how this works within the framework of
sets of desirable gambles.

In that case, we need to provide, for every s € K and zp, (;) € Zp, (), a local
set of desirable gambles 7 els)? whereas the original local models are of the
form %, o Hence, if we want to identify the new local models with the orig-
inal ones, we need to come up with a method for choosing the value zp(y)\ py (5)
of the remaining variables. We will do this in a specific way: by fixing a value
xp(k) € Zp(k) for the variables that are associated with the parents P(K) of K.
Since P(s) \ Pk (s) is a subset of P(K), this provides us, for every s € K, with
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6.2 A FUNDAMENTAL SEPARATING HYPERPLANE RESULT

P(ss) = {s3} K = {s5,57,59}
PK(Ss)Zo P(K)Z{S3,S4}
P(ss)\ Px(ss) = {s3}

P(S7) = {S47S5}
Pi(s7) = {ss} Pss = Dol

P(s7) \ Pk (s7) = {54} -

‘@57J2s5 = gsﬂ (ZSS vx&‘4)

/s— )
P(Sg) = {S7} XS;\E,A\\ P 5
P (s9) = {s7} \\3\/3—4\)// 5925,
P(s9) \ P (50) = 0 2

Figure 6.2: Local models for a sub-DAG: an illustration of Equation (6.T).

the value zp()\ pg(s) = Xp(s)\Px(s) that was missing, and thereby allows us to
identify the local model 7., (5 of the sub-DAG with the local model %
of the original DAG, by lettmg Zp(s) = (Zpg(s)»XP(s)\ P (s))-

This approach can be briefly summarised as follows: for any subset K of
G and any instantiation xpg) € Zp(x) of Xp(g), we construct a collection of
local models for the sub-DAG that corresponds to K, by defining, for all s € K
and Tpg(s) © '%PK(S):

Zp(

Djep ) =2 ©6.1)

812pg (s) 5] z2pg (5) 7 XP(s)\Py (5))
The following example illustrates this method for constructing the local models
of a sub-DAG.

Example 6. Consider again the DAG in Figure and the sub-DAG that
corresponds to the closed subset K = {ss,57,59} of G. In order to construct a
collection of local models for this sub-DAG, we fix some value xp(x) € Zp(x)
for the variables that are associated with the parents of K. Equivalently, since
P(K) = {s3,54}, we fix values x,, € Zs, and x;, € Zy,. We can now construct
local models by means of Equation (6.1). For the node ss, we obtain an un-
conditional local model 9s; = Y| Yoy For the node s7, this yields, for every
753 € A5, a conditional local model P, | g = Dy, J(zsgoiny)* Finally, for the
node sg, we obtain, for every zy, € Zy,, a conditional local model | z5; . Fig-
ure provides a graphical representation of the construction of these local
models. O

For every K C G and xp (k) € Zp(x), we can now use these local models to
construct an irrelevant natural extension for the subnetwork that corresponds
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6.2 A FUNDAMENTAL SEPARATING HYPERPLANE RESULT

to the set K. By applying Equation (5.2)j3g, we find that the resulting model is
given by

;{rij(IO = posi( IngXP(K))’ (6.2)
with
Igfx‘”(’() = {H{ZPN }f s € Ky zpng(s) € Zpng(s) [ € D) 1 (@ ()% )\PK<))}'
(6.3)

If K is an ancestral graph—if P(K) = 0—then we do not need to fix a value
xp(k) € Zp(k) for Xp(k), as it is deterministic. We will then use @}gr and ,;zfli(”
as shorthand notations for 9}5)@ and gfli(jrx@.

A question that now naturally arises is whether the irrelevant natural ex-
tension of these subnetworks, as given by Equation (6.2), can be related to the
irrelevant natural extension @m of the original network. The following sep-
arating hyperplane result establishes that, for subsets K of G that are closed,
this is indeed the case.

Theorem 53. Let K be a closed subset of G and consider any xp(x) € Zp(x)
and nonzero f € 9(Zk) and h € G(Zpn(k)) such that f ¢ @‘“x &) and

h¢ 9115;/ () Then for all f, € 95" and g € 9(Zy(x))>0, there is a lmearpre—
vision Pg on 9 (%) such that P(;(f*) >0, Ps(h) < 0 and PG(g]I{xP<K)}f) <0.

Our proof for this result is long and complicated, and has therefore been
moved to Appendix [6.Bjrgg. Nevertheless, the main idea is very simple. Sim-
ilarly to what we have done in the proof of Proposition 3§37, we construct a
joint probability mass function pg to perform the separation. The correspond-
ing linear prevision Pg characterises a hyperplane { /' € 4(%2¢): Ps(f') =0},
with normal pg, that separates f, from A and g]I{xP K} f. However, in contrast
with the proof of Proposition 387, a factorising probablhty mass function is
not sufficient to perform this separation, and this renders constructing pg a
complex and extremely elaborate task.

We consider Theorem [33]to be one of the main technical achievements of
this dissertation. Almost all the results in the present chapter can ultimately
be traced back to this single theorem. However, in its current form, it is rather
technical. Theorem |53|clearly establishes some connection between the irrele-
vant natural extension of the original network and that of its subnetworks, but it
is hard to get a feeling for what it actually means. The following rather straight-
forward corollary expresses this connection more intuitively, and serves as
a first—and crucial—step towards even stronger—and clearer—connections,
such as the ones in Propositions [55]., and [5Gjsg.

Corollary 54. Let K be a closed subset of G and consider any f € 4 (Zx),
he9(Zpn)) 8 €Y (Xnk))>0 Xp(k) € Zp(k)- Then

fé¢ ziﬁx},( . and h ¢ Dpyiy = h+ 8l ) f ¢ 26
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6.3 FACTORISATION AND EXTERNAL ADDITIVITY

Proof of Corollary[54 Assume that f ¢ 2 Jx and that h ¢ @}ff\, and let
fe=h —|—g]I{xP }f €Y (Z¢g). Assume ex absurdo that f, € @gr If we let

o froir0 L [ ithgo L [e ifg 0
-1 iff=0, —1 ifh=0 1 ifg=0,

then f' # 0, k' # 0 and g’ € 4(Zy(k))>0. The coherence of 9}5@ and
@PN( &) implies that /e 9}(% ) and ' ¢ _@}f[{/( x)- Therefore, Theorem

provides us with a linear prevision P; on ¥ (%) such that Ps(fs) >0,
Po(i') < 0 and Pg (gL, ) f') < 0. If hh =0, then Pg(h) = P5(0) = 0. Oth-
erwise, Pg(h) = Pg(h') < 0. In any case: Pg(h) <O0. If f =0 or g =0, then
Pg(gﬂ{xp([()}f) = PG(O) = 0. Otherwise, PG(gH{xP(K)}f) = PG(g/H{xP(K)}f/) <0.
In any case, PG(gH{xP(,()} f) <0. Due to the linearity of Pg, this implies that
Ps(f+) <0, a contradiction. O

6.3 FACTORISATION AND EXTERNAL ADDITIVITY

The first important types of consequences of Theorem [33] are factorisation
and (external) additivity properties, which are crucial for the development
of efficient algorithms)’| The following generalisation of Proposition

[with K = {s}] is a first example of a factorisation property; it will turn out to
constitute the basis for many of the later results in this chapter.

Proposition 55. Let K be a closed subset of G and consider any f € 9 (Zk),

K) € <%fp(K) and g € g(gbrN(K))>(). Then

irr irr
gH{XP(k)}f S K|xp(k)
Proof of Proposition53] Due to Corollary[54], [with & := 0] we already know
that f ¢ }(rjxp(m implies gll;,, w0} f ¢ 2. Hence, we only need to prove that
O T 1 1 1T
fe QKJXP(K) implies g]I{xP(I?)}f € 9g.

By the coherence of Z" and the definition of 2 ;frjx - and 9 (Zyk))>0
we can assume, without loss of generality, that f € ;zi it [Equatlon 63) ~1
and g = H{ZN(K)}, with ZNK) € EKN( K)- Since f € Jylrr . we know that
f= H{ZPNK(S)}f’ for some s € K, zpng(s) € Lpng(s) and e 9y, ) with
Zp(s)\Pe(s) = *P(s)\Pc(s)- We need to prove that H{ZN(K)}]I{XP(K)}]I{ZPNK(J)}f G 9};”.

By Lemma [7qjz7,

Lep) = Wenmeio Hepe ) = Mmoo Hare ) = Lapprnp ) Hepe )

6See for example the algorithms in Sections m-; mg
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and therefore

H{ZN(K)}]I{XP(K)}]I{ZPNK(s)}f/ = H{ZN(K)}]I{XP(K)}]I{ZPK(S)}]I{ZNK(.Y)}f/
= H{ZN(K)}]I{XP(K)\P(.Y)}H{XP(K)ﬁP(s)}H{ZPK(S)}]I{ZNK(X)}*}( /
= H{ZN<1<) }H{XP(K)\P(S) }H{ZP(S) }H{ZNK(S) 1/ '
= H{ZN(K)}]I{XP(K)\P(S)}H{ZNK(S)}H{ZP(S)}f/ = g/]I{ZP(s)}f/’

where g’ : ) This means that we are left to prove

{ZN(K)}' {XP(K)\P(S)} {ZNK s
that g/ ]I{ZP<S)} f' € 2% . We have already explained in Section and in
the proof of Proposition that, for all yy(5) € Zy(y)» H{yN<S>}H{ZP(S)}f' 7
because e J2p(s)° Therefore, the desired result follows from the coherence
of 5" because, since Lemma implies that N(K), P(K) \ P(s) and
Nk (s) are pairwise disjoint subsets of N(s), we know that g’ is a finite (and
non-empty) sum of indicators ]I{yN(S)}, YN(s) € ZN(s)- O

Before we can formulate similar results in terms of other frameworks, we
first need to extend our method for constructing the irrelevant natural extension
of a subnetwork.

The main idea is identical. We fix a value xp(x) € Zp(k) for the variable
Xp(k) that corresponds to the parents of some subset K of G, and we use this
value to define a collection of local models for the sub-DAG that corresponds
to K. For every s € K and zp,(5) € Zp(s), the corresponding local model is
defined as

Bojero = Bolteagtpmronn) 64
or

iz = sl o i) 6.5
or

Fslzng) = Fol o o)’ 6.6)

depending on the framework that is adopted. Once we have these local models,
we can consider their irrelevant natural extensions, which we will denote by
BII?JXP(K) , M Igjxp(m F I‘JLP(K) , respectively.

The following result is a first example of how these irrelevant natural ex-
tensions of subnetworks are related to those of the original network. It can
be regarded as a translation of Corollary 54jrsg and Proposition [33] to the
framework of coherent lower previsions. The proof can be found in Ap-

pendix [6.Clrog

Proposition 56. Let K be a closed subset of G and consider any f € 9(Zx),
XP(]() S %p([(), gc g(%—N(K))ZO and h € g(%p]v(]()) Then
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6.3 FACTORISATION AND EXTERNAL ADDITIVITY

Bi(r;r(h+g]l{x ) = Poviy (h+ 811, }PKJX (f))~

The practical significance of this result is that it allows us to split a global
computational problem—evaluating Pg—into two smaller ones—evaluating

E;M X) and P‘"J . For h = 0, we obtain factorisation as a special case.

Corollary 57 (factorisation). Let K be a closed subset of G and consider any
fe %(%K), Xpk) € ,/ﬁbrp(l() and g € g(%N(K))ZO' Then

Birr PN (K )( g]I {XP } ) PlrrJ

. (1) P, ()=
Pt () P,

() i P, (NS

PE (8l g3 /) = w

0
0.
(K)
Proof of Corollary[57) This is an immediate consequence of Proposition [56]
[with & = 0], the coherence of B}ﬁrN( K) |g;;; and conjugacy. O

The following result—and its proof—nicely illustrates how Corollary |57| al-
lows us to reduce a global optimisation problem into smaller subproblems.

Proposition 58. Consider any xg € Z¢. Then

P1 HPSJXP (xs) andPG XG) HPSpr<) Xs)
seG

Proof of Proposition[58 For every s € G, it follows from Corollary 4y and
conjugacy that BISTXP(S) (x5) = ijxp(s> (x;) and Pstp )(xs) = stxp(x) (x;). If G
contains only a single node s—if G := {s}—this already establishes the re-
sult.

For |G| > 1, we provide a proof by induction. The induction hypothesis is
that the result holds for all credal networks with less than |G| nodes. Let ¢ be
an arbitrary leaf of the DAG of the network [every DAG has at least one leaf].
Then D(¢) = 0 and therefore also PN(¢) = G\ {¢}. Since coherence [Clig
implies that Biﬁrxp( )(H{xs}) > 0, we infer from Corollary[57|that

P& (x6) = P& (Ixgy) = PG (1) Ui )P, L))
= P\ 1 (%a\(1) )Bisrfxp(x) (xs)
= P&\ (1} (X6 (1) Py (35)-
The first equation of this corollary now follows from the induction hypothe-

sis. The proof of the second equation is completely analogous—after applying
conjugacy—and is therefore omitted. O
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For P(K) = 0, we obtain external additivit)ﬂ as another important special case
of Proposition 5633

Corollary 59 (external additivity). Let K be an ancestral set—a closed subset
of G such that P(K) = 0—and consider any f € 9(2k) and h € G(Zy(x))-
Then

1rr(h+f) Plrr )(h)+P1rr(f)

Proof of Corollary[59 This is an immediate consequence of Proposmon[%]
[with g = 1] and the coherence of Pl N(K)

Analogous results can be obtained in terms of sets of linear previsions and
sets of probability mass functions, in a trivial way, by interpreting P‘(r;r as the
lower envelope of ///C‘;“ or . zi, and similarly for Prr PN(K)’ P

L Py
K|xp)> —N(K)’
P and P, Jxpgk) b S€€ Theorem 7 and Proposition

6.4 CONDITIONING, MARGINALISATION AND IRRELEVANCE

The factorisation and external additivity properties in the previous section al-
ready illustrate that for closed subsets K of G, the irrelevant natural extensions
of the corresponding subnetworks—one for every xp(g) € Zp(x)—are related
to that of the original network. The following result makes this connection
even clearer: the irrelevant natural extension of these subnetworks can be ob-
tained by conditioning and marginalising the irrelevant natural extension of the
original network.

Corollary 60. Let K be a closed subset of G and consider any xp(g) € Zp(x)
and BN(K) S @0(%]\/([{)) Then

margg (78" {xpx)} % By(x)) = ;;jxp(,()
and ‘ ‘

Py (-] - > {xpii) } X Buii)) = PR, (1)
and

marg (A |[{xpx)} X By(x)) = ] K Jxp)
and

marg (& || {xpx) } X B)) = yIi(rerP(K)-

"We use this terminology because this property is a generalisation of the (strong) external
additivity property discussed in Reference [46]]; see Section[6.6j7q and Footnote [2]jrz as well.

160



6.4 CONDITIONING, MARGINALISATION AND IRRELEVANCE

Proof of Corollary[60]~. Consider any f € ¢(Zk). Since L5y, is an element
of 9(Zn(k)) >0, we find that

f € marg (28 [{xpx)} X Byx)) < Ly Lpe 1/ € P& & fe g}grjxl,(,{)

where the two equivalences follow from Equation (.67 and Proposi-
tion 0357, respectively. This already implies the first equality of this corol-
lary. The second equality is a consequence of the first, Theorem @23y and
the discussion after Equation @.13)rg- The third equality follows from the
second and Theorem A€y and 33 The final equality is a consequence
of the third equality, Proposition A9y and the discussion at the end of Sec-

tion .2 4o O

In order to illustrate the generality of this result, let us consider the
special case where K is an ancestral set. It then follows from Corol-
lary that, for example, margK(ﬁ(l;‘T) and Z\I' are equal, which im-
plies that their unconditional parts—marg% (.%¢) | 3&” k =margg (ZI| Z¢) and
FiIr| Xk, respectively—are equal as well. This result has already been proved
by Cozman in Reference [16, Theorem 15]@ under the assumption that all
lower probabilities are strictly positive. Here, we recover it as a particular
special case.

As illustrated by our next result, Corollary [60]~ also implies a number of
irrelevancies. For now, this can be regarded as being of minor importance:
we will show in the next section [see Corollary [6Ggg] that the irrelevant natu-
ral extension satisfies many more irrelevancies than the ones in the following
corollary.

Corollary 61. For all closed sets K C G, the irrelevant natural extension satis-
fies the following irrelevance statement: IR(N(K),K | P(K)). In other words,
for any xpgy € Zp(k) and By € Po(Zy(x)), we have that

margK(@iG”J {xP(K)} X BN(K)) — margK( 1rerP

and
Py (-] X{XP(K)} X BN(K)) =Pg(-]- X{XP(K)})
and
mafgl((///lrr“{xp(m} X BN(K)) = margg (4, m“xP )
and

marg (F& | {xp(x) } X Bx)) = margg (FE |xpx))-

8Reference [[16] refers to an ancestral set as a top-subnetwork.
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Proof of Corollary[61]~. By applying Corollary [60fzg twice, we find that

margK(@ng {xP(K)} X BN(K)) = 9}5){ :margK(@ngxP(K))7

P(K)
where we let By k) = Zy(x) for the second equality. This already estab-
lishes the first equation of this corollary. The other three equations now follow
from Theorems f@2)r3g) and f6j;, Proposition 9y and the discussion in Sec-

tion 4.3 .4g. O

6.5 SEPARATION PROPERTIES

In probabilistic graphical networks that are defined by means of a symmetrical
independence concept, d-separation [57,(78]] is a very powerful tool. On the
one hand, this separation concept is purely graphical, as it is defined solely in
terms of the DAG of the network. On the other hand, for Bayesian networks,
it is guaranteed to imply probabilistic independence of the variables that are
associated with the separated nodes. This is rather remarkable, as it allows us
to verify independencies without resorting to numerical computations.

In graphical networks that adopt an asymmetric notion of independence,
such as credal networks under epistemic irrelevance, d-separation cannot be
expected to have a similar property, because d-separation is symmetric. If d-
separation were to imply epistemic irrelevance, it would imply that epistemic
irrelevance is—in this context—symmetric, which is clearly not the case.

Nevertheless, separation properties that are similar to those of Bayesian
networks can still be obtained. We will replace d-separation by an asymmetric
alternative, called AD-separation, and will show that for the irrelevant natural
extension, this new notion of separation implies epistemic irrelevance.

6.5.1 Asymmetric D-separation

Asymmetric versions of d-separation have already been proposed in the liter-
ature. Moral [76] speaks of asymmetric D—separatiorﬂ (AD-separation) and
Vantaggi [[100H103]] has introduced the very similar L-separation criterion.
Here, we will not use any of these existing concepts, but choose to introduce
a slightly modified version. Borrowing Moral’s terminology, we will call it
AD-separation (asymmetric d—separation)m We prefer our version because

9Judging by the references he provides [[78}79], Moral actually seems to mean asymmet-
ric d-separation rather than asymmetric D-separation; D-separation is an enhanced version of d-
separation that allows for deterministic nodes [[58]]. However, since d-separation is a special case
of D-separation, the term asymmetric D-separation (AD-separation) does not produce a conflict in
terminology and we choose to adopt it as well.

10We prefer Moral’s terminology over the one by Vantaggi because (i) we think that the term
asymmetric d-separation really captures the meaning of the concept and (ii) the L in L-separation
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our definition is weaker than—in the sense that it is implied by—Moral’s AD-
separation, slightly more genera than Vantaggi’s L-separation and yet, it has
stronger properties than both of these other concepts.

Consider any path si,...,s, in G, with n > 1. We say that this path is
blocked by a set of nodes C C G whenever at least one of the following four
conditions holds:

Bl. 51 € C;
B2. there is a node s;, with 1 < i < n, such that s; — 5,11 and s; € C;

B3. there is a node s;, with 1 < i < n, such that s;_1 — s; < si+1, 5; ¢ C and
D(S,') NC=0;

B4. 5, €C.

In Moral’s version of AD-separation, the notion of a blocked path is very
similar. The only difference is condition[BT] which he strengthens by requiring
that s; — s. Clearly, our condition is implied by Moral’s. Vantaggi uses the
same notion of blocked path as we doPZ] but leaves out conditions and
They are redundant in her case, because she does not need to consider cases
where s; or s, are elements of C

Example 7. Figure[6.3| illustrates how each of the blocking conditions BT}
can block a path. The examples for BI| and [B4] are straightforward. Note
that in the example of B2} the crucial point is the arrow between s3 and ss. If
that arrow were reversed, the path would no longer be blocked. In the example
of it is essential that ss, s¢ and s7 are not elements of C. If any of them were,
the path would not be blocked. Notice also that the path in the example for[BI]
is not blocked according to Moral’s version of AD-separation, the reason being
that the arrow between s3 and s; is pointing in the wrong direction.

We are now ready to define the important concept of AD-separation.

refers to the logical constraints that can be imposed in Vantaggi’s framework, which do not seem
relevant for our current purposes. It is however important to keep in mind that our notion of AD-
separation is different than the one by Moral. We consider the resulting conflict in terminology to
be minor, especially since our version of AD-separation is implied by Moral’s version.

1T At least as far as the sets on which it can defined is concerned: L-separation is only defined
for pairwise disjoint sets. We should however mention that, if one restricts oneself to pairwise
disjoint sets, Vantaggi’s L-separation criterion is more general than ours because it also includes
the possibility to include logical constraints, which our notion of AD-separation does not.

12 At first sight, it might seem as if she does not; loosely speaking, the confusion arises because
she applies her definition to the reversed path.

13Because L-separation is defined for pairwise disjoint sets only; see Definition .
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§3 4— §) —> S4 §3 — 83 — 55

D(ss5) = {s6,57}
C={si}

§2 — 83 — 85 < 54 S| —> 83— 8

Figure 6.3: Illustration of paths that are blocked by conditions [BI],.{B4].~.

Definition 3 (AD-separation). Consider (not necessarily pairwise disjoint)
subsets I, S and C of G. Then I is AD-separated from S by C, denoted as
AD(I,S | C), if every pathi=sy,...,sp =5, n > 1, from any node i € I to any
node s € S, is blocked by C.

Figure provides an example of AD-separated sets.

Moral and Vantaggi define their separation criteria in much the same way.
The only difference with Moral’s version of AD-separation is his notion of a
blocked path, as explained earlier. Clearly, AD-separation in Moral’s sense
implies AD-separation in our sense. The difference with Vantaggi’s criterion
is that L-separation is defined for pairwise disjoint sets only. Notice that if
we restrict ourselves to pairwise disjoint sets, AD-separation (both our version
and the one by Moral) is identical to L-separation

4Making abstraction of the logical component of L-separation.
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1= {s3,56,512,514} AD(1,S| C)
S = {s1,57,5}
C = {s1,55,56} G = {51,52,53,54,55,56,57,58,59,510,511,512,513,514, 515 }

Figure 6.4: Illustration of AD-separation

Like d-separation, AD-separtion satisfies a number of graphoid proper-
ties [[78]], which can be used to infer new separations from separations that
were already known. Since symmetry is not satisfied—AD(Z,S | C) is not
equivalent to AD(S,I | C)—the other graphoid properties [see Theorem
now come in different versions, depending on the order of the first two argu-
ments in AD(-, - | -) [22]. Redundancy has two versions. Decomposition and
Weak union come in four different versions, and contraction and intersection
can even be stated in eight different ways. However, for each graphoid prop-
erty, only two versions make sense. The ‘direct’ version, which is how they
are usually stated, and the ‘reverse’ version, where the order of the two first
arguments has been reversed in every instance of AD(-, - | -). We will refer to
the resulting ten properties as the asymmetric graphoid properties.

Theorem 62. AD-separation satisfies all asymmetric graphoid properties. For
any subsets I, S, W and C of G.E]

Direct redundancy: AD(/,S |1)

Reverse redundancy: AD(/,S | S)

15We follow Reference [22] in naming these properties. Moral [76] uses almost the same
terminology; the only difference is that he interchanges the meaning of direct and reverse inter-
section; see Footnote [Tqrgg as well. Vantaggi [T01] uses a different terminology: for example, her
notion of reverse decomposition refers to a property denoted as (I UW, S|C)% = (I,S|C)L;, which
seems similar to our notion of reverse decomposition, but actually, corresponds to what we call
direct decomposition, since, loosely speaking, Vantaggi reverses the order in which 7/ and S occur
in the notation. Care should therefore be taken in comparing results.
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Direct decomposition: AD(I,SUW |C) = AD(I,S|C)

Reverse decomposition: AD(IUW,S |C) = AD(I,S|C)

Direct weak union: AD(I,SUW |C)= AD(I,S|CUW)

Reverse weak union: AD(JUW,S|C)= AD(I,S|CUW)

Direct contraction: AD(/,S|C) & AD(I,W |CUS) = AD(I,SUW |C)
Reverse contraction: AD(/,S|C) & AD(W,S|CUI)= AD(IUW,S|C)
Direct intersection: if SNW = 0, then

AD(I,S | CUW) & AD(I,W | CUS) = AD(I,SUW | C)

Reverse intersection: if INW =0, then

AD(I,S|CUW) & AD(W,S | CUI) = AD(IUW,S | C)

This result—and our proof for it in Appendix [6.Dpgr—is very similar to,
and heavily inspired by, the work of Vantaggi [101}, Theorem 7. I]E] The main
difference is that Vantaggi does not include the two redundancy properties,
since L-separation is defined only for pairwise disjoint subsets I, S and C of G.
Moral’s version of AD-separation does not require /, S and C to be pairwise
disjoint, but it does not satisfy direct redundancy, and proofs for a number of
other properties are not given [76, Theorem 4].

The following two results provide an alternative characterisation for
AD-separation. The first one shows that, as far as checking AD-separation
is concerned, we can restrict attention to pairwise disjoint sets I,S,C C G. The
second result establishes that, for such pairwise disjoint sets, AD-separation
can be characterised in terms of closed subsets of G. The proof for Theo-
rem [64]. requires a few additional technical results and has therefore been

relegated to Appendix [6. By

Proposition 63. Consider any subsets I, S and C of G. Then

AD(1,8 | C) < AD(I\C,S\ C | C) and (I\C)N (S\C) = 0.

16We provide a direct proof for Theorem. However, as suggested to us by Barbara Van-
taggi, our result can probably be derived as a corollary of Reference [|101, Theorem 7.1] as well.
A possible way of doing so could be to first prove (direct and reverse) redundancy and decom-
position (which is trivial) and to use these properties to try and infer (direct and reverse) weak
union, contraction and intersection from their ‘pairwise disjoint’ versions (which were proved by
Vantaggi in Reference [[101, Theorem 7.1]).
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Proof of Proposition[63]. First assume that AD(I,S | C). This clearly implies
that AD(I\ C,S\ C | C) because AD-separation satisfies direct and reverse de-
composition [see Theorem. This in turn implies that 7\ C and S\ C are
disjoint, because otherwise, any element ¢ € (I\ C) N (S\ C) would be a trivial
path from 7\ C to S\ C—containing only the single node 7—that is not blocked
by C, thereby contradicting AD(I\ C,S\ C | C).

Next, assume that AD(I\ C,S\ C | C) and that I\ C and S\ C are disjoint.
Consider any path fromi€ltos € S. If i € C or s € C, this path is trivially
blocked [due to [B1frgz or [B4frgg, respectively]. If i ¢ C and s ¢ C, then i € I\ C
and s € S\ C, which implies that the path is blocked by C because we know
that AD(1\ C,S\ C | C). O

Theorem 64. Consider pairwise disjoint subsets I, S and C of G. Then
AD(I,S | C) if and only if there is some closed subset K of G such that S C K,
P(K) CC, 1< N(K) and D(K)NC = 0.

6.5.2 Graphoid properties of credal networks

The main reason why we have introduced AD-separation is because credal
networks under epistemic irrelevance satisfy a property that is very similar to
the classical d-separation result in Bayesian networks: for the irrelevant natural
extension of a credal network, AD-separation implies epistemic irrelevance. In
order to prove this, the starting point is the following factorisation property.

Theorem 65. Consider any pairwise disjoint I,S,C C G such that AD(I,S | C).
Then for all xc € Z¢, § € 9(Z1)>0 and f € G(Zs):

g]I{xC}f S .@iGrr = H{xc}f S .@(i;rr.

Proof of Theorem[63] 1t follows from Theorem [64]that there is a closed subset
K of Gsuchthat S C K, P(K) CC,I C N(K) and D(K)NC = 0. By combining
Lemma [7§(ijrgg with the fact that P(K) C C and D(K) NC = 0, we infer that
Lxey = H{XCmN(K)}]I{XP(K)}H{XCmK}' Now let g" := g]I{XCmN(K)}’ g = ]I{XCmN(K)} and
J' =T 1 f> then

8Lt = &lixcri o Wt} = 8 apip
and
/

LieetS = Ly ltpep Mt f = 8 L 3 f

Since ' €9 (2k), &' €9 (Xn(x))>0 and g" € 4 (Zy x))>0, We can now apply
Proposition [53z7 twice to find that

g]I{xC}f S @gr = g/H{xP(K)}f/ S @iGrr = f/ S Q}gij(K)

& & N1 f € 28 & Loy f € 76
O
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Using this factorisation property, it is now fairly easy to prove that AD-
separation implies epistemic irrelevance.

Corollary 66. Consider any pairwise disjoint sets 1,S,C C G such that
AD(I,S | C). The irrelevant natural extension then satisfies the irrelevance
statement IR(1,S | C): for any xc € Z¢ and By € Py(Z7), we have that

margs(Z¢' | {xc} x By) = margs(Z¢'|xc)

and A A
Pg*(-] - x{xc} x Br) = Pg' (] - x{xc})
and ' _
margs(4g' |[{xc} x Br) = marg§ (43" ||xc)
and

marg§(F¢ || {xc} x Br) = marg§(F¢ |lxc).

Proof of Corollary|66] Consider any f € ¢4(Zs). Since Ip, is an element of
4 (271)>0, and because AD(I,S | C), we can apply Theorem and Equa-

tion (4.6 to find that

f € margg(Z8 | {xc} x Br) & Ig Iy f € D
= H{xc}f S @lcrr & fe margs(.@icrrjxc).

This concludes the proof for the first equation of this corollary. The other three
equalities now follow from Theorem @2r5g and @G, Proposition B9y and
the discussion in Section .34 O

This result can be regarded as a generalisation of Corollary [6ljy [see
Lemma [82g3]. From a practical point of view, the significance of Corol-
lary [66] is that it allows us to detect epistemic irrelevancies in the joint model
in a purely graphical way, without resorting to numerical computations; all we
have to do is check for AD-separation.

6.5.3 On the relevance of graphoid axioms

Graphoid properties are not only associated with graphical separation criteria.
They can also be applied to notions of independence. In that context, these
properties are often regarded as axioms that a notion of independence should
satisfy, and it has become common practice to compare different notions of
independence by means of the graphoid axioms that they satisfy.

For example, for epistemic irrelevance, one could wonder whether the op-

erator IR(-, - | - ) satisfies the properties that were proved to hold for the oper-
ator AD(-, - | -) in Theorem [62fg5. It turns out that some of them are indeed

satisfied. For example, it follows easily from the definition of epistemic h-
irrelevance that this notion of independence satisfies decomposition and weak
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union, in both their direct and reverse form. It could be argued—and we would
agree—that this is a reason for preferring epistemic h-irrelevance over epis-
temic value- or subset-irrelevance, because, if the conditioning events have
zero lower probability, epistemic value- and subset-irrelevance may start to
fail some of these properties

However, we think that care should be taken in regarding graphoid proper-
ties as axioms. Although we agree that it is reasonable to require any notion of
independence to satisfy decomposition and weak union, this is no longer ob-
vious for some of the other graphoid properties. Consider for example direct
contraction. If we were to impose that epistemic irrelevance should satisfy this
graphoid property, this would mean that

IR(1,S | C) and IR(I,W | CUS) = IR(I,SUW | C) (6.7)

Consider now the framework of sets of desirable gambles and, for simplicity,
let C = 0. The left-hand side of the above implication then holds if and only if,
for all By € Py(Z1):

margg( 26 |Br) = margg(Zc) and margy (Z¢|{xs} x Br) = margy (2 |xs).

In other words, if we let Zs |, := margg w (Zc]Bi), then margg(Zsuw|s,)
and margy, (Zsuw g, ]xs) do not depend on B;. According to Equation (6.7),
this should then imply that Zs |, is independent of B;. We do not consider
it reasonable to enforce this, because it would mean that Zs |, should be
fully determined by margg(Zsuw |5,) and margy, (Zsuw |5, Xs) or, more gener-
ally, that for any combination of a belief model for Xg and a belief model for
Xw conditional on X, there is only one compatible belief model for Xg . It
is well known that, in general, this is not true for imprecise-probabilistic belief
models. We think that this is perfectly normal, and that there is no fundamental
reason why such a property should hold. For that reason, we consider it unrea-
sonable to regard direct contraction as an axiom. A similar argument can be
used to question direct intersection as a reasonable axiom. It is therefore not
surprising that many notions of epistemic irrelevance and epistemic indepen-
dence do not satisfy these graphoid properties; see for example Reference [22]].
Moral’s version of epistemic irrelevance in Reference [[76]] is an important ex-
ception because it does satisfy direct contractionEg] However, this comes at a
serious cost. We discuss this further in Section [6.5.4]~ ; for now, it suffices to
say that on Moral’s version of epistemic irrelevance, it is impossible for two
variables to be mutually irrelevant, except in some degenerate cases.

17Reference [22] provides some examples for epistemic value-irrelevance.

18Moral also proves that it satisfies direct intersection, but his terminology differs from ours as
well as from that in Reference [22]. Moral’s notion of direct intersection is what we call reverse
intersection. We prefer our terminology because of the obvious similarity between what we call
direct contraction and direct intersection.
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In any case, regardless of whether or not we regard graphoid properties as
axioms that a notion of independence should satisfy, they are definitely useful
from a computational point of view. For example, in Bayesian networks, the
proof for the counterpart to Corollary [6sg—with AD-separation replaced by
d-separation and epistemic irrelevance replaced by stochastic independence—
makes use of the fact that—given some positivity assumptions—stochastic in-
dependence satisfies all graphoid properties [[78]. By applying these properties
to the independence assessments that are used to define a Bayesian network,
one can infer new independencies, and those are exactly the ones that corre-
spond to the d-separations in the DAG of a Bayesian network.

If one tries to mimic this approach in our context, then since epistemic ir-
relevance can fail some of the graphoid properties, one might (erroneously) be
led to suspect that Corollary [66sg cannot be proved. In fact, we believe that
this might be one of the main reasons why a result such as Corollary [6g
has thus far not appeared in the literature on credal networks. However, as
our proof for Corollary [6Ggg) illustrates, it is not necessary to make use of the
graphoid properties of epistemic irrelevance: our proof for Theorem 63g7—of
which Corollary [6Gzg) is a straightforward consequence—only uses Proposi-
tion 5337 and a number of properties of AD-separation. At no point does it
invoke graphoid properties of epistemic irrelevance.

We conclude from all this that there is no need to focus on notions of in-
dependence that satisfy as many graphoid properties as possible, such as, for
example, complete independence. It is neither compelling from a philosophical
point of view—because some of the graphoid properties do not seem to make
reasonable sense as axioms of independence—nor necessary from a practi-
cal point of view—because it might be, and actually is, possible to provide
alternative proofs. In principle, any intuitive notion of independence can be
used to construct an uncertainty model. From a practical point of view, the
mathematical properties of the resulting model are more important than the
graphoid properties of the notion of independence that was used to construct
it. Graphoid properties can serve as useful tools for proving such mathemat-
ical properties, but—as we have illustrated—other approaches can be equally
successful.

6.5.4 A crucial difference with earlier work by Moral

Readers who are familiar with Moral’s results in Reference [76]] may have no-
ticed the similarity between Reference [76, Theorem 5] and the first equation
in Corollary [6Gzg. The main difference between our approach and Moral’s
approach, besides the fact that we use a slightly different separation criterion,
is that he enforces a more stringent version of epistemic irrelevance than we
do. He calls X; epistemically irrelevant to Xs if and only if marg; (Z¢) is
the unique smallest set of desirable gambles on Z7s that has marg; (%) and
margg(Pg) as its marginal models and according to which X; is irrelevant to
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@g@@

Dy, 7
Figure 6.5: Example of a credal network consisting of disconnected nodes

Xy in our sense. He refers to our concept of irrelevance as ‘weak’ epistemic ir-
relevance. Consequently, Moral’s results in Reference [|76|] are not applicable
to all directed acyclic networks. As a simple example: his concept of irrel-
evance does not allow for two variables to be mutually irrelevant, except in
some degenerate uninformative cases. Therefore, his results cannot be applied
to a network consisting of two unconnected nodes. More generally speaking,
we believe that his results can only be applied to networks where every pair of
nodes is connected by means of a directed path.

6.6 THE INDEPENDENT NATURAL EXTENSION

Let us now consider the special case of a credal network for which the under-
lying DAG has no edges or, equivalently, consists of disconnected nodes only;
Figure [6.5] provides an example with four nodes. Every node has then nei-
ther parents nor descendants. Consequently, for every s € G, the local model
PDs—or P, M or .Z;—is unconditional and all the other nodes are non-parent
non-descendants: N(s) = G\ {s}. Hence, in this particular case, it follows
from Equation that

@iGrr = pOSi({H{ZG\{S}}fI seQqG, 2G\{s} S %G\{s}a fe @S})

The right-hand side of this equation is equal to the independent natural exten-
sio of the local models %, s € G, denoted by ®cc%Zs (45, Equation (18)],
which was defined in Reference [45] as the most conservative independent
product of the local models Z;, s € G, meaning that it is the smallest coherent
set 7 of desirable gambles on 2 such that marg (Z) = %, for all s € G and
such that Xj is epistemically value-irrelevant to Xs for all disjoint subsets I and
S of G. We conclude that for the particular case of a credal network that has no
edges, the irrelevant natural extension @gf is equal to the independent natural
extension ®;cg ;. Therefore, the properties that we have established—or will
establish—for @ic" can be translated—trivially—to properties of ®SGG@SFEI

19Not to be confused with the notion of independent natural extension that was discussed in
Section [5. 575 However, given that the notion of independent natural extension that we consider
here is a special case of the one in Section[ﬁm there is no conflict in terminology.

201n fact, many of our results for Ojg‘ can be regarded as generalisations of results that were
proved to hold for ®;cc%; in Reference [45]. For example, Proposition 15 in Reference [45]]
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Since the ideas in Section are basically an extension of those in Ref-
erence [45]], this is of course not that surprising.

A similar connection can be established in terms of lower previsions.
Again, consider a credal network that consists of disconnected nodes. For
every s € G, the local model is then a coherent lower prevision P, on ¢4 (%Z5).
Due to the coherence of the local lower previsions, we can assume without loss
of generality that, for all s € G, P, = Py, with & a coherent set of desirable
gambles on Z;.

The independent natural extension QgccP, of the local lower previsions
P, s € G, is defined as the most conservative coherent lower prevision P; on
4 (%) that has P, as its marginal models and that satisfies a specific set of
independence assessments; see Reference [46| for an exact definition. Loosely
speaking, X; should be epistemically value-irrelevant to Xg for all disjoint sub-
sets I and S of G. However, since P;—and ®;ccP,—is taken to be an uncon-
ditional lower prevision on ¢ (.Z) instead of a conditional lower prevision on
€ (Zc), our notion of epistemic value-irrelevance needs to be replaced by a
more cumbersome version.

In any case, for our present purposes, it suffices to know that ®scgP; is

equal to Py .5 [45, Theorem 21]. Combined with Theorem @@] and the
fact that 21" = ®,c %, this implies that, for credal networks that consist of
disconnected nodes, the unconditional part PI'(-) := Pi¥(-] Z¢) of the irrel-
evant natural extension P (-]-) is equal to the independent natural extension
®secPy of the local models Py, s € G. Consequently, our results for Jg can
be used—often trivially—to obtain new properties—or alternative proofs for
‘old’ properties—of ®S€G£SEF] The following two properties are important
examples. For all s € G, consider a gamble f; € 4 (Z5). Then

RsecPy ( Y f> =Py ( Y f> =Y PJ(f)

s€G s€G s€G

and, if there is some 7 € G such that f; > 0 for all s € G\ {r}, then also

is a special case of Proposition [3§y7, Proposition 17 and 18 in Reference [43] are both implied
by Theorem [6{jgn and by combining Theorem fTj3g with Corollary [6Tjrz we can generalise
Theorem 19 in Reference [45]. Furthermore, the associativity result in Reference [45} Theorem 20]
can be regarded as a special case of Proposition [67].: it suffices to apply Proposition [67]-, to a
DAG consisting of two separate, disconnected sub-DAGs, each of which consists of disconnected
nodes only.

21 For example, Proposition 13 in Reference [46] is basically a consequence of Corollary&j]
and the fact that Eg(»j -) is coherent, Theorem 18 in Reference [46] is a consequence of Corol-
lary 59 [with & = 0], and the (strong) factorisation and (strong) external additivity properties
in Reference (46} Theorems 22 and 24 and Proposition 27] can be derived from Corollaries [ﬁ@]
and 5Ygg, respectively. Furthermore, the associativity result in Reference (46} Theorem 23] can
be regarded as a special case of Proposition [67]: it suffices to apply Proposition[67], to a DAG
consisting of two separate, disconnected sub-DAGs, each of which consists of disconnected nodes
only.
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®S€GPS(Hfs> Pm(nﬂ) _ )H?EG\{t}ﬁs(f) lth(fl) = 0;
s€G s€G (f)nseG\{t}P (fs) it P(f) <0.
Due to Corollary B4jr, these properties are trivial consequences of Corollar-
ies 5759 and 59 They are extremely closely related—almost identical—to
properties that were referred to as external additivity and factorisation in Ref-
erence [46].

The definition of the independent natural extension can also be applied to
‘local’ models that depend on more than one variable. Consider a partition
Gi,...,Gp, of G and, for every i € {1,...,m}, a coherent set &; of desirable
gambles on & (%) or a coherent lower prevision P; on ¢ (Z¢,). Again, with-
out loss of generality, we can assume that P; = Py, foralli € {1,...,m}. If we
regard &;—or P;—as the local model of a variable X; := X, that takes values
in Z; .= Zg,, we can apply the same concepts as above. In this way, the inde-
pendent natural extension of the sets of desirable gambles %;, i € {1,...,m},
is equal to

®" | 9; = posi ({H{ZG\Gi}f: ie{l,...,m}, 26\G; € eff/l/(;\Gl., fe _@,})

and the independent natural extension ®7',P; of the lower previsions P;,
ie{l,...,m} is given by @ |P; := Pgn g, Furthermore, if f; € Y (Zs,)
foralli € {1,...,m}, then

o, P,»( zﬁ) —Y P ©.8)
i=1 i=1

and, if there is some j € {1,...,m} such that f; > O foralli # jin {1,...,m},
then also

Pi(f) [] B(fi) ifP;(f;)>0
m 1§i§m
®§-”_1P,~(Hﬁ> = i ' (6.9)
‘ Pi(fi) 1 Pi(fi) it P(fy) <O.
1<i<m

i#]

Our next two results show that the connection between the irrelevant natu-
ral extension of a credal network and this notion of independent natural exten-
sion goes much further than the simple case that was discussed in the beginning
of this section. The following proposition is proved in Appendix [6.Fpag.

Proposition 67. Consider a partition Gy, ...,G,, of G such that P(G;) = 0 for
alli € {1,...,m} or, equivalently, let the DAG of the complete network consist
of m separate, disconnected sub-DAGs, each of which has G; as its set of nodes,
forie{1,....,m}. Then ¢ = @, D¢t and PE () = QL PE().
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opirr
Z

@
Gi = {s1,52,53} @

= {S4,S5,S6,S7}

@irr — @i @nr

G = {51,52,53,54,55,56,57 }

Figure 6.6: A simple illustration of Proposition[67]-

Figure [6.6]illustrates this result with a simple example. It should be clear that
the connections that were established earlier in this section—I% = Qe Ys
and P = ®secP,—correspond to special cases of Proposition@ The
following corollary generalises this proposition even further.

Corollary 68. Consider a closed subset K of G and a partition K, ...,K,, of
K such that Px(K;) = 0 for all i € {1,...,m} or, equivalently, let the sub-DAG
that corresponds to the set K consist of m separate, disconnected sub-DAGsg,
each of which has K; as its set of nodes, fori € {1 .,m}. Then P(K;) C P(K)

fqr allie{l,... ,m}' and, for all xp(x) € Zp(k)* lrjx o = "y }ngP(K.) and
irr () — i pirr () !
=K |xp(k) =15K; [ xp(x,)

Proof of Corollary[68] Fix i € {1,...,m} and consider any s € P(K;). Then
there is some g € K; C K such that s € P(g) and s ¢ K;. Due to our assumption
that Px(K;) = 0, this implies that s ¢ K. Since g € K, this allows us to infer
that s € P(K). Hence, for all i € {1,...,m}, we have that P(K;) C P(K).

The rest of the proof is now a dlrect consequence of Proposition [67]~. It
suffices to apply Proposition [67]~ to a credal network that has the sub-DAG
associated with K as its graphical structure and whose local models are given

by Equation (6-T)33 or (6-dsg O

Figure[6.7], illustrates this result with a simple example.

Results that are analogous to Proposition [67]~ and Corollary [68] can
also be obtained in terms of sets of linear previsions and sets of probabil-
ity mass functions, in a trivial way, by defining ®" ,.#; .= ///®m and

m g 1B
QL Fi=Fen s, = Fom Py

22Choose m = |G| and let the sets G; be singletons, each of which contains a different s € G.
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G= {Sl,S2,53,S4,S5,S6,S7,Sg,Sg} @ @;{”
IJXSS
K = {s4,56,57,58} @
P(K) = {s3,s5}
(/"\ (/"\// (/"\
Ky = {56,538} 2 A8 RN
At oIt
P(K;) = {ss} SN
o ) irr
K2 = {S47S7} (:SLI/) @ @K2J<x53-,xx5)
PK(Kz) =0
_ irr __ opirr irr
P(K2) - {SSaSS} @Kj(xag-,xas) = Klesg ®@K2j(xx3,x35)

Figure 6.7: A simple illustration of Corollary [68]-

7 @—>® gij,

Figure 6.8: Example of a credal network with two nodes and one edge

6.7 A CONNECTION WITH MARGINAL EXTENSION

Another important special case are credal networks whose graphical structure
consist of two nodes—G = {t,s}—and a single edge, as depicted in Figure[6.8]
In this particular case, we use Z; © %)y, as an alternative notation for @gr. It
follows from Proposition [3Gzg that

Dy ®9sj)(, = {f € %(% X %)\{0} f=rr +Zx,e% ]I{x,}fij,v (6.10)
fi € 2U{0}, (Vxi € 23) iy € Du u{O}}.

In its current form, this expression does not seem all that useful. The reason
why we introduce a special notation for it is because the corresponding lower
prevision can be evaluated very easily.

Proposition 69. Consider a coherent set 9, of desirable gambles on Z; and,
forall x, € Z,, a coherent set 9y, of desirable gambles on Z. Let P, := Py,
and, for all x, € Z;, let Py, = B%X,. It then holds for all f € G(%Z; x Z5)
that

Jx

Poyory, ()= BBy, (£).
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6.7 A CONNECTION WITH MARGINAL EXTENSION

where Py, (f) is a gamble on Z; that is defined by
Pyjx, () () = Py, (f (0, X)) for all x; € 2.

Proof of Proposition[69~. Fix f € 4(2: x Z5).
First consider any a € R such that f — o € 7, © Z, . It then follows from
Equation (6.10) ~ that

f=o+fi+ Y, Lnyfix

X €2

where f; € 2, U{0} and, for all x; € Z;, f;)x, € Z;x, U{0}. Since this implies
that

BSJXI (f)=a+fi+ Z H{xt}stx, (fijt) > o+ fi,

X €Zs

it follows from the coherence of P, that P (P, x,(f)) > a. Since this is true for
any o € R such that f — o € Z; @ %x,, we infer from Equation (2.3 that
P09,y () < Pi(By)x, (f))-
Next, consider any o € R such that Py, 5 . (f) < @. Equation 23)m
70%,x,
then implies that f — &t ¢ 7 @ Dy)x,. Fix € € Rxo. Let f; := Pyjx, (f) —a —¢
and, for all x; € 2;:

fij, = f(x, X;s) _stx, (f(x,Xs)) +e € @SJ)Q7

where the inclusion follows from Equations (2.5)gp and (2:6)zg and the fact that
Py, (f(x1,X5) — Py, (f(xe, X)) = 0. Assume ex absurdo that f; € ;. Since

f—a=Py(f)—a—e+f+Px(f)+e=rfi+ Y, Lyfix

X €2

Equation (6.10)~ and the fact that f — & ¢ %, @ %y, then allows us to infer
that f — ot = 0. This implies that Py, o, (f) = a, a contradiction. Hence,
we may conclude that f; ¢ Z; and therefore also that P, (f;) < 0. Since

B,(fe) = By (Bypx, (f) — 00 — &) = Py (Py x, (f)) —x — &,

this implies that P, (Py )y, (f)) < &+ €. Since this is true for every € € R-o, we
infer that P, (Py)y, (f)) < o. Since this inequality holds for every & € R such

that P09y, (f) < o, it follows that P, (P, y, (f)) < P09y, (f)- O

Inspired by this result, we are led to introduce the lower prevision P; @ Py x,
on 9 (Z; x Zy), defined by

P, OP (f) = Py(Pyy,(f)) forall f €9(2; x 25). 6.11)
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6.7 A CONNECTION WITH MARGINAL EXTENSION

It follows from Proposition [6975, Theorem @2jyg and our definition for
Dy @ Dy)x, that P, O Py x, = Pi(-] 2), which also implies that this lower
prevision is coherent. The coherent lower prevision P, @ Py, is called the
marginal extension of P, and P, 1% [70]. It was first considered by Walley [[106|
Section 6.7.2], who showed that it is the most conservative coherent lower pre-
vision on ¥(Z; x Z;) that is jointly coherent with the local models that are
used to define it.

A similar concept can be introduced in terms of sets of linear previsions
as well, simply by applying Equation (6.11))~ elementwise. This leads us to
define

«%t®'%ijr = {Pt ®RVJX,: b e .//,,(th € %)stxr € jlij,} (6.12)

The following result establishes that .#; © .4y, is closely related to the cor-
responding concept for lower previsions.

Proposition 70. Consider a coherent lower prevision P, on 9(Z%;) and,
for all x, € Z;, consider a coherent lower prevision Py, on 9(Zs). Let
My = Mp, and, for all x, € Z;, let ///ij, = //Zfijt' It then holds that
My @ M)x, = Mp,op,y, ﬁ

Proof of Proposition[/0, We only prove that .#p,cp, w € A © My, the
other direction is trivial. So consider any Pg € ///Bt OPy)x, - We will prove that
P € My @ My,

Let G := {t,s} and consider a coherent conditional lower prevision P§(-|-)
on ¢(Zg) such that P;(-) = P, (P, (")), P;(-) = P,(-) and, for all x, € Z,
Pi(-]x) = P,(-) [it was proved by Walley that this is always possible [106,
Section 6.7.2]; see Reference [70, Theorem 1] as well]. It then follows from
Proposition (873 that there is some P(-]-) € #pz (.| such that Pg(-) = Po(-).
Since Fg(-]-) € Apy().), we find that F* € .#p, and that, for all x, € 2,
P;]x,(') =P} (-|x;) € Ap,,, . Since the law of iterated prevision [see Sec-
tion tells s that Pg(+) = B (P{(-]X;)) = P/ (P}jx,(-)), we find that
Pi(+) € My @ Ayx, and therefore also that Pg € 4, @ M)y, O

Combined with Theorem A€y and the fact that P, @ Py, = PiT(-] 25), this
result implies that .7 © My x, = M| 2.
Finally, we let #; © F x, be the set of all probability mass functions p on
2 x 2y for which there are p; € F; and, for all x; € 23, py),, € F)y, such
that
P(zr,25) = pi(z) Py, (25) forall (z,2) € 2y x Zs. (6.13)

23 A weaker version of this result was already proved by Walley [[106, Section 6.7.4]. He

showed that P, @ Py, = P z,0.1, s direct consequence of our result.
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6.7 A CONNECTION WITH MARGINAL EXTENSION

It should be clear that if % = #,4 and, for all x, € Z;, L%th = f//[w,
then F; © Fx, is the set of probability mass functions that corresponds to
My, @ My)x,. Consequently, it follows from Proposition that—again
in the particular case of Figure ﬂ} © Fyx, = F, lGrrJ Zg. Equa-
tion (6.13).~ also clearly shows that, in essence, marginal extension is just
an elementwise constructive application of Bayes’s rule.

We now extend these concepts to a more general setting, where the ‘local’
models are multivariate themselves. Instead of restricting attention to the case
G = {t,s}, we consider an arbitrary set of nodes G, a binary partition 7, S of G
and a subset C of T'.

We start with the framework of sets of desirable gambles. Let Zr be a
coherent set of desirable gambles on 27 and, for all xc € Z¢, let Yy |xc bea
coherent set of desirable gambles on Zg. Then

Dr @ Ds|x. = {f €9 (26))\{0}: f = fr+Lureay L1 fs)ar
fr € ZrU{0}, (Vxr € 27) fyjny € Dy U{O}}.

is a coherent set of desirable gambles on 2. Although it might not seem
so at first sight, this is just a special case of Equation (6.10)r75 This should
be obvious if C = T'; it then suffices to identify X; and X; with X7 and Xj,
respectively. For C C T, we also need to identify Zg|y. with Zgx,: for all
xr € X1, we let Ds,, = Ds|,., where xc is fully determined by xr because
Cisasubsetof 7.

For the framework of lower previsions, as in the simple case above, this
turns into a very convenient expression. Consider a coherent lower previ-
sion Py on ¢¥(27) and, for all xc € Z¢, a coherent lower prevision Pg|,.
on¥(Zs). Forall f € 9(Z¢), we then let

Pr @ Pgx (f) = Pr(Pg|x.(f)), (6.14)

where—more or less as in Section [£.2.G3—Ps)x.(f) is a gamble on 27,
defined by

(Psix..(f))(xr) = Py (f(xr,Xs)) forallxr € Z7.

Xc?

The operator Py @ Pgx. is a coherent lower prevision on Y (Zg) and—
similarly to what we found for Zr © s x.—is a special case of the notion of
marginal extension that was considered aboveF_I] with X, .= X7, X; := Xs and,
for all xp € 27, Pg |xr = Pg|y.- Proposition can therefore be applied to
this special case as well: if Py = Py, and, for all xc € Z¢, Py = B@ijc’

then Pr OPgix. = E%f@%ch'

24 Also, if C = 0, then Py @ Pg is equal to the forward irrelevant natural extension of Py and
Py, as studied in Reference [44].
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G = {51,52,53,54,55,56 }

S= {S4,S5,S6}
T = {51.5.53) P(S) = {s2,53}
P(T)=0

err — @nr % @k;rﬂxsz‘xxﬁ

Figure 6.9: A simple illustration of Proposition[71]

A similar concept can be introduced for sets of linear previsions. Consider
a set .#7 of linear previsions on 4 (27) and, for all xc € Z¢, a set ///ijc of
linear previsions on ¢ (Zs). We then define

///T®//S —{PT®P5 : Pre dy,(Vxr € %T)PSJxT E///SJXC}~

Since this is again a special case of the simple version that was discussed
above, Proposition @m} applies here as well: if .#7r = ./#p, and, for all
xc € Ze, j/Sch = '/%stxc’ then .7 @///SJXC = .//BTQ,BSJXC

Finally, we let 1 © Fg|x,. be the set of all probability mass functions pg
on Z¢ for which there are pr € Fr and, for all xy € 27, ps|., € Fg|y. such
that

P6(26) = pr(ar)ps)e (zs) forall zg € Zg.

If Fr = Z 4, and, for all xc € Z¢, Fg)x. = j//fijc’ then Fr © Fg|x, is the
set of probability mass functions that corresponds to .#7r © A|x,..

Our next result shows that the connection between credal networks un-
der epistemic irrelevance and the concept of marginal extension—and its
generalisations—goes far beyond the simple case that was discussed in the

beginning of this section. The proof of this proposition can be found in Ap-
pendix [6.Gpg,
Proposition 71. Consider a set S C G suchthat T := G\ S i; an cmcestral_ set—
P(T) = 0—and such that, for allt € T, S C D(t). Then 25 = 27" @ ‘@;JrXp(s)
and therefore also

PE() = PF()0 Py, ()

M) X = (M) Zr) 0 (M, | 75)

and

and

T X = (FI|27) 0 (T, o 1 25)
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The example in Figure [6.9] provides a simple illustration. The following
corollary establishes a similar result for sub-DAGs; see Figure [6.10}~. for an
example.

Corollary 72. Let K be a closed subset of G and consider a binary par-
tition S,T of K such that Px(T) = 0 and, for all t € T, S C Dk(t). Then
P(S)\ Px(S) C P(K) and, for all xpxy € Zp(x)

irr _ orr irr
Pk p) = Plvoqry @ 7] xns (5)\Pg (5)- Xy (5))
and
irr irr irr
JXP(K)( )= *TJXP(T)(.) ®BSJ (xP(S)\PK(S)vxPK(S))(-)
and
ur
M) T = M VIO M 25)
and

5‘11’[‘ J%I( ( 5~1rr ngy'T) %

KJXP(K T |xp(r) ( SJ (xp(s)\ Py (5)»XPy (5 ))J Z5)-
Proof of Corollary[72] Consider any ¢ € P(S) \ Px(S). Since t € P(S), there
is some s € S such that ¢ € P(s) \ S. Therefore, we can infer from ¢ ¢ Pg(S)
that # ¢ K, which implies that r € P(s) \ K. Since s € S C K, it follows that
t € P(K). Hence, we find that P(S) \ Px(S) C P(K).

The rest of the proof is now a direct consequence of Proposition [71]~. It
suffices to apply Proposition [7T]~ to a credal network that has the sub-DAG
associated with K as its graphical structure and whose local models are given

by Equation (6.1)rs3, (6-4)rss, (6-Shrsg or (6-Olrsw: 0

6.8 WHAT IF WE APPLY REGULAR EXTENSION?

We conclude this chapter by taking a quick look at the regular extension
R (+]-) that corresponds to P (-]-), in the sense of Section 3.4.750. Since
P (+]+) is coherent and therefore coincides with its natural extension, we know
from Equation (3. T0)gg that R (-]-) is defined by

forall (f,0) € €(Z¢), (6.15)

irr

RE(£]0) if PG (0) >0
PE(f]0)  itPg(0)=0

RE(f]0) = {

where B‘g*(J -) is the regular extension of the unconditional lower prevision
PE(-) = PE (-] Zc), as defined by Equation 2.29)gg. The following result
shows that R (-]-) satisfies a marginalisation property that is very similar to
that of P (-]-) [see Corollary . The proof is rather elaborate and has
therefore been moved to Appendix [6.Hpgg.
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G = {s51,52,53,54,55,56,57,58,59,510} 7()/56\,)
S el
P(K) = {s1,52,58} NG
T = {s3,54,55} \52) %5y
PK(T) =0 h irr
S 1 Xsy o X,
P(T) - {SlaSZ} - . J(ng s4 ss)
o NVEN
S ={s7,510} 1) Xy (59)
PK(S) = {S47S5}-
P(S) = irr _ girr irr
( ) {34755758} Kj(xsl’xé'zvxss) = @Tj(xslvxb'z) ®@SJ(X587XS47XS5)

Figure 6.10: A simple illustration of Corollary [72],

Theorem 73. Let K be a closed subset of G and consider any xp(x) € Zp(x)
andBN(K) € @0(3&1/}\/([{)) Then

>

; RY. (]) if Fi;rN(K)({xP(K)}XBN(K))>
R () {xp } < Byggy) =4 e "

0
PIKITJxP (1) if Py ({xp() } X Bu)) =0

This result simplifies if we are only interested in the ‘unconditional” part of
R (-] - x{xpx)} X By(k))- In that case, we find that Rg' (- [{xp(x)} X By (k) is
equal to P‘I?Jx ()

Corollary 74. Let K be a closed subset of G. Then for every xpx) € Zp(x)
and By € @@(%N(K)), it holds that R (-] {xP(K)} X BN(K)) PIKITJxP ()

Proof of Corollary[74) Since the unconditional parts of B}?Jxm( (-]) and
Bi[?] o) (+]-) are trivially equal, this follows directly from Theorem O

By applying this property to sets of the form K = {s}, we find that regular
extension recovers the local models that were used to construct P5 (- |-).

Corollary 75. Consider any s € G, xp(;) € %P and By ;) € Po(Zn(s))-
Then RY" (-] {xp(s)} X Bn(s)) = R (-Jxp(s)) =

Proof of Corollary[73] Since Corollary Wm' implies that P‘;fx (1) =P, Jp(s)?
this is an immediate consequence of Corollary [74][with K := {s}] O
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6.A TECHNICAL LEMMAS ABOUT PROPERTIES OF DAGS

Lemma 76. Fix any K C G and k € K. Then Px(k) = P(k)NK = P(k) \ P(K)
and P(k) \ Px(k) = P(k) N P(K).

Proof of Lemmal76] We start by proving that Px(k) = P(k) K. An ele-
ment ¢ € Px(k) is by definition a parent of k according to the sub-DAG
that corresponds to K, therefore ¢ is also a parent of k in the original DAG:
q € P(k). Since ¢ is an element of the sub-DAG, we have g € K and therefore
q € P(k)NK. Conversely, if g € P(k) NK, then ¢ is clearly a parent of k in the
sub-DAG that corresponds to K and therefore g € Pg (k).

Next we show that P(k) NK = P(k)\ P(K). By definition of P(K) and since
k € K, we know that g € P(k) implies g € P(K) UK and we therefore have that
P(k) C P(K)UK. Since P(K) and K are disjoint by definition, we infer that
P(k)NK =P(k)\ P(K).

The final property is a direct consequence of the previous equality:

P(k) \ Pg (k) = P(k) \ (P(k) \ P(K)) = P(k) N P(K). 0
Lemma 77. Consider any K C G, k € K, s € G and t € PN(s). Then the
Sollowing statements hold:
(i) P(t) S PN(s);
(ii) N(K) =N4ex N(q):
(iii) N(K) C N(k);
(iv) A(K) =0 ifand only if P(K) = 0;
(V) IfP(K) =0, then K is a closed set;
(vi) If P(K) =0, then G\ K is a closed set and D(G\ K) =
(vii) If D(K) = 0, then G\ K C PN(k).

Proof of Lemma(77) Consider any ¢ € P(t). By the definition of PN(s), it
suffices to show that g ¢ {s}UD(s). Assume ex absurdo that s C g, then we de-
rive from ¢ C ¢ (since g € P(t)) that s C 7, meaning that 7 € D(s), contradicting
t € PN(s).

This follows at once from:

N(K) =G\ (P(K)UKUD(K (UP UKUUD(q)>
g€k gekK
:G\(U(P(Q)U{Q}UD(C]))>
= [ (G\(P(9)u{q}UD(q)) = (| N(q)
g€k qeK
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. Trivial due to [(iD)]
(iv)|~. Since P(K) C A( ), it suffices to prove that P(K) = @ implies

A(K) = O or, equlvalently, that A(K) # 0 implies P(K) # 0. So, assume that
A(K) # 0. This means that there is some s € K such that A(s) \ K # 0, which
in turn implies that there is some ¢ T s such that 7 ¢ K. This means that there is
a directed sequence of nodes t = ry,...,r;,...,r, =5, n > 1,1in G. Let i be the
first index in {1,...,n} for which r; € K. Since s € K, we know that i always
exists and, since ¢ ¢ K, we know that i > 1. Since r,_1 € P(r;) and r;_; ¢ K,
we find that P(r;) \ K # 0 and therefore, since r; € K, that P(K) # 0.

[(V)]~. Assume that P(K) = 0. We then know from that A(K) = 0.
Consider now any s,7 € K and any k € G such that s C k C . We need to prove
that k € K. If k =1¢, this is trivial. Otherwise, we know that k C ¢, which implies
that k € A(¢) and therefore, since 7 € K, that k € A(K) UK. Since A(K) =0,
this implies that k € K.

[(vD]. Assume that P(K) = 0. We then know from|[(iv)}~ that A(K) = 0.

We first prove that G\ K is a closed set. So consider any 5,7 € G\ K and
any k € G such that s C k C t. We need to prove that k € G\ K. Assume ex
absurdo that k € K. Since s C k and s ¢ K, this implies that s € A(K). This is
a contradiction because A(K) = 0.

Next, we prove that D(G \ K) = 0. Assume ex absurdo that D(G\ K) # 0.
This implies that there is some k € K and s € G\ K such that s C k and therefore
s € A(k). This is a contradiction because A(K) = 0.

[(viD]}~. Assume that D(K) = @. This implies that D(k) C K and therefore
also that {k} UD(k) C K. Since PN (k) = G\ ({k} UD(k)), this in turn implies
that G\ K C PN (k). O

Lemma 78. Consider any closed K C G and any k € K. Then the following
statements hold:

(i) P(K)ND(K) = 0;

(i) P(K), N(K), K and D(K) constitute apartitiorE] of G;

(iii) PN(K) and D(K) are closed subsets of G
(iv) P(PN(K)) =

(v) PN(D(K)) = PN(K)UK;

(vi) P(K) C PN(k);

(vii) PN(K) C PN(k);

25We use the term ‘partition’ in a somewhat looser sense than is usual, as we do not exclude
that some of its elements may be empty.
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(viii) P(K)\ P(k) C N(k).

Proof of Lemma[78}. [(D]~. Assume ex absurdo that g € P(K) and g € D(K).
Then g € D(K) implies the existence of some r; € K such that r; C g and
g € P(K) implies the existence of some r» € K such that ¢ C r,. We find
that | C g C rp, with 1,7, € K. Since K is closed, this implies that g € K,
contradicting both g € P(K) and ¢ € D(K).

[GD]~. Direct consequence of and the definition of P(K), D(K) and
N(K).

[GiD]~. To prove that PN(K) is closed, consider g1,q2 € PN(K) and r € G
such that g1 C r C g, and assume ex absurdo that r ¢ PN(K), implying, due
to[GD], that r € K UD(K). This in turn implies that there is some u € K such
that u C r and therefore u C ¢, which implies that ¢, € KUD(K), contradicting
¢> € PN(K) due to[GiD].

To prove that D(K) is closed, consider ¢;,¢2 € D(K) and r € G such that
q1 C r C g and assume ex absurdo that r ¢ D(K). q; € D(K) implies that there
is some u € K such that u C ¢; and therefore u C r, implying that » € KUD(K)
and, since r ¢ D(K), that r € K. We thus find that u C g1 C r, with u,r € K.
Because K is closed, this tells us that ¢; € K, contradicting ¢; € D(K).

[(V)]. Assume ex absurdo that g € P(PN(K)), so there is some r € PN(K)
such that ¢ € P(r). By definition of P(PN(K)), this implies that ¢ ¢ PN(K),
which in turn implies, due to[(i)}, that ¢ € K UD(K). By definition of D(K),
this implies that there is some u € K such that u C g. Since g _ r (because
q € P(r)), we find that u C r, implying that r € K UD(K). Due to|(iD)], this
contradicts r € PN(K).

[(V)]~. First notice that it suffices to show that D(D(K)) = 0. Indeed,
this implies PN(D(K)) = G\ D(K) = PN(K) UK by applying [(iD)|~ once
for the closed D(K) and once for the closed K. So assume ex absurdo that
g € D(D(K)), implying that there is some r € D(K) such that r C ¢. Since
r € D(K) in turn implies that there is some u € K such that u C r, we find
that u C ¢, implying that ¢ € K UD(K). But ¢ ¢ D(K) because we know that
g € D(D(K)), and therefore g € K. Since u,q € K and u T r T ¢, we derive
from K being closed that r € K, contradicting r € D(K).

[(vD]~. Choose ¢ € P(K) and assume, ex absurdo, that g ¢ PN(k). This
implies that ¢ € {k} UD(k), or equivalently, that k C ¢, and therefore that
g € KUD(K), contradicting g € P(K) because of [(ii)|~.

[(vii)]~. Direct consequence of and Lemma [T}z

(viii)] Choose ¢ € P(K)\ P(k) and assume ex absurdo that g ¢ N(k), im-
plying that g € P(k) U {k} UD(k) or, since g ¢ P(k), that ¢ € {k} UD(k) and
therefore k C ¢. This in turn implies that g € KUD(K), contradicting g € P(K)
because of [(i)]~. O

Lemma 79. Consider any closed set K C G and any k € K, s € G\ K and
t € PN(s)NK. Then the following statements hold:
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(i) Dx(k) = D(k) NK;

(i) Ng(k) =N(k)NK;

(iii) PN (k) =PN(k)NK

(iv) N(K), P(K)\ P(k) and Nk (k) are pairwise disjoint subsets of N (k);
(v) P(t) S PN(s)NK

(vi) P(1)\ Px(t) € PN(s)NP(K).

Proof of Lemma([79. An element g € Dk (k) is by definition a descendant
of k according to the sub-DAG that corresponds to K, therefore ¢ is also a
descendant of k in the original DAG: ¢ € D(k). Since ¢ is an element of the
sub-DAG, we have ¢ € K and therefore ¢ € D(k) N K.

Conversely, if ¢ € D(k) N K, then g € D(k) implies the existence of a di-
rected sequence of nodes k = ry,...,r, =¢, n>1,1in G. Since k € K and
q € K, we can derive from K being closed that for all i € {1,...,n}, r; € K,
implying that in the sub-DAG that corresponds to K, g is also a descendant of
k: g € Dx (k)

This follows at once from the definitions of Nk (k) and N(k):

Nk (k) = K\ (P (k) U {k} U Dk (k)) = K\ ((P(k) N K) U{k} U (D(k) NK))
=K\ (P(k)U{k} UD(k)) = N(k),

where the second equality is due to Lemma [76jg5 and
This follows at once from the definitions of PNk (k) and PN (k):

PNk (k) = Px (k) UNg (k) = (P(k) N K) U (N(k) NK)
— (P(k)UN(K)) NK =: PN(k)NK,

where the second equality is due to Lemma [76jrgy and

(iv)} N(K), P(K) and K are pairwise disjoint subsets of G because of
Lemma [78(ii)gy. Since P(K)\ P(k) C P(K) and Nk (k) C K, this implies that
N(K), P(K)\ P(k) and Nk (k) are pairwise disjoint as well. It only remains to
show that N(K), P(K) \ P(k) and Nk (k) are subsets of N (k). For N(K), this is
due to Lemma [/ i)z For P(K)\ P(k), this is due to Lemma [7§(vi)jfgy and
for Nk (k), this follows from|[(iD}

(v)l By definition, Px(r) C K. To show that Px(¢r) C PN(s), use
Lemma [76frg) to find that Pk (1) C P(t), and use Lemma to infer that
P(t) C PN(s).

We know from Lemma [76gy that P(r) \ Px(t) € P(r) N P(K).
Lemma implies that P(t) C PN(s) and therefore also that P(¢)N
P(K) C PN(s)NP(K). Hence, P(t) \ Px(t) C PN(s)NP(K). O
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Lemma 80. Consider any closed K C G and s € PN(K) and let P|(K) and
Py(K) be an arbitrary partition of P(K) Let Ky == KND(P(K)) and
K1 =K\ K; = K\D(P,(K)) and choose any k| € K, and k € K,. The fol-
lowing statements hold.:

() K, is a closed subset of G;
(i) P(K1) C Pi(K);
(i) Py(K) € P(K2);
(iv) Ki C PN(ks);
) Plky) VK = P(ky) NKi;
(i) P(k1) N P(K) = Pkt) NP(K) );
(vii) PN(s)NK; = K\D((P(K)\PN(s)) U (PN(s) N P(K))).

Proof of Lemma 80} Consider ¢1,g2 € KND(Py(K)) and r € G such that
q1 £ rC ¢o. Since K is closed, we have that r € K, and we are left to show that
r € D(Py(K)). That q; € D(P,(K)) implies the existence of some u € P,(K)
such that u C ¢; and therefore u C r, implying that r € P,(K) UD(Py(K)).
Since r € K, we know that r ¢ P(K) and therefore r ¢ P»(K). We infer that
indeed r € D(Py(K)).

Consider any g € P(K|), implying the existence of some r € K; such
that g € P(r) and g ¢ K;. We are first going to show that ¢ ¢ P»(K) UK.
Assume ex absurdo that g € P»(K) UK, implying that g € P,(K) UD(P:(K)),
which means that there is some u € P»(K) for which u C ¢ and, since g € P(r),
that ¥ C r. From this we infer that r € P,(K) UD(P,(K)) and therefore that
r € D(Py(K)), since r € K; C K implies that » ¢ P(K), which in turn implies
that r ¢ P,(K). We have thus found that r € KND(P,(K)) = K, contradict-
ing r € K;. Hence indeed g ¢ P,(K)UK>, implying g ¢ P»(K) and ¢ ¢ K.
Since also ¢ ¢ K;, we find that ¢ ¢ K, which implies that ¢ € P(K), since
g € P(r) with r € K; CK. Since P;(K) and P>(K) form a partition of P(K) and
q ¢ P,(K), we conclude that indeed g € P (K).

Consider any g € P,(K) C P(K), implying the existence of some
r € K such that ¢ € P(r). From this we infer that ¢ C r and therefore
re P(K)UD(Py(K)). Since r € K, we see that r ¢ P(K) and therefore
r ¢ P,(K), whence r € D(P>(K)). Together with r € K, this implies that r € K.
Since g € P(K) implies ¢ ¢ K and therefore g ¢ K5, we can infer from g € P(r)
that g € P(K7).

26Here too, we allow that one of the sets P;(K) or P»(K) may be empty; see Footnote .
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Consider any ¢ € K;. Assume ex absurdo that ¢ ¢ PN(kp), imply-
ing that g € {kp} UD(ky) and therefore that k; C ¢g. Since k; € K, we in-
fer that k» € D(P,(K)), implying the existence of some r € P,(K) such that
r C k and therefore r C ¢, which in turn implies that ¢ € P,(K) UD(Py(K)).
Since g € K; C K, we have that ¢ ¢ P(K) and therefore that ¢ ¢ P»(K). Hence
q € D(P»(K)) and therefore also ¢ € K, since g € K. This contradicts g € K|,
since K; and K> form a partition of K.

. Since it trivially holds that P(k;) N K 2 P(k;) NK;, we only need
to prove that P(k;) NK C P(k;) NK;. So consider any ¢ € P(k;) N K. By
definition of P(K| ), we derive from ¢ € P(k;) that either ¢ € P(K)) or g € K.
Assume ex absurdo that g € P(K), then due to[(iD)}~, ¢ € Pi(K). Since g € K
implies ¢ ¢ P(K) and therefore ¢ ¢ P;(K), we have a contradiction. We have
thus found that ¢ € K and, since ¢ € P(k), that g € P(k;) N K.

(vi),~. Since we know from that P(K;) C Pi(K), we find that
P(K1) C P(K) and therefore P(k;) NP(K) D P(k;) N P(K;). To prove that
P(k;)NP(K) C P(k;)NP(K)), consider any g € P(k;) N P(K). By definition
of P(K;), we derive from g € P(k;) that either ¢ € P(K;) or ¢ € K. Since
q € P(K), we have that ¢ ¢ K and therefore also that ¢ ¢ K;. Hence g € P(K;)
and therefore, since g € P(k;), also g € P(k;) N P(K1).

[(viD)]. First, notice that by subtracting both sides of the expression from
K, we obtain the equivalent statement

Ky U (K1 \ PN(s)) = KND((P(K) \ PN(s)) U (PN(s) N P(K))).

Since (P(K)\ PN(s)) U (PN(s)NPy(K)) = P,(K) U (P(K) \ PN(s)) and also
K> U (K1 \PN(s)) =K, U (K \ PN(s)), this is in turn equivalent to:

K> U (K \ PN(s)) = KN D(Py(K) U (P(K) \ PN(s)).

We will prove this statement instead of the original one.

We first prove that K> U (K \ PN(s)) € KND(Py(K) U (P(K) \ PN(s))).
Consider therefore any g € K, U (K \ PN(s)). On the one hand, if g € K3,
then ¢ € D(P»(K)). Since g ¢ P»(K) U (P(K) \ PN(s)) because K and
Py (K)U (P(K)\ PN(s)) C P(K) are disjoint, this allows us to infer that in-
deed g € KND(P(K)U(P(K)\ PN(s))). On the other hand, if ¢ € K\ PN(s),
then ¢ ¢ PN(s) and therefore ¢ € {s} UD(s). Since s € PN(K) and there-
fore due to Lemma , s ¢ K, we know from ¢ € K that g #s. We
can therefore infer that ¢ € D(s), implying the existence of a directed path
§="rl,...,tn =g, n > 1. Now let j be the first index in {1,...,n} for which
rj € K. Since g € K, such an index exists, and since s ¢ K, j > 1, and therefore
we can consider the node r;_. Since rj_y € P(r;), rj € K and rj_ ¢ K, we
infer that r;_; € P(K). Since s C rj_y, we have rj_; € {s} UD(s) and therefore
ri—1 ¢ PN(s), whence rj_; € P(K)\ PN(s) C P,(K)U (P(K)\ PN(s)). Since
g ¢ P,(K)U(P(K)\PN(s)) because ¢ € K, and since rj_; C g, we obtain that
g€ KND(P,(K) U (P(K) \ PN(s)).
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We now prove that K U (K'\ PN(s)) 2 KND(P:(K) U (P(K)\ PN(s))).
Consider any ¢ € KND(P(K)U (P(K)\ PN(s))). This implies that there
is some r € P,(K)U(P(K)\ PN(s)) such that » C g. On the one hand, if
r € P(K), then g € D(Py(K)) because ¢ € K and therefore g ¢ P(K), whence
indeed g € KND(Py(K)) = K2 CK>U(K\PN(s)). On the other hand, if
r € P(K)\ PN(s), then since r ¢ PN(s), r € {s} UD(s) and therefore s C r,
implying that s = g. We therefore find that ¢ € {s} UD(s), or equivalently,
that ¢ ¢ PN(s). By combining this with the fact that ¢ € K, we obtain that
g€ K\PN(s) CK,U(K\PN(s)). O

6.B PROOF OF THEOREM 53]

Proof of Theorem[53r5g Fix a closed set K C G, consider any nonzero
f €9 (Zk),nonzero h € 9 (Zpy(k)) andxp( k) € Zp(k) such that f ¢ 9‘” oE)
and h ¢ Q},r;,( k) and choose any f, € Jiandg €Y (Zn(k))>0- We construct
a probability mass function pg on 2 such that for the corresponding linear
prevision Pg on 9(%Z¢): P(f«) >0, Pg(h) < 0 and Pg(g]l{xp(m}f) <0.

First of all, since f, € @iGrr, Proposition@m implies that

fi= Z Z Leono} fozenis (6.16)

5€G zpy (5) € ZpN(s)

where every J‘MPN( is an element of 7|, U {0} and at least one of them is
non-zero.

As shown in the proof of Proposition 3§y, it is possible to find, by re-
peated application of Lemma g@, for all s € G and all zp(;) € Zp(y), a lo-
cal probability mass function ps(-]zp(y)) on 25 with corresponding linear pre-
vision Py(-|zp(s)) on ¥4 (Z;), such that py(zs]zp(s)) > 0 for all z; € 25, and
PS(fS,ZPN(s)JzP(S)) >0 for all zy(5) € Z(s) for which f;,, o~ # 0. We will now
use these local probability mass functlons to create, for specific closed subsets
S of G, Bayesian networks that have a graphical structure corresponding to this
closed subset S. By an argument similar to the one for local sets of desirable
gambles in Section [6.2)5z, we see that in order to do so, all that is needed is for
us to instantiate the value of XP( s)- Every choice of yp(5) € Zp(s) then yields,
for all s € S and zp,(s) € Zpy(s), @ conditional local probablhty mass function
Ps(]zpy(s)) and correspondlng hnear prevision Py(-|zp(y)), obtained by identi-
fying them with py(-zp(5)) and Ps(-zp(5)), Where we let 2p o\ py(s) = Yp(s)\Ps(s)-
We denote the probability mass function of the resulting Bayesian network
by ps(-]yp(s)) and its corresponding linear prevision by Ps(:|yp(s))- In order
to explicitly recall the specific choice of yp(s) € Zp(s) in the notation used
for the local models, we will also write ps( szs S YP(S )) = ps(+]zpy(s)) and
Py(-]zpg(s),¥p(s)) = Ps(+]zpy(s))- For every fixed yp(s) € Zp(s), the linear pre-
vision Ps(-]yp(s)) has a number of useful properties.

A first and trivial property is that Ps(1[yp(s)) = 1.
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Secondly, consider any s € S. S is a closed subset of G and therefore,
due to Lemma , P(S) C PN(s). It then holds for all zpy(s) € Zpnyy)
such that fg,ZPN(x) 0 and Zp(s) = YP(S)» that PS(]I{ZPN(s)ms}f‘vZPN ®) Jyp( )) > 0
To see why, first notice that because S is closed, PNs(s) = PN(s) NS due to
Lemma [79(iiijrgs. It then follows from the conditional independence proper-
ties of Bayesian networks that indeed

(I
( Jyp ) S(fS,zPN(x)JZPNS(s)»YP(S))
PS(ZPNS ) 19p(5))Ps(fs.zpyi J2ps(s) > YP(s))
= Ps(zpng(s) ) yp(5) ) Ps (fo.zpyey J2P(s)) > 0,

where the inequality holds because Py(fs.z,y, J2p(s)) and Ps(zpng(s)|yp(s)) are
strictly positive. For Py( fY,ZPN(_V)jzp(S)), this is true by construction, and for
Ps(zpyg(s) |yp(s))» this holds because all local probabilities are by construction
strictly positive and therefore the global ones are too.

Thlrdly, fixse G\S and ZPN(S) S ‘Q’/‘PN(S) such that ZP(S)QPN(A‘) = yP(S)ﬁPN(S)'
By applying the factorisation and conditional independence properties of the
resulting Bayesian network, we find that

Py (H{ZPN(s)ms}JyP(S))
= Y ps(ws|yp(s))
wse %s

WPN(s)NS —ZPN(s)NS

= Y [T 2wl wegwy ves)

ws€ZLs keS
WPN(s)NS=ZPN(s)NS

= I~z yees) Y IT  pevidwage),vees)
kePN(s)NS wseZs k€S\PN(s)
WPN(5)NS=ZPN(s)NS

= I ~lalzpgwypes)

kePN(s)NS

= JI pelalzry)-

kePN(s)NS

To understand the third equality, notice that since S is closed, Lemma [TV g3
implies, for all k € PN(s)N S, that Ps(k) C PN(s)NS. For the fifth equal-
ity, it suffices to apply Lemma to find that for all k € PN(s) N S:
P(k)\ Ps(k) C PN(s)NP(S). The fourth equality is a bit more complicated.
It is trivial if S\ PN(s) = 0, so suppose that S\ PN(s) # 0. Pick any leaf ¢
from the sub-DAG that corresponds to the nodes in S\ PN(s); this is possible
because S\ PN(s) # 0 and a DAG always has at least one leaf. We then find
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that

Z H Pr(wi] Wp (k) 7YP(S))
wseZs k€S\PN(s)
WPN(5)NS=ZPN(s)NS

- L )3 IT  peOvilwegw)>yps)
w1 €25\ we€Zi keS\PN(s)
WPN(5)NS=ZPN(s)NS

- Z H pk(WkJWPS(k)aYP(S)) Z pg(WngPSm,yP(S))
ws\{(}ELs\(ep  kE(S\PN())\{¢} w2y
WPN(s)NSTZPN(s)NS

= ), I1 PeWi[Wpg (k)5 Yp(s))-

wa\ (0} EZs\{¢y  KE(S\PN(s))\{¢}

WPN(s)NSTZPN(s)NS
The first equality holds because ¢ ¢ PN(s) NS, and the second one because
¢ ¢ Ps(k) for all k € (S\ PN(s))\ {¢}, since £ was assumed to be a leaf of
the sub-DAG that corresponds to S\ PN(s). By repeating this argument for the
sub-DAG that corresponds to the nodes in (S\ PN(s)) \ {¢}, we can remove yet
another node, and if we go on in this way until no node remains, we eventually
obtain that indeed

Y IT  peOvilwegwy,yps) =1
ws€Zs keS\PN(s)
WPN(s)NSTZPN(s)NS

Hence, for any s € G\ S and zpy () € Zpn(s) such that zps)npn(s) = Yp(s)npn(s):

Ps(Ligpyostes) =TT prlalze)-
kePN(s)NS

We can derive two additional things from this result.  First of all,
Ps(ly,, (s y|yp(s)) is strictly positive because all local probabilities are strictly
positive by construction. And secondly, Ps(H{ZPN(S)mS}JYP(S)) does not de-
pend on the particular value of yp(s) py(s) because for all k € PN(s) NS,
P(k) C PN(s) due to Lemma[7 iz

If we now no longer consider a fixed value of yp(5) € Zp(s), then the results
mentioned above have a number of immediate consequences. First of all, the
gamble PS(]JXP(S)) is constant and equal to 1. Secondly, for all s € § and
Zpn(s) € ZpN(s) such that vaZPN(x) # 0, PS(H{ZPN(S)ms}fS»ZPN(s)JZP<S)) > 0. And
thirdly, for all s € G\ S and zpy(y) € Zpn(s) the gamble

Ps(Lizpy s 12P(s)nPN(s)  XP(5)\ PN s))

is constant, strictly positive, and equal o [Txepy(s)ns Pr(2k |zp))-
We are now ready for the main proof, which consists of four parts. The
first three parts are separate. In each of these three parts, we will construct
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specific probability mass functions and linear previsions and show that they
satisfy a number of properties. In the fourth part of the proof, we will combine
these models and their properties with each other to construct pg and Pg, and
to show that P;(fx) > 0, Pg(h) < 0 and Pg(gﬂ{xp(m}f) <0.

For the first part of the proof, we consider the Bayesian networks that
correspond to the subset S := D(K) of G, which is closed because of
111z (D(K)) € ZP(D(K)) Yields a Bayesian network, and
therefore a probability mass function pD(K)('Jyp(D(K))) on Zp) and an as-
sociated linear prevision Ppk )( 1ypo(x))) on 9 (Zpx))- If we do not fix
the value of yp(p(x)) € Zp(p(k))> then PD ) (-1 Xp(o( ) satisfies a number
of properties, Wthh have already been proved above for general closed sub-
sets S of G. First of all, the gamble Ppk)(1]Xp(p(k))) is constant and equal
to 1. Secondly, for all s € D(K) and zpy(s) € Zpy(s) such that Tsazpniy 7 05
Ppx) (I TERVR K)}fSaZPN(s)JZP(D(K))) > 0. And thirdly, for all s € G\ D( ) and
Zpn(s) € %pN (s) the gamble

Po ) Lz i H2PDE)NPN () XP(D(K)\ PN (5))

is constant, strictly positive, and equal to [Tcepn(s)nn(x) Pk (26 ) 2p(k))-
For the second part of the proof, we start by considering the following
collection of gambles on Zk:

DR pi 1={H{ZPNW1 Wizpni * 8 €K 2en(s) € Zpn(s);
2P(s)\Pe() = XP()\e(s) PO)NK € K1 €K,

Fuony 70}

which is a finite subset of KJx = posi (dléjrxp )). To see why, first no-

tice that because PNk (s) = PN(s )ﬂK due to Lemma Lzpwig, } 15
clearly the (finite) sum of all indicators I, PN () such that ypy, (s € %PNK
and ypy(s)nk, = ZPN(s)nk,- BY definition of the posi operator, we are now
left to show that for any ypy, (s) € Zpny(s) such that ypn(s)nx, = Zen(s)nk, > W
have H{yPNK o} fS,ZPN(S) € %’?JTXP(KY By construction of .7y Jrpg)? WE know that
Zp(s)\P(s) = XP(s)\Px(s)> and it therefore suffices to show that yp, () = zp(s)-
To see why this last equality holds, first notice that Px(s) = P(s) N K due to
Lemma [76gz. Also, P(s) K C PN(s) N K; because P(s) N K C K; by con-
struction of &7 I and P(s) NK C PN(s) by definition of PN(s). Therefore,
we find that Px(s) C PN(s) N Ky, implying that yp, () = zp,(s) is a direct con-
sequence of ypy(s)ng, = ZPN(s)NK, -

Due to the coherence of 9}5@(1{) and the fact that f # 0 and f ¢ @}gjxp
we have that 0 ¢ posi({—f} U .@}(rjxp(m). To see why this holds, assume ex
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absurdo that 0 € posi({—f}U 9}5@( ). Hence, since }axp(,() is coherent, we

. K)
canfind A;,A; >0and f' € 2 such that A; (—f) + A2 f" = 0 and therefore

' K]xp(k) _
F=M/M)f e Q;EXP(K), contradicting f ¢ .@;(TXP(K). |
. * irr ;
Since %KJXP(K) and ¥(Zk)>o are both subsets of ‘@KJXPU()’ we can infer

from O ¢ posi({—f} U @}(rjxpm) that

).

We also know that {—f} U.a7¢ I is a finite subset of ¥ (Zk) and therefore,

we can apply Lemma 52z, This provides us with a probability mass func-
tion PK |xp(x, ON Zx with an associated linear prevision PKJXP(K) on ¥ (Zx) for

! / *
((f) > 0forall f' € o,

0 ¢ posi({—f} Udlaxp(,() UG (2k)>0) =2 E({~f} U'Q{;JXP(K)

which pg . (zk) > 0 for all zx € Zk, Pk

and Py, ., (f) <o.

Using this probability mass function pg xp(x) ON Zx and the local prob-
ability mass functions that were introduced avove, we will now construct,
for every instantiation yp(x) € Zp k), a conditional probability mass function
Pk (-]ypk)) on Zk. So consider any ypx) € Zpk)- If ypk) = xpk), we
define pi(-]xp(x)) = PKJxpix- If yp(k) is such that y; # x; for all k € P(K),
then px (- |yp(x)) is constructed in the same way as already discussed above for
general closed sets S: we use the local probability mass functions and the in-
stantiation yp(g) of the parent variables Xp(x) to construct a Bayesian network
that has a graphical structure corresponding to the subset K of G. Unlike the
one in the preceding paragraphs, this construction does not take into account
the gamble f. In all other cases, we need a more complex construction that
includes the previous two as a special case.

Let us denote by P; (K) the largest subset of P(K) such that y; = x; for all
ke P (K) andlet P»(K) := P(K)\ Pi(K). We also let K; := KND(P>(K)) and
K := K\ D(P»(K)). These sets depend on yp(g), but we have not reflected this
in the notation to avoid cluttering up the formulas and because yp ) is fixed in
this part of the proof.

Due to Lemma [B0(Djrgg, K> is a closed subset of G. Therefore, as we
already explained for general closed sets S, for any zp,) € %P(Kz), we can
construct a strictly positive probability mass function pkz(-sz<K2)) on Zk,
and an associated linear prevision Px, (- |zp(k,)) on ¥4 (Zk, ), by using the local
probability mass functions to construct a Bayesian network that has a graphical
structure corresponding to the subset K, of G. By our results for general closed
sets § above, with § = K>, we know for all s € G and zpy () € Zpn(s) such
that f;z,, ., # O that P, (H{ZPN(sz}fS~ZPN(s)JZP(K2)) > 0 if s € K; and that the

gamble PKZ(H{ZPN(S)QKZ}JZP(Kz)ﬂPN<S)7XP(K2)\PN(S)) is constant, strictly positive
and equal to erPN(s)ﬂKz Pk(ZkJZP(k)) if s ¢ Ko.

*P(K (K)
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Next, we define the mass function pk, (- |xp, (k)) on 2k, as the marginali-
sation of PK |xp(g) 1© Xk, for all zx, € Zk,, we let

Pi; (zx, 1% (k ), PKeps (WK)-
WKEJK
WK] *ZKI

Since all the terms in this sum are strictly positive by construction, we have
that pg, (ZKIJXPI (K)) > 0 forall zg, € 3?//](1 .

For the corresponding linear prevision Pk, (-]xp (x)) on ¢4 (Zk,), we get
that P, (f']xp, (k) = Pk e (f") forall f" € 4(Zk,).

We can now construct the probability mass function pk(-]yp(x)) by defin-
ing, for all zx € Zk:

P2k ]ypx)) =Pk, (2K, 1Vp (k) PKs (2K, Y P(K )P (K ) 2P (K )\ P(K))

=Pk, (ZK1 JXPI (K) )PKZ (ZKZJYP(Kz)mP(K) »ZP(K>)\P(K) )s

which makes sense because P(K;) \ P(K) C K;. It should be clear that for all
zx € Xk, we have that px (zk|yp(x)) > 0.

For the corresponding linear prevision Pk (-|yp(k)), the law of iterated pre-
vision yields for all f’ € 4(Zk) that

Px(f' 1ypx)) = Py (Pry (f | yp(iy e () Xp (ko )\ P(K) ) 1Py (K)) - (6.17)

This linear prevision has two useful properties that we will need further on
in this proof.

For the first property of Pk( |yp ))> consider any s € K, implying that
P(K) C PN(s) due to Lemma [J§(vijgg. It then holds for all zpy(,) € Zpy(y)

such that fsvaN(s 75 0 and Zp(K) = YP(K ) that PK(H{ZPNx mK}f?vZPN ®) J P(K )) > 0
To see why, consider two distinct cases: s € K> and s € K.
If s € K,, then because K| C PN(s) due to Lemma [80[iv)fgg, we infer from

Equation (6.17) that

PK(H{ZPN(s)mk}f‘vaN(x)JyP(K))
= Piy (Piy Lz Y Lizpy } 52oni 1Y PR INP(R) X PR ) \P(6)) ¥ ()
= Py (L 1Pt (U gy 1 2owi LY PR P () s 2P K )\ PK) ) )Xy ()
= Py (L, y 15y 1)) Pits (U ), s 2o LY PO AP () 2P0 ) PUK)
=Pk, (ZKIJXPI )P, (I {ZPN(x)ﬁKZ}f:V*ZPN(s)J 2p(Ky)) > 0,

where the final expression is strictly positive because both factors have been
proved above to be strictly positive.
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If s € K}, then because P(K) C PN(s), we infer from Equation (6.17) ~
that

Py (I[{ZPN(S)QK}vaZPN(s)Jy P(K))
= Pry (Piy (L, 1520w Mz V2P RINPN(5) X P (R \ PN (5) ) ] X (1))
= Piy (Lzpy e, 152wt PR Uy, Y 2P(RINPN(5) X PR PN (s) ) ]2 (1))
= Py Wz, 1oz 126 (60 P (Uzpy o, 12PN (5) XP (Ko )\ PV Gs))
> 0.

The third equality holds because Pk, (H{ZPN(S) . KZ}JZP(Kz)r]pN(S) s Xp(Ky)\PN(s)) has
been shown to be a constant gamble earlier on and the final expression is
strictly positive because the two constituting factors are strictly positive. For
Px, (]I{ZPN(x)ﬂKZ}JZP(KZ)QPN(S)’XP(KZ)\PN<S))’ this has already been proved. For
PK1 (]I{ZPN(x)ﬂKI }vaZPN(s)JxPI (K))’ this follows from

PKI (H{ZP}\I(S)N(1 }vaZPN(.r)JxPl (K)) = PKJXP(K) (H{ZPN(s)ﬁKI }f"vZPN(.r)) > 0’

where the final inequality holds because H{ZPN(x)ﬂKI Wozene € %xm' This
last inclusion in turn holds because P(s) NK = P(s)NK; C K; C K due to

Lemma 80(v)fisg, and because P(s) N P(K) = P(s) N P(K;) C P(K;) C Pi(K)
due to Lemma|8((v1)rgg&i(11)gg and therefore zp(np(x) = Xp(s)np(k)> Implying
that Zp(s)\Px (s) = XP(s)\P(s) due to Lemma

The second property of Pk(-]ypk)) is that for all s € PN(K) and
ZpN(s) € '%PN(S) such that ZP(K)NPN(s) = YP(K)NPN(s)> P K(H{sz<x)mK}J)’P(k))
is strictly positive and does not depend on the particular value of
Yp(k)\PN(s) that was used to construct Px(-]yp)).  To prove this,
we start by recalling from the discussion above that, because s ¢ Kj,
P, (H{ZPN@)QKZ}JZP(Kz)ﬂPN(s)’XP(Kz)\PN(s)) is a constant, strictly positive gam-
ble that is furthermore equal to [Txepn(s)nk, Pr(2k]zp(k))>, Which implies that
this is also the case for

Pity (L2, H 2P RRINPN (5) s Y (P(R)NP () PN (5) X (P () \P(K))\ PN () -

Since the fact that zpg)rpn(s) = Ypk)npn(s) allows us to infer that
ZP(Ky)NP(K)NPN(s) = YP(Ky)NP(K)NPN(s)» this implies that

Pits (L ey VPRI OP(R) s 2P ()PP () X (P(R)\P(K))\ PN ()

is a constant, strictly positive gamble that is equal to [Tepn(s)nk, Pr (k| zp())-
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Hence, using Equation (6.17)g3, we find that

P (e i3 1 vp )
= Px (Pt (L e, Y e, 1Y PRI (R Xp(Ko)\P(K) ) %P (K )
=Fx, (H{ZPN(s)ﬁKl }
Py (Lzpy gy, HYPUR)NPUR) s 2P UR)\PK))NPN (5) s X (P UK\ PR\ PN (s))
Jxp (k)

= P Uy 2m)  TT prlazp)-
kePN(5)NK>

The property that we are trying to prove will therefore follow if we can show
that both P, (]I{ZPN(S)OKI y1%p (k)) and [kepn(s)nk, Pk(ze)zp(r)) are strictly posi-
tive and do not depend on the particular value of yp(x)\pn(s) € Zp(k)\PN(s)-
We start with P, (]I{ZPN(S)m % yJxp (k). Tt is by definition equal to
Pk xpie (H{zmmxl y) and therefore strictly positive because pg Jep) is a
strictly positive probability mass function. Since s € PN(K), we can use

Lemma [80{vii)jgg to infer that
PN(s) NKi = K\ D((P(K)\ PN(s)) U (PN(s) N P2(K))).

We therefore find that PN(s) N K; does not depend on the particular value
of Yp(x)\PN(s) 1N Zp(k)\pN(s) because PN(s) N Py(K) is fully determined by
Yp(K)nPN(s)- Hence, Pg Jxpx) <H{ZPN(.v)ﬂK| }) does not depend on yp (k) py(s) €ither.

For [lxepn(s)nk, Pr(2k]zp))s it is clearly true that it is strictly positive.
To show that it does not depend on yp(x)\pn(s)» We start by noticing that
PN(s) N K, does not depend on YP(K)\PN(s) because, as we have shown in
the previous paragraph, PN(s) N K; does not depend on it, and because
PN(s)NK, = (PN(s)NK)\ (PN(s) NK;). Next, for all k € PN(s) N K>, the
factor py(z|zp()) will not depend on yp (k) py(s) because P(k) C PN(s) due
to Lemma [77(i)mz Hence, [Txepn(s)nk, Px(2k]zpx)) does not depend on the
particular value of yp(x)\ pn(s) in Zp(k)\PN(s)-

If we now no longer consider a fixed value of ypx) € Zpg), then
the results mentioned above have two immediate consequences. Firstly,
for all s € K and zpy() € Zpn(s) such that fMPN(S) # 0, we have
that PK(H{ZPN(x)ﬁK}f:Y’ZPN(S)JZP(K)> > 0. Secondly, for all s € PN(K) and
ZpN(s) € Zpn(s)» the gamble PK(H{ZPN(S)NK}JZP([()QPN(S),XP(K)\PN(S)) is constant
and strictly positive.

For the third part of the proof, we start by considering the following col-
lection of gambles on Zpy k):

Dy k) ¢={H{ZPN@)WN(K)}J%JPN@) 1 € PN(K), zpn(s) € Zpn(o)s Sapugy 7 0}-
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which is a finite subset of szlig( ) for the following three reasons. First of

all, because P(PN(K)) = 0 [see Lemma [78(iv)gyl. Secondly, because—since
PN(K) is closed because of Lemma[78iii jfgg—Lemma [fYiiijrgy implies that
PN(s) N PN(K) = PNpyk)(s) for all s € PN(K). Thirdly, because the first
point implies that, for all s € PN(K), Ppyk)(s) = P(s).

Since "Q{IE%(K) C .@})"I{I(K), we find that JZ{;N(K) is a finite subset of ‘@;’IITV(K)'

Since 1 # 0 and & ¢ @}f&( K)» We can now use an argument that is completely
* irr : s
analogous to the one that we used for &7 Jepi)” fand Z¢ Jxp() earlier on in this

proof to show that 0 ¢ & ({—h} U%;N(K)). Since we know that {—h} UW;N(K)
is a finite subset of ¥ (Zpy(x)), we can now apply Lemma @m This pro-
vides us with a probability mass function ppy(x) on Zpy, ) With an associated
linear prevision Ppy (k) on & (Zpy(x)) for which ppy(x)(zpn (k) > 0 for all
zpn (k) € Zpn(k)» Penik) (f1) > 0 forall f7 € M;N(K) and Ppy(g)(h) < 0. As a
direct consequence, we find that Ppy(x) has two additional properties as well.

Firstly, for all s € PN(K) and zpy(5) € Zpn(s) such that Fszpyiy # 0, we find
that PPN(K) (H{ZPN(s)mPN(K)}fS»ZPN(s)) > 0 because H{ZPN(s)mPN(K)}fMPN(x) € %;N(K)'

Secondly: Ppy k) (g]I{xP(K)}) > 0. Indeed, since gH{xP(K)} € G(ZPN(K)-p)>
we know that Ppy (k) (gH{xP< K)}) is a positive linear combination of probabilities
Pen (k) (Zen(k) ) With zpy k) € Zp(k)» of which we already know that they are
strictly positive.

We are now ready for the fourth and final part of the proof. We start by
defining the mass function pg on Z¢ that we have been after all along. For all

26 € Zg, we let

p6(z6) = PPN(K) (ZPN(K) )Pk (2 |ZP(K) )PD(K) (ZD(K) \ZP(D(K)) )s

where all three factors have been defined in earlier parts of this proof. Since
PN(K), K and D(K) constitute a partition of G due to Lemma [7T§(iifgg, and
since P(K) C PN(K) and P(D(K)) € PN(K)UK, we see that pg is indeed a
mass function on Zg. For the corresponding linear prevision Pg, the law of
iterated prevision implies that for all /' € 4(25):

Ps(f") = Ponexy (P (Poiy (f 1 Xp(p(k)) ) 1 Xp (k) - (6.18)

Hence, since h € ¥ (Zpy(x)), we find that

Pi(h) = Ppy k) (Px (Ppy (R Xp(n(x)) ) ] Xp(k)))
= Ppy (k) (hPx (1Pp(x) (1 Xp(p(k))) %P (K)))
= Py (k) (hPx (1|xp(x))) = Ppn (k) (1) < 0.
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Similarly, since g € 4(Zy(x))>0 and f € ¥ (Zk), we find that

P6(8Lixp g 1f) = Pew(x) (P (Po(i) (81 (xp 1 f 1 Xp(o(k)) ) [ Xp(K)))
= Pen() (8L} P (fPoic) (1 Xp(n(K)) ) JXP ()
= Pen (i) (81 1 Px (f 1 Xp(K)))
= Pe(f Jxp) ) P (i) (81 ap 1) <0,

where the final inequality holds because Px(f |xp(x)) is strictly negative and
Ppy( )(gH{xP }) is strictly positive. For Px(f]xp(x)), this is true by construc-
tion because PK(fJxP<K)) = Pxjap (f) <0 and for Ppy ) (gH{xP(m})’ this has
been shown earlier on in this proof.

All that is now left to do is to show that Ps(f.) > 0. Since f,, ~ # 0
for at least one s € G and zpy(5) € Zpn(s), Equation (6.T6)gg tells us that it
suffices to show that PG(I[{sz }fSZPN ) >0 forall s € Gand zpy() € Zpn(y)
such that f;, 2p(s) #0. So let us fix any such s € G and zpy(5) € Zpy(s) and
show that PG(H{sz o Hszeng) ) > 0. We consider three cases: s € D(K), s € K
and s € PN(K). They are exhaustive and mutually exclusive because, as we
already mentioned before, D(K), K and PN(K) constitute a partition of G [see

Lemma [7§(1)gy)-

If s € D(K), then, because D(K) is closed due to Lemma [7T§iDjrgs,
and because PN(D(K)) = PN(K) UK due to Lemma [7§(v)jg3. we can use
Lemma [7§(vii)ffg3 to infer that PN(K) UK C PN(s). By combining this with
Equation (6.18) ~, we find that

PG(H{ZPN(S) }fsazpzv(s) )
= Peni) (Px (Po(i) (Uzpy ) 1 fozpiy JXp(D(K)) ) ) XP(K) )
= Pon (k) (P (oK) (L e e o }fozeno Xp(0()) ) JXp(K)))
= Pon () Lz ) P L) Po i) Wz iy} oo 1 2p0008)) ) 2 )
= o ) Lepy ) PR Wiy 220 )P0 i) Lz} o zow J 2P 0(%)))
= Prn(k (H{ZPN(K)})PK(H{ZK}JZP(K))PD(K)(]I{ZPN(.;)mD(K)}fstPN(x)JZP K))
= penk) 2en (&) )P (2 1 2p) ) P (k) Uz i sz J2PDK))) > 0

3

where the inequality holds because all three constituting factors have been

shown to be strictly positive earlier on.
If s € K, then since PN(K) C PN(s) due to Lemma [T§viijgy. Equa-
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tion (6.18)og implies that

PG(]I{ZPN(.V)}fyvaN(s) )
= Peni) (Px (Poi) (Lzpy )y fozmnig 1Xp0x))) 1 Xp(x) )
= Pen k) (P (o) Lty et zewoyroim Hiszawin 1 Xeo) ) 1 Xpix) )
= Pen(g) Wz g0 P Uy - fomm
o) Wepyyomy 2P0 K0PV ) Xp(D(K))\ P (5))
JZP(K)))>
which, since Pp ) (]I{ZPN(X)OD(K)}JZP(D(K))QPN(S) 7XP<D([(>)\PN(S)) has been shown
to be a constant gamble earlier on in this proof (observe that s ¢ D(K) because
s € K), in turn implies that
Fe (]I{ZPN(S) }fY7ZPN(.v) )
= P (i) Wy K Ly} Fozmns 1221 )
Pok) Uepy i} 2P0 )PV Gs) Xe(D(K))\PN(s))
= Ppn(k) (H{ZPN(I() } )PK(]I{ZPN(.y)mk}f‘#ZPN(s) Jzp(x))
Po i) Uz i Hapox))02N () XD i) )\ PV )
= en(r) 2en (&) )Pk (Uzpy i1 fozpngy 2P(K))

Pok) Wiz i HEPDK)) PN () XP(D(K)\ PN (s5)) > O,

where the final expression is strictly positive since all three constituting factors
have been shown to be strictly positive earlier on in this proof.
If s € PN(K), Equation (6.18)jgg implies that
Fo (]I{ZPN(S) }vaZPN(x) )
= Ppn(x) (Px (Pp(k) (I[{ZPN(S)HPN(K) }H{ZPN(x)ﬁK}H{ZPN(s)ﬂD(K) }fsazpzv(s)
1Xpox))) 1 Xp(k)))
= Ppn(k) (]I{ZPN(x)ﬂPN(K)}f:Y*ZPN(s)
PK(H{ZPN(s)ﬂK}
Pox) Uepy i Hapomynen(s) » Xewi ) enes))
Jzp(r)nen(s) Xp(k)\PN (5)))s

which, since Pp ) (]I{ZPN(S)QD(K)}JZP(D(K))QPN(S) ,Xp(D(K))\PN(5)) has been shown
to be a constant gamble earlier on in this proof, in turn implies that
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PG (I[{ZPN(S)}‘](:Y7ZPN(S))
= Pry (K) (H{ZPN(.s)mPN(K) }vaZPN(x)
Pr (L2t 2P OPN () XP(K)\ PN s) )

Po) Tz HEPDE) 0PN () XP(D(K))\ PN (5))

and therefore, since PK(H{ZPN(S)QK}JZP(K)QPN(S>,XP(K)\pN(S)) has also already
been shown to be a constant gamble, that

P G(H{ZPN(S)}vaZPN(s))
= Ppy(x) (H{ZPN(x)ﬁPN(K) }f:g’ZPN(s) )
Pr(Lzpy i} S 2P0) 0PN (5) s XP()\ PN (s)
Por) Uzppie Hzpow)nen ) Xpok))\pa(s)) > 0,

where the inequality is again due to the fact that the three constituting factors
are strictly positive, as was shown earlier on in this proof. O

6.C PROOF OF PROPOSITION

Proof of Proposition5jrsg First, define % _— '@stz,,(

are the local models

: for all s € G and

Zp(s) € Zp(s)» Where the coherent lower previsions P J2p(e)

irr  pirr irr : :
that were used to construct P, BPN( X) and Py I This allows us to consider
1T

the corresponding irrelevant natural extensions 78 @}f;,( ) and @12 .,

. £ _ pirr
Next, define f, = f BKJXP(K) (f) and

hei=h Jrg]l{xP(K)}E’?Jmm (f) = Py (h + gﬂ{xP(KﬁB}?JXP(m (f)-
Then B}S\,( X) (he) =0 and EI?JMK) (f¥) = 0 because BEV(K) and BII?JXP(K) are
coherent [C8m.

Now fix any € > 0. Theorem @2jrsq and Equations (2:3)gg and 2-6)gm
then imply that f* +e€ ,i(rjxpm and h, + € € @}’%(K)' Hence,
g]I{XP<K)}[ f«+€] € & because of Proposition . Furthermore, since
PN(K) is closed because of Lemma and P(PN(K)) = 0 because
of Lemma Proposition [53{s7 [with K’ = PN(K), f' = h, + € and
g = 1] also implies that h, + € € .@iG”. Since @iG" is coherent, this allows
us to conclude that g]I{xP(K>}[ fet €l +h.+e€ 2 and therefore, due to

Theorem and Equation (2-3)gg, that Big(g]l{xp(K)} [fe+e€]+h.+€)>0.
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Hence, since Big is coherent, we find that
0 < P (g{uy) Lfs + €] +hote)
= Big (h + gH{xP(K)}f + gﬂ{"P(K)}8 te- B%V(K) (h i gH{xP(K)}BiI?JXP(m (f)))
(4 8./ + 81 €) € = Py (1 84y 1) Py ()
<PT(h+ 8Ly 1) + Eﬁig(gl[{xpm pte
_ BEV(K) (h+ gH{xP(K)}BiI?JXP(K) (),

where the second equality follows from and the last inequality from|[Cg,
[C2}g and conjugacy. If we rewrite the final inequality, we find that

Bi(r?r(h + gI[{xP(I()}f) 2 EEV(K) (h +g]1{xp(1<)}—ilgjxp(,() (f)) —€ (Flg(g]l{xP(K)}) + 1)

and therefore, since this holds for all € > 0, and because [Clkg and [Chrg guar-
antee that Pg; (8l (K)}) +1 >0, it follows that

PE(h+ 8lixpp 1 /) = Piv (h+ gﬂ{xﬂ,()}B}?JxP(K) (),

which is already half of the proof. All that is now left to do is to establish the
converse inequality.

Again, fix any € > 0. Theorem 235 and Equation @m@;imply that

fi—€é¢ @Ii(‘"jxpu() and h, —€/2 ¢ @}ffv(m. Hence, by Corollary . we know
that g]I{xP(K)}[ fi— €]+ h.—¢/2¢ P and therefore, by Theorem and
Equations (2.5)ay and 2.6)am. that P (8, .} [f+ — €] + h« — €) < 0. Hence,
since Plrr is coherent, we find that
0>P'”(g]1{x e — €] +h.—¢)

=P (h+ 8H{xp<x>}f = 8Ly 1€ — € = Poiviiey (0 8Lxp 0 1 PR (1)
= PG+ 8Ly ) f = 8lixpie}€) — € = Py (4 8wy 1 PR ()
> P (h+ gl 1)) — €PG (l(sy ) — €

- B}gIrV(K) (h+ gH{xP(K) }JI?JXPUQ (1)

where the second equality follows from and the final inequality from
[C3g, [C2hg and conjugacy. If we rewrite the final inequality, we find that

. . . i
BII—I’TN(K) (h+gH{XP(K)}BII?JxP(K) (f)) > BICr;r(h +g]I{fWD(K)]’f) —€ (PG (gH{XP(K)}) + 1)
and therefore, since this holds for all £ > 0, and because [Cljg and [Cg guar-
antee that Pg; (8L{xp g 1) + 1> 0, it follows that

JXP (K)

__ pirr
_BG
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6.D PROOF OF THEOREM [62]

Proof of Theorem[62} Direct and reverse redundancy follow from the consid-
eration that every path from 7 to S is blocked by [ in its first node and by S in
its last node.

To prove direct decomposition, notice that every path from / to S is also
a path from 7 to SUW. It is therefore blocked by C due to AD(I,SUW | C).
Reverse decomposition is proved analogously.

To verify direct weak union, consider any path from i € I to s € S. Since
this is also a path from I to SUW, we know from AD(I,SUW | C) that it is
blocked by C. Now let j be the first node in the path for which that path is
blocked by C in j. If the path from i to s is blocked by C in j using condition
Blisz, or B4z, then j € C C CUW, implying that the path is blocked
by CUW in j and concluding the proof.

So suppose that the path is blocked by C in j using condition [B3jg. We
then have that j ¢ C and D(j)NC =0. If j ¢ W and D(j) "W = 0, then
j € CUW and D(j)N(CUW) = 0, implying that the path is blocked by CUW
in j and concluding the proof.

So suppose, and this is the only remaining possibility, that there is some
node 7 € {j} UD(j) for which ¢ € W. In that case there is a directed path from
Jj to t and one can concatenate the section from i to j with this directed path
from j to ¢, obtaining a path from i € I to t € SUW. This however leads to a
contradiction with AD(I,SUW | C) because this path from i to 7 is not blocked
by C. To see why, first consider all the nodes in the part from i to j, excluding
Jj. The path from i to ¢ cannot be blocked by C in these nodes, because j was
the first node in the original path from i to s for which this path was blocked
by C in j. It also cannot be blocked by C in the nodes in the part from j to
t because this part is directed, j ¢ C and D(j) NC = @. This means that this
possibility cannot occur, which concludes the proof of direct weak union.

Reverse weak union has a similar proof. Every path fromic€/ltos € S is
also a path from JUW to S and is thus blocked by C. Let j be the last node
in the path for which that path is blocked by C in j. If the path from i to s is
blocked by C in j using condition Bjrg3, [B2s3 or B3, then j € C C CUW,
implying that the path is blocked by CUW in j and concluding the proof.

So suppose that the path is blocked by C in j by condition[B3jzg. We then
have that j ¢ Cand D(j)NC=0.1If j ¢ W and D(j)NW =0, then j ¢ CUW
and D(j) N (CUW) = 0, implying that the path is blocked by CUW in j and
concluding the proof.

So suppose, and this is the only remaining possibility, that there is some
node ¢ € {j} UD(j) for which + € W. In that case there is a directed path
from j to t and one can understand it as a reverse directed path from ¢ to j and
concatenate it with the section from j to s, obtaining a path from ¢t € JUW to
s € S. This however leads to a contradiction with AD(IUW, S | C) because this
path from 7 to s is not blocked by C. To see why, first consider all the nodes
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in the part from j to s, excluding j. The path from ¢ to s cannot be blocked
by C in these nodes, because j was the last node in the original path from i to
s for which this path was blocked by C in j. It also cannot be blocked by C
in the nodes in the part from ¢ to j because this part is a reverse directed path,
j ¢ C and D(j)NC = 0. This means that this possibility cannot occur, which
concludes the proof of reverse weak union.

To prove direct contraction, consider any path from i € I tow € SUW.
We need to show that it is blocked by C. If w € S, this follows directly from
AD(I,S | C), so we can assume that w € W, implying that the path from i to w
is blocked by CUS because of AD(I,W | CUS). Let 7 be one of the nodes for
which the path from i to w is blocked by CUS in¢. If t € C or 7 ¢ CUS, then
the path from i to w is blocked by C in #, concluding the proof. If t € S\ C, and
this is the only remaining possibility, then AD(Z,S | C) implies that the path
from i to r must be blocked by C, from which one can also infer that the path
from i to w is blocked by C.

Reverse contraction has a similar proof. Take any path from w € TUW to
s € S. We need to show that it is blocked by C. If w € I, this follows directly
from AD(Z,S | C), so we can assume that w € W, implying that the path from w
to s is blocked by CUT because of AD(W,S | CUI). Let ¢ be one of the nodes
for which the path from w to s is blocked by CU[l in¢. Ift € Cort ¢ CUI, then
the path from w to s is blocked by C in 7, concluding the proof. If r € I'\ C, and
this is the only remaining possibility, then AD(Z,S | C) implies that the path
from 7 to s is blocked by C, from which one can also infer that the path from w
to s is blocked by C.

For the verification of direct intersection, consider any path from i € I to
w e SUW. We need to show that it is blocked by C. Due to the symmetry of
the problem, we can assume without loss of generality that w € W, implying
that the path from i to w is blocked by CU S because of AD(I,W | CUS). Now
let ¢ be the first node in the path from i to w for which this path is blocked by
CUSint. Ift € Cort ¢ CUS, then the path from i to w is blocked by C in
t, concluding the proof. If € S\ C, and this is the only remaining possibility,
then this implies that ¢t # w, since SNW = 0 by assumption. It also implies
that the path from i to ¢ is blocked by CUW because of AD(I,S | CUW). If
it is blocked by some g for which g € C or ¢ ¢ CUW, then the path from
i to w is blocked by C in ¢, concluding the proof. If ¢ € W\ C, and this is
the only remaining possibility, then this implies that g # ¢, since SNW = 0 by
assumption. It also implies that the path from i to g is blocked by CUS because
of AD(I,W | CUS). However, this would in turn imply that the path from i to
w is blocked by CU S in some node of the path from i to g, contradicting the
earlier assumption that 7 is the first node for which this is the case.

Finally, to prove reverse intersection, consider any path from w € IUW to
s € S. We need to show that it is blocked by C. Due to the symmetry of the
problem, we can assume without loss of generality that w € W, implying that
the path from w to s is blocked by CUI because of AD(W,S | CUI). Now
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let ¢ be the last node in the path from w to s for which this path is blocked by
CUIint. Ift € C ort ¢ CUI, then the path from w to s is blocked by C in
t, concluding the proof. If r € I'\ C, and this is the only remaining possibility,
then this implies that 7 # w, since /NW = @ by assumption. It also implies
that the path from 7 to s is blocked by C UW because of AD(,S | CUW).
If it is blocked by some g for which ¢ € C or ¢ ¢ CUW, then the path from
w to s is blocked by C in ¢, concluding the proof. If ¢ € W\ C, and this is
then only remaining possibility, then this implies that g # ¢, since /"W = @ by
assumption. It also implies that the path from g to s is blocked by CU/ because
of AD(W,S | CUI). However, this would in turn imply that the path from w
to s is blocked by C U1 in some node of the path from g to s, contradicting the
earlier assumption that ¢ is the last node for which this is the case. O

6.E PROOF OF THEOREM

Our proof for Theorem [64fz7 makes use of the following two sets. For all
1,C C G, we define

Sjc={s€G: AD(I,{s} | C)}
and

Kjc={keSjc: 3s€S[c\C)sCk}.

The following result establishes some properties of these sets.
Proposition 81. Consider any I,C C G. Then the following statements hold:
(1) K,’fc is a closed subset of G;
(i) P(Kjc) ©Sic\Kie CCC S
(iii) S;c\C=Kjc\C;
(iv) D(Kjc)NC=0;
(V) INCCN(Kjc)\C.

Proof of Proposition m ) Fix u,v € KI*C and k € G such that u C k C v and
assume ex absurdo that k, . Since u € KI ¢» we can infer the existence of
some s € S - such that s ¢ C and s © u C k, implying that k ¢ S7 . because
ke St would imply k € K}, contradicting k ¢ K; . So we now know that
there is a path from some i € [ to k that is not blocked by C. Since s C k, we
also have a directed path from s to k and thus a reverse directed path from k to s.
Concatenating the path both from i to k and the reverse directed path from k to
s, we obtain a path from i € I to s, which should be blocked by C since s € S?.c-
The only way for this to be possible is if k ¢ C and D(k) NC = 0. However,
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then the path from i € I to v, formed by concatenating the path from i to k and
a directed path from & to v, is not blocked by C, contradicting v € K, ,* c G S;,C'
. We begin by proving that P(Kj ) C S7 -\ Kj¢. Consider any node
K} ) and let k be (one of) the child(ren) of p for which k € K; - C S} .
Assume ex absurdo that p ¢ S7 - This means that there is a path from some
i € I to p that is not blocked by C. If k ¢ C, then the concatenation of the
path from i to p with the node k, yields a path fromi € ltok € Sic that is not
blocked by C, a contradiction. If k € C, then k € K 1* ¢ implies the existence of
some s € S?,C such that s C k and s ¢ C. Since s C k, we can now construct a
directed path from s to k, yielding a reverse directed path from k to s. If we
concatenate the path from i to p with this reverse directed path from £ to s, we
obtain a path from i € I to s € S}~ that is not blocked by C, a contradiction.
Hence, we may conclude that P(Kj ) C S7 . Since P(Kj ) NKjc =0, this
implies that P(K} ) C S} \ Kj ¢

Next, we prove that S; -\ K; - C C. Consider any k € S} -\ K} - and assume
ex absurdo that k ¢ C. Then s = k is an element of Sic such that s C k and
s ¢ C, which implies that k € K -, a contradiction. Hence, we may conclude
that k € C.

The final inclusion—C C S} C—1s tr1v1a1

Since we already know from [( that S7 - \ K} € C, it follows
that S7 \C C 87\ (S7c\Kj¢) = K] ¢, where the last equality holds because
Kic CSic Clearly, this implies that SIC \C CK;-\C. Since Kj - C Sj - also
1mp11es that K;c\C C S;c\C, we find that K,C\C Sic\C

. Assume ex absurdo that D(K;c)NC #0and fix any € D(K;c)NC.
Since f € C, we know from that 7 € Sj . On the other hand, 7 € D(KI*C)
implies the existence of some k € K} - such that k C 7. Since k € K in turn
implies the existence of some s € S;C suchthats CkCtands ¢ C, we obtain
fromt € S - thatt € K (., contradicting 1 € D(Kj ). Hence, we may conclude
that D(K,*C') nc=0.

) I\CC N(Kj )\ C follows trivially from 7\ C C N(Kj ), so it suffices
to prove the latter statement. Consider any i € I\ C, implying that i ¢ C. Since
i€ G=N(K[c)UP(K]c)UK]UD(Kj ), it suffices to prove that i ¢ P(Kj ),
i ¢ K and i ¢ D(Kj ). First, i cannot be an element of P(Kj'.) becauseﬂ
then implies that i € C, a contradiction. Second, i is not an element o KLC
because then i € S}, which implies that the trivial path from i to i should
be blocked by C, again yielding a contradiction with i ¢ C. Third, assume ex
absurdo that i € D(Kj ). We have shown in the proof of D(K} ) NC = 0 that
this implies the existence of some s € S;C suchthatsCiands §é C. SincesC i,
we can now construct a directed path from s to i, yielding a reverse directed
path from i to s that is not blocked by C [because it is a reverse directed path,
and because neither i nor s belong to C], which contradicts s € S}“C. O

Using these properties, the proof for Theorem [64jg7 is now relatively easy.
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Proof of Theorem[64z7. Consider pairwise disjoint subsets 1, S and C of G.
First assume that AD(Z,S | C). This implies that § C 7. Let K :== Kj .
Since 1, S and C are pairwise disjoint, it follows from Proposition [8 gy that K
is a closed subset of G for which P(K) CC,SC K, D(K)NC=0and I C N(K).
Conversely, assume that there is a closed subset K of G such that S C K,
P(K)CC,ICN(K)and D(K)NC =0. Since AD(N(K),K | P(K)) because of
Lemma(82] direct and reverse decomposition [see Theorem [62)s3]] imply that

AD(IU(N(K)NC),SU(KNC) | P(K)).

By applying direct and reverse weak union [see Theorem [62z3] this in turn

implies that
e AD(I,S | P(K)U(N(K)NC)U(KNCQ)). (6.19)

Since we know that P(K) C C and D(K) NC = 0, Lemma[7§(iijrgg allows us to
infer that P(K) U(N(K)NC)U(KNC) = C and therefore, by Equation (6.19),
that AD(Z, S | C). O

Lemma 82. For any closed subset K of G: AD(N(K),K | P(K)).

Proof of Lemma(82] Consider any path t =sy,...,s, =k, n > 1, from a node
t € N(K) to anode k € K. We will prove that this path is blocked by P(K).

Let i be the last index in {1,...,n} for which s; ¢ K [i is well-defined
because s; =t ¢ K]. Since s, = k € K, we know that i < n and we can therefore
consider s;y;. Clearly, by definition of i, it holds that s;1| € K. We now
consider two mutually exclusive and exhaustive cases: s; — s;+1 and s; <— s 1.

We first consider the case s; — s;11. Then s; € P(s;11). Since s; ¢ K and
si+1 € K, this implies that s; € P(K). The path t = s1,...,s, = k is therefore
blocked by P(K) in s; [using blocking condition [B gz or [B2frgz.

Next, assume that s; < s;+1. Since s; =t € N(K), it follows from
Lemma that s; ¢ D(K). Since s;11 € K, this implies that there is
at least one j € {2,...,i+ 1} such that s;_; — s;. Let j* be the largest
Jj €12,...,i+ 1} for which this is the case. Since s; < s;+; implies that
J* < i+1, it follows from the definition of j* that sy | — s/« < 541 and
that s« € D(siy1). Consider now any s € {sj} UD(sj<). Then s € D(si1+1)
because s+ € D(s;y1). Since s;11 € K, this implies that s € KUD(K). Using
Lemma [7§(iDjg3, this allows us to infer to s ¢ P(K). Since this holds for ev-
ery s € {s;} UD(s;+), we find that s« ¢ P(K) and D(s;<) NP(K) = 0. Since
we also know that 1 < j* < i+ 1 < n, we can combine this with the fact that
§j*—1 — §j* <= sj*41 to find that the path t = s1,...,s, = k is blocked by P(K)
in 5+« [using blocking condition B3gzl. O
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6.F PROOF OF PROPOSITION

Proof of Proposition[64rry Consider a partition Gy,...,G,, of G such that
P(G;) =0 for all i € {1,...,m}. Then, clearly, the sets G; are disconnected
from one another. Indeed, assume ex absurdo that there is an arrow from a
node s € Gjtoanoder € Gj, with i, j € {1,...,m} and i # j. Then s is an ele-
ment of P(G ), which contradicts our assumption that P(G;) = 0. Conversely,
and similarly, one can easily see that if the DAG consists of disconnected sets
Gi,...,Gp, then P(G;) =0 foralli e {1,...,m}.

In any case, whenever one of these two equivalent conditions holds, then
forany i€ {1,...,m} and s € G;, we have that Pg,(s) = P(s) C G; and Dg, (s) =
D(s) C G, and therefore also that PN(s) = PNg,(s) U (G\ G;).

Now let .@};“ be the irrelevant natural extension of the complete network, as
given by Equation (3.2)3g, and, for all i € {1,...,m}, let ler be the irrelevant
natural extension of the network that has the sub-DAG associated with G; as
its graphical structure, as given by Equation (6.2)rsg. We then find that

126 = posi({Iizg 1S i€ {1, om}, 2616, € Zavain | € Z63)
:posi({]I{ZG\Gi}f: ie{l,....m}, 266, € Z6\61»
feposilily, )11+ s € Giszng, () € LG, ()
1€ Dyep DY)
= posi({H{zG\Gi}H{ZPNGi(S)}f’: ie{l,....,m}, zg, € Zc\G,» s € Gi,
2NG, () € LN, (5): € Dojzpiy })
= POSI({H{ZPN }f 5 € G, zpn(s) € Zpn(s) ,fe gstP(J)}) = -@G

The first equality in this derivation follows from Equation (3.2)3g The sec-
ond one follows from Equation (6.2)yr5g and the earlier proved fact that, for
all i € {1,...,m} and every s € G;: Pg,(s) = P(s). The third equality is due
to the definition of the posi operator and the fourth equality holds because
Gi...,Gy, is a partition of G and because we have already shown that, for all
i€{l,...,m}andevery s € G;, PN(s) = PNg,(s) U(G\ G;). The final equality
follows from the definition of Z.; see Equation (5.2)r3g Hence, we already
know that 7" = " 191“

Without loss of generality, we now assume that 7 for

Jap = Bojapgy)
all s € G and zp(;) € Zp(y). Forall i € {1,...,m}, we then infer from The-
orem that Pi”(-) = Pyin. As explained in the main text, this im-
plies that @7 P‘“( )=Pgm 1

E”ZIE& ()= E_gﬁgr . Since Theorem also tells us that Eg() = B-””ic"’ we
find that P (-) = @2, PG (*). O

7in and therefore, since 2 = i é{lf, that
i
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6.G PROOF OF PROPOSITION [71]

Proof of Proposition[7ljrrs, Due to Lemma [7V)isz&(vDirss, we know that T
and S are closed subsets of G and that D(S) = 0.

First consider any s € T. Then, by assumption, S C D(s), which implies
that PN(s) C T. By combining this with Lemma 76z and [fiibjgz, we find
that PNy (s) = PN(s) and Pr(s) = P(s).

Next, consider any s € S. Lemma [77(vii)jgz then implies that T C PN(s).
By combining this with Lemma [79(ii)gs, we find that PNS( )=PN(s)\T
and PN(s) = T UPNs(s). Also, due to Lemma [7§frgz: Ps(s) = P(s ) \ T

The following series of equalities establishes that @‘“ = @ S J Xos)

D0 Dy = {7 €9 ZNNIOV: £ = fr + Loyeny g fopers
fr € DTULO}, (Var € 27) fojey € 7, U0}
= {1 €9(26)\{0}: £ = fr + Lureas L) e
(f T = Yser ZZPNT () 2PNy (s) ]I{ZPNT(S)}f s)zpnp(s)?
(V5 € T) (V2pny () € Zowrs) Folemg g € Py U{0}).
(VXT € ‘%'T> (fSJxT = ZSES ZZPNS (s) E%PNS(S) H{ZPNS(x)}fYJ (ZPNS(.s)!xT)’
(Vs €S) (Vzpny(s) € Zpng(s))
Fs) ngisyxr) € Dsl(zpggsy poppgs) {0}) }
— {1 €9 ZN\{O}: f = fr+Eurer L) Fspar-
(fT = Ler ZZIJN(S)Gjllﬁf’N(s) ]I{ZPN(s)}fSJZPN(s)’
(Vs € T) (Vzpn(s) € Zpnis)) [y Jzenis) € Dslaps) U{O})
(Vxr € 27) (f Sler = Lses ZZPN(X)\TG‘%PN(x)\T ]I{ZPN(A')\T}f:YJ @pn )\ X))
(Vs €8) (Vzpns)\7 € Zpns)\T)
fs) @eng\roar) € D) (2p(s)\T *P(s)T) U {0}> }
= {f € g(%G)) \ {O} : f = ZSEG ZZPN(A’)E%PN(S) H{ZPN(S)}fSJZPN(,r)7

(5 € G) (Vzpn(s) € Zon(s)) Fepuy € Poepy U101}
=9, (6.20)

The second and the last equality follow from Proposition 3@sg. The third and
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fourth equality follow from some basic manipulations and the properties that
we derived in the beginning of this proof.

The other three equations of this Proposition now follow from Proposi-
tion @3jrzg, Theorem @G, Proposition @9z and the connections that were
established in Section [6. 773 between the four different expressions for our
generalised notion of marginal extension. O

6.H PROOF OF THEOREM [73]

Proof of Theorem[/3z7 First assume thatlﬁgv(K)({xp(K)} X By(k)) = 0. For
every By € Py(Zx), this implies that Pg; (Bg x {xpk)} X By(x)) = 0 and
therefore, we infer from Equation (6.15))rgg that

R (-] Bk x {xpx)} X By)) = PR (-] Bk x {xp(x)} X By(x))-

Since this holds for all Bx € #y(Zk), we find that
RE (-] x{xpx)} X By(k)) = PE(-]- x{xpx)} X By(x)) = B}gjxp(,() 1),

where the last equality follows from Corollary 6050

Next, assume that' F}I)TM v {xpx) } X Byx)) > 0. We need to prove for all
BK S «@0(%‘1{) that Bl[?(JBK X {xP<K)} X BN(K)) = BII?JXP(K) (JBK) So fix any
Bk € Py(Zk). It follows from Corollary and conjugacy that

ﬁl(I;T(BK X {xP(K)} X BN(K)) = F;TN(K)({XP(K)} X BN(K))ﬁII?JxPU{) (Bk). (6.21)

We now consider two cases: Fi,a (Bk) =0 and ﬁi[?JXP(K) (Bk) > 0.
If ﬁi]?]pr (Bx) = 0 then also Py (Bx x {xpx)} X By(k)) = 0 because of

Equation . Hence, we find that

*P(K)

R (-]Bk x {xp(x)} X By(x)) = P (-] Bk x {xp(x)} X By(x))

= Bi]?jxp(K) (JBK) = Bi]?jxp(m ('JBK)7

where the first and last equality follow from Equation (6.13)jrgg and the second
equality follows from Corollary [60frzn:

If Fi,?JXP ., (Bx) > 0 then also T’ig(BK x {xp(k)} X By(k)) > 0 because of
Equation (]éif[) and the assumption that F%\,(K ({xpx)} X Bn(x)) > 0. Con-
sider any f € ¥(Bk). It follows from Equation &T_IT[E] that

R (f]Bxk x {xpk) } X B(x))
= inf {Px (f Bk x {xp(x) } X Bu(x)): Po(-]") € M.,
PG(Bk x {xp(x)} X By(x)) >0} (6.22)
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and

B JB0) = 08 (PR B2 PRCL) € e Pi(Br) >0} (62
The only thing that we still need to show in order to finish this proof is that
R (f1Bx x Lepir > By = RE, - (f1Br)

We first show that RIIQ‘JX (f1Bk) < RE(f]Bk % {xpx)} X By(x)). Con-
sider any Ps(-]-) € //ligr ) such that Pg(Bk X {xp(k)} X By(x)) > 0 and
let P (-]) = Px(-] - x{xp(x)} X By(x))- Since Corollary implies that
PI(.|- x{xpk)} X Bn(x)) = P (-]), we infer from Pg(-]-) € ///Bigu,)

*KJXP(K)
that P (-]-) € ///B}? o Also, since it follows from Bayes’s rule that
Jp(k

PG (Bk X {xp(k)} X By (k)) = Px (Bx ] {xp(x) } X Bn(k)) Pen(x) ({Xp(k) } X Bn (k)

(6.24)
we infer from Pg (Bg x {xp(x)} X By(k)) > 0 that Pg(Bk) > 0. Equation (6.23)
therefore implies that

Ko (F1Bk) < Pi(f|Bk) = Px(f]Bk x {xp(x)} X By(x))-

JXP (K)
Hence, it follows from Equation (6.22) ~—and from the fact that this is true
for every Ps(-|-) € //lpm ) such that Pg(Bk x {xp(x)} X By(k)) > O—that
R, (F1Bx) < B Bx * {700} % By
Next we show that RIT(f| Bk x {xpx) } X Bnx)) < *KJXP(K (f]Bk). Con-

sider any P (-|-) € M pin ) such that P, (Bg) > 0. Since it follows from
coherence [Cg] that Klxp()

P Ev V{xpm)} X By) < Y P (e avix)))
WNK) ELN(K)
we infer from Fg;v(m({xp(m} X By (k) > 0 that there is some k) € ZN(K)
such that FEV(K)(()CHK),ZX,(K )) > 0. Let Xpn(k) = gp(m,zj‘v(m). Consider
any s € PN(K). Proposition then implies that P 1 (x¥) > 0. Hence,
by Theorem (/g7 there is some linear prevision P, € .#p ., such that
SJXP(K) 7SJXP(S)

P

P(K)
graphical structure and whose local models are given by

(x¥) > 0. We now construct a new credal network that has the same

. B P;]x n if s € PN(K) and zp(,) = x}‘,(s);
) Py, otherwise.

Let Bg*(J) be the corresponding ‘global’ irrelevant natural extension, and

similarly for E}E}Q‘(K)(-J-) and E}?J*;P(K)(-J-). Since B:JZP(S) = Py, for all
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s € K and zp(;) € Zp(y), it follows th.at B‘Igj’;}’(m (-])= EII?JXP(K) (-] ) Therefore,
since Corollary implies that P (-] - X{xP(K)} X BN(K)) = B}?ﬁpm ¢l

we find that PE™ (-] - x{xpx)} X Byx)) = Bil(rrijK (-]©). Hence, since
Pi(-]-) € Mpin (] it follows from Theorem m.] that there is some

Kl
Ps(-]") € A pin (.. ) such that Pg(-] - x{xpx)} X Bn(k)) = Px(-]-). Since

Py (Bk) >0, thls also implies that Pg (Bk |{xp(k)} X Bn(x)) > 0. Due to Propo-
sition 58z, we find that

BN o) = T 2o ()= T1 Pl (x>0

SEPN(K) SEPN(K)
which, because of coherence Iu implies that B}EK,? ({xpx)} X By(x)) > 0.

Hence, since Pg(-]-) € ///P."* (> We find that PPN(K)({)CP } X By(ky) > 0.

Since we already know that P (Bk [{xp(x)} X By(x)) > 0, Equation (6.24) ~
now tells us that Pg(Bg x {xp(g)} x BN(K)) > 0. Since the local models that

are used to construct Eg*(J -) dominate the corresponding local models of
P (-]-), we know that P5(- |-) dominates P (- |-). Since Ps(-]-) € ///B%‘*(-J-)’
this implies that Pg(-|-) € ‘///Eicn(' |- We conclude from all this that there is
some Pg(-|) € ///,Z’(-J-) such that Pk (-] - x{xpx)} X By(x)) = Px(-]-) and
PG (Bk x {xp(k)} X By(x)) > 0. Equation (6.22)pxg therefore implies that

R (f 1Bk % {xp(x)} X By(x)) < Px(f]Bx x {xp()}  Bnx)) = Pk(f]Bk).
Since this is true for every P (- |-) € M pin (.]-) such that Py (Bk) >0, Equa-

—Klxpk)

tion (6.23).~ implies that R (] Bk x {xp(x)} X By(x)) < R‘,?Jx (f]Bk). O
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7

INFERENCE ALGORITHMS

“The question of whether a computer can think is no more
interesting than the question of whether a submarine can swim.”

Edsger W. Dijkstra

If it were not for this final chapter, all the definitions, theoretical properties
and philosophical discussions in this dissertation would be nothing more than
a—rather masochistic—thought experiment. Although I must admit that I am
rather fond of mathematical masochism, it seems to me that this is a rather
peculiar personality feature, shared by academics only, and even then, only
by a few. Therefore, besides for my personal enjoyment, the main motivation
for developing this theory of credal networks under epistemic irrelevance is
of course not merely its mathematical beauty. The ultimate goal is to use this
theory to solve practical problems.

In principle, credal networks can be applied to solve the same problems
as Bayesian networks. The added advantage is that in those cases where it is
too costly, time-consuming or simply unrealistic to provide the precise local
conditional probabilities that are required for the construction of a Bayesian
network, we can use imprecise-probabilistic local models instead, making the
resulting global model and the inferences it leads to more reliable. This ap-
proach has been successfully applied to various problems. Two important
types of applications are knowledge-based expert systems—see for example
References [1}3,[36]—and data-based classifiers—Reference [13]] provides a
recent overview of the growing literature on credal classification; an early ex-
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ample can be found in Reference [119]. Other examples are filtering [6]] and
state estimation [30] in imprecise hidden Markov models.

With the exception of these last two examples, both of which adopt epis-
temic irrelevance, nearly all applications of credal networks have been devel-
oped using credal networks under strong independence. The main—and often
only—reason for this choice is the simple fact that, for credal networks under
epistemic irrelevance, there is no generally applicable algorithm that is capable
of computing the inferences that are required for these applications—that can
evaluate PIT(f|B), for specific choices of f and B. If such an algorithm were
available, the applications that are now using credal networks under strong
independence could be dealt with equally well using credal networks under
epistemic irrelevance.

In fact, we think that in many cases, credal networks under epistemic irrele-
vance would be better suited for the job. On the one hand, from a philosophical
point of view, as has been acknowledged by several authors [16,46,[81./106],
assessments of epistemic irrelevance—or epistemic independence—naturally
have a broader scope because of their more intuitive meaning, which is es-
pecially important in the case of knowledge-based expert systems; see Sec-
tion[d.4frzg as well. On the other hand, the reason for the—relative—abundance
of algorithms for credal networks under strong independence is not that they
are somehow inherently more tractable. On the contrary, initial complexity
results seem to suggest otherwise.

Indeed, the main conclusion of a very recent paper [[67]] about the com-
plexity of inference in these two types of credal networks was (a) that there are
inferences—even in singly-connected networks—that are NP-hard according
to both types of networks [[67, Theorem 1] and (b) that each type of network
has a particular class of ‘simple’ inferences that are known to be computable
in polynomial time. The type of inference problem that is ‘simple’ is the com-
putation of the lower or upper prevision of a gamble on a single variable—the
query variable—conditional on the value of some set of evidence variables.
For credal networks under strong independence, this type of inference is ef-
ficient if the network is singly connected—is a polytree—and consists of bi-
nary variables only [55]]. For credal networks under epistemic irrelevance,
this type of inference is efficient if the network has a tree structure, regard-
less of the cardinality of the variables [42]. Given that tree topologies are
very common—Markov chains, hidden Markov models and naive classifiers
are popular examples—and that many networks contain non-binary nodes, this
suggests that inferences in credal networks under epistemic irrelevance are at
least as tractable as those in credal networks under strong independence, espe-
cially since inference in trees with non-binary nodes is known to be NP-hard
for credal networks under strong independence [67, Theorem 2].

So, given that these complexity results tend to favour credal networks under
epistemic irrelevance over credal networks under strong independence, why
then is this preference not shared by practitioners? The answer is very sim-
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7.1 WHICH KINDS OF INFERENCES DO WE CONSIDER?

ple: because there are far more algorithms available; see Reference [2, Sec-
tion 10.5.3] for a recent overview of algorithmic developments for credal net-
works under strong independence. Although most of these algorithms are ei-
ther inefficient or not exact, they do allow for approximate inferences to be
computed within reasonable time. Of course, as the approximation improves,
the required time typically becomes less reasonable. Despite the inherent com-
plexity of inference in credal networks under strong independence, these ap-
proximate algorithms do yield results—be it often inner and therefore unsafe
approximations—and thereby allow for applications to be tackled—be it in-
exactly. No such approximate algorithms are available for credal networks
under epistemic irrelevance. For this reason, so far, applications of credal net-
works under epistemic irrelevance have been restricted to networks with a tree
topology—such as hidden Markov models [6}30].

We believe that the availability of approximate algorithms for credal net-
works under strong independence is not related to an inherent tractability of
these networks, but rather to the fact that they can be defined in terms of sets
of Bayesian networks, as discussed in Section . This has inspired re-
searchers to try and adapt existing algorithms for Bayesian networks and we
believe that this is the main reason why there are so many—approximate—
algorithms for credal networks under strong independence.

The goal of this chapter is to show that the algorithmic possibilities of
credal networks under epistemic irrelevance go far beyond the special cases
that have been considered so far. We will explore some of these possibili-
ties and will provide tools and ideas that can be used for further exploration.
First of all, as we will see, efficient exact inference in credal networks un-
der epistemic irrelevance is neither limited to inferences with only a single
query node—and multiple evidence nodes—nor to credal networks with a tree
topology. Credal networks with more complicated topologies allow for effi-
cient inference as well, and it is possible to consider multiple query variables
at once. We illustrate this by developing algorithms that can deal with more
general topologies, for broad classes of inference problems that significantly
extend the case of a single query node with multiple evidence nodes. Further-
more, and perhaps most importantly, we introduce algorithmic tools and ideas
that should allow practitioners to move beyond the specific inference problems
and topologies that are tackled by our algorithms and to develop their own
algorithms for solving the particular inference problems that are relevant for
their applications. We illustrate these techniques by means of a number of
examples.

7.1 WHICH KINDS OF INFERENCES DO WE CONSIDER?

The most general inference problem that we will consider in this chapter is the
numerical evaluation of P (f|0) or RY (f]O)—see Equation (6.13)ysg—for
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some arbitrary O € Py(Zg) and f € 4(0). This corresponds to condition-
ing by means of natural extension and regular extension, respectively As
argued extensively in Chapter @9} it makes sense to interpret Pi¥(-]0) and
RT(-]0) as updated uncertainty models that become applicable after O has
been observed. If f is the indicator Iz of some event B C O, we obtain the
updated lower and upper probabilities of B as special cases: they are given by
PI"(B|0) := Pi¥(I5]O) and P (B]O) := — P (—13 | O) for natural extension,
and similarly for regular extension.

The fact that we focus on the framework of lower previsions here is not re-
strictive. Due to the connections that we have established between the different
notions of irrelevant natural extension that were introduced in Chapter M
the value of Pi¥(f|O) or RI¥(f|0) can also be interpreted in terms of other
fr_ameworks. For example, if we start from local credal sets 7 %p(s) and let
P& (-]) be the irrelevant natural extension of the network that has the lower
previsions P, Jp) = Bﬁ“sJXP as its local models, then

XPp(s (s)

P§(f]0) = min{ Y. f(x6)p6(x6lO): pe(-]-) € 33(5“} 7.1

XGEB

If P{y (0) = 0, then R (f£]0) = PI(£]0). Otherwise, it follows from Equa-

tion (3.1T)gy and Proposition f9y that

RE(f]0) = inf{ Y f(x6)pc(xc)0): p(-]-) € FE', pa(0) > 0}' (7-2)

XGEB

Similar interpretations for PiT(f]0) and RI¥(f|O) can be obtained in terms
of sets of conditional linear previsions as well; it suffices to replace Ty Jxp(s)?
Fa p(]-) and Yoygep f(x6)pe(xG|O) by M)y, . A" and Fs(-]-) and
Ps(f]0), respectively.

The situation is slightly different for sets of desirable gambles. If we start
from arbitrary local sets of desirable gambles 7 Xp(s) and let Py, , o be the cor-
responding lower previsions, then, for any O € Z%)(Z¢) such that P (0) > 0,
P& (-]0) is equal to Py (-] )Oéﬂ However, in general, P (-|-) is only known
to be dominated by B@Gn(-J- and will not always be equal to it. If they dif-
fer, then P& (f]O) serves as a conservative—safe, lower—approximation of
ngr (f]O). Similarly, R (f]O) is only guaranteed to be equal to Py (f)—

!Since PIT(-]-) is coherent, it coincides with its natural extension.
2See Theorems Ew and and Proposition @‘-m
3For O = 2, this follows from Proposition Qm The other cases then follow from the

GBR; see Section @

4By the same argument that was used in the beginning of Theorem .
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7.1 WHICH KINDS OF INFERENCES DO WE CONSIDER?

with 25, as in Equation (3:8)gg, for 2 = Z"—if P(; (0) > 0; otherwise, it
might only be a conservative—safe, lower—approximation of B@(r) (f).

In any case, in practice, the local models that are elicited from experts or
data are usually not sets of desirable gambles, but lower previsions or their
corresponding credal sets. The role of the framework of sets of desirable gam-
bles is then a theoretical and philosophical one. If we let 7)., ) be the unique
smallest coherent set of desirable gambles that corresponds to Py, ) 3 given
by Equation (2.4)gq, then P (- |-) is the conditional lower prevision that corre-
sponds to 9&" [see Theorem@@ and, for all O € Zy(Z¢), Eg(] 0) =Py
[see Equation (3.9)ggl. The advantage of this connection with the framework
of sets of desirable gambles is (a) that it has allowed us to develop and prove
the theoretical properties discussed in the previous chapter and (b) that it pro-
vides us with a justification for regarding Pi¥(-|O) and R¥'(-|O) as updated
models [see Chapter [3g]. From a practical and computational point of view,
we will mainly focus on the frameworks of lower previsions and credal sets.
The choice is a matter of personal preference—we prefer lower previsions—
and mathematical convenience—both frameworks have their merits—because,
as can be seen from Equations (7.1) ~ and (7.2) ~, they lead to mathematically
equivalent results. For now, we consider the framework of lower previsions.

The choice between PI¥(f|0) and R (f|0) is also a matter of personal
preference; it depends on whether one is willing to make the additional assess-
ments that are required to justify updating by means of regular extension; see
Chapter [35. We consider these additional assessments to be reasonable and
therefore prefer regular extension. From a practical point of view, regular ex-
tension also has the advantage that it produces more informative inferences, a
feature that is of course important in applications.

~ Although we will be offering methods for computing PI(f]0O) and
RE(f]O) for general events O € Zy( Z¢) and gambles f € 4(0) [see for ex-
ample Section [7.4p77]l, they can only be applied for small networks; for larger
networks, these general methods are simply too demanding from a computa-
tional point of view. As is the case for Bayesian networks, computational ef-
ficiency can only be achieved for specific choices of O and f. We give a brief
overview of the specific choices for which we will present efficient algorithms.
A first important—and popular—example is the evaluation of le”( flxg) and
Biq”(fij), forsome g € G, E C G\{q}, f € 9(Z;) andxg € 2. Inthat case,
X, is referred to as the query variable and the variables that are represented by
Xg—the variables X,, with ¢ € E—are called the evidence variables. The idea
is to use information about the evidence variables—in this case their value—to
learn something about the query variable. Multiple query nodes can also be
considered. This corresponds to considering disjoint subsets Q and E of G
and evaluating EQ"(fJxE) or Eg(fjxg), for some f € ¥(Zp) and xg € Zk.
In that case, f will often be structured in some way. It could for example be
the indicator H{XQ} of some value xp € Zp—in order to compute the lower
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7.2 MAKING THE PROBLEM SMALLER

probability of xp—a sum Y co f; of gambles f, € ¥(Z,) or even a prod-
uct [],ep fg—of which the indicator ]I{XQ} is a special case. We discuss these
examples—as well as others—further on in this chapter [see Sections[7.5.3pag-
[7.5.6zal. Although it often makes things easier, it is not necessary for all of
the evidence to be specified completely; partially specified evidence can be
dealt with as well, in the sense that we condition on an event B € %y(Zk)
that is not of the form Bz = {xg}. In order to formalise this, we can consider a
third subset L of G, pairwise disjoint from Q and E, and let the evidence con-
sist of a completely specified part xg € 2% and a—possibly—partially spec-
ified part By € Pp(ZL). The goal is then to evaluate Biér(fj {xg} x Bg) or

Eiér(fj {xg} x BL), for some f € g(%Q)E]

7.2 MAKING THE PROBLEM SMALLER

Before actually trying to compute PI(£]O) or RI¥(f|0), the first step should
be to see whether it is possible to simplify the specific inference problem at
hand. As we know from Corollary [60jgy and Theorem [73gy, it is sometimes
possible to reduce an inference problem in the global network to a similar infer-
ence problem in a subnetwork. If the subnetwork is substantially smaller, this
preprocessing step can result in significantly decreased computational costs,
and can sometimes even turn an intractable problem into a tractable one.

A first important special case is the removal of so-called barren nodes.
Consider a subset S of G, an event Bs € &(Zs) and a gamble f € ¥4 (By).
Consider a node ¢; € G\ S that is a leaf of the network and let G| := G\ {{; }.
Then G; is clearly an ancestral and therefore closed subset of G. Hence, we
know from Corollary that Bi(r;rl (-]) is not only the marginalisation of
PE(-]-) to Gy, it is also the irrelevant natural extension of a credal network
that has the sub-DAG that corresponds to G as its graphical structure and that
has the same local models as the original model—except for the local models
of the node ¢}, because that node has been removed. In fact, for this reason,
our notation does not even distinguish between these two interpretations of
EGH] (-] )ﬂ Consequently, as far as the computation of P(f|Bs) is concerned,
we do not need to consider the original network but can simply work with
the subnetwork that corresponds to Gy. If there is a node ¢, € G; \ S that

5All these inferences assume that missing evidence is ‘Missing At Random’ (MAR), which
more or less means that it is not missing in some biased way. This requirement is closely related to
the honesty that was referred to in Section[3.T. 2 In this case, in the example of the smoker, the
issue is that a smoker might choose not to answer a question about his smoking habits—instead of
lying about it. References [49||117] provide more information about MAR and what can be done
if this requirement is not fulfilled.

5Qur notation does distinguish between them in the other frameworks. For example, in terms

of sets of full conditional probability mass functions, we find that mzl.rg%1 (Z, (i;" )= ﬂ"(‘flr
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Figure 7.1: Example of a Markov chain

is a leaf of the sub-DAG that corresponds to G, we can remove £, as well
and consider the sub-network that corresponds to G, = G \ {¢»}, which is
again an ancestral set, and so on. The nodes that can be removed in this way
are called barren nodes. Clearly, a node is barren if it does not belong to
S and either has no children—is a leaf—or has only barren children. Any
ancestral subset K of G can be obtained by removing barren nodes. If S is a
subset of such an ancestral set K, then PI"(f | Bs) can be computed using only
the subnetwork that corresponds to K. Similar techniques can be applied to
simplify the computation of the regular extension RI"(f|Bg): it follows from
Theorem that R () is, besides the marginalisation of RI¥(-]-), also the
regular extension of Pi(-]-)

Example 8. Consider a simple credal network under epistemic irrelevance
that has the DAG in Figure as its graphical structure; this is called an
imprecise Markov chain [43]. Let S = {s2,53,54,55} and consider an event
Bs € Py(Zs) and a gamble f € 4(Bs). Then as far as the computation of
P"(f|Bs) or RI*(f|Bs) is concerned, the nodes s¢ and s7 are barren and can
therefore be removed from the network prior to performing any computations.
Similarly, if the graphical structure of the network is the DAG in Figure[5. I,
then for the same inferences, the nodes sg, $7, S8, S9 and sy are barren and can
therefore be removed beforehand.

Removing barren nodes can be automated easily. It suffices to look for a leaf
that does not belong to S and to remove it from the network. By repeating this
process until we obtain a DAG whose leaves all belong to S, all barren nodes
will eventually be removed.

Another important special case is the removal of AD-separated evidence.
Let I, C and S be three pairwise disjoint subsets of G and let B; € 2y( %)),
xc € Zc, Bs € Pp(Zs) and f € 4(Zs). Then if AD(I,S | C), we know
from Corollary that P"(f|Bs x {xc} x B;) = PI"(f|Bs x {xc}). Al-
though removing AD-separated evidence in this way might already lead to
computational savings, we can go a lot further. By actually removing the AD-
separated evidence nodes rather than just the evidence itself, we can reduce
the problem to an equivalent problem in a smaller network. Due to Theo-
rem [%], we know that there is a closed subset K of G such that § C K,

"It suffices to apply Theorem with By(x) = Zn(x)- Since P(K) =0, we find that
—irr i

Py ({xp) } X Zviky) = ﬁ;\rlr(K)(%N(K)) =1>0.
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P(K) € C,1 C N(K) and D(K) NC = 0. It then follows from Corollary
that P (- | - x{xc\g } X Br) = EKHJXP(K) (-]-) and therefore, we find that

P (f|Bs x {xc} x Br) = PX_ (f|Bs x {xcrk}), (7.3)

JXP(I()

where ESrerP(K) (-]-) is obtained by applying Equation (4.13)yrg to the irrele-
vant natural extension P, (-]-) of the subnetwork that corresponds to K
. . KJXP(K . ]

and xp(g). Since it corresponds to a smaller network, the right-hand side
of Equation (7.3) will be easier to compute than the left-hand side. Ob-
viously, if there are multiple closed sets K such that S C K, P(K) C C,
I C N(K) and D(K)NC = 0 it is best to choose the smallest one. Similar
techniques can be used to simplify the computation of the regular extension
RS (f]Bs x {xc} x By). It follows from Theorem that it is equal to

R (f|Bs x {xcrx}) or P (f|Bs x {xcrk}), depending on the sign

=S|xpx) SR TSl
of the upper probability Ppy ) ({xe\x } X Bn(k))-

In general, it does not seem feasible to have a computer remove AD-
separated evidence (nodes) in an automated way, as it would require some
method for detecting that the conditioning event O in P (] O) is of the form
Bgs x {xc} x By, with AD(1,S | C). This seems hard. Nevertheless, of course,
for individual inference problems, it might still be easy for a practitioner to
detect that O is of this form, in which case he can apply the simplification we
suggest.

However, there is one particular—but very popular—case where it does
seem feasible to remove AD-separated evidence nodes in an automated way,
while at the same time also removing barren nodes. This is the case where f is
a gamble on £ and the evidence O is of the form {xg}, for some xz € 2%,
with Q and E disjoint subsets of G, and we wish to compute Eg( flxe) or
Ry (f]xg). Removing barren nodes and removing AD-separated nodes then
amounts to the same thing. In both cases, we end up with a closed subset
K of G such that Q C K, P(K) C E and D(K)NE = 0. Furthermore, as the
following result establishes, there is always a unique smallest such set.

Proposition 83. Consider two disjoint subsets Q and E of G. Then there will
always be a unique smallest closed subset K of G such that Q C K, P(K) CE
and D(K)NE = 0.

Proof of Proposition[83] The set G itself is a trivial closed subset of G and,
since P(G) = 0 and D(G) = 0, it also satisfies the other properties. Therefore,
since the number of closed subsets of G is finite, it suffices to prove that if
two closed sets K and K; both satisfy these properties, then their intersection
K = K; NK5 is closed and satisfies them as well.

So consider two closed subsets K; of G, with i € {1,2}, such that O C K;,
P(K;) CE and D(K;)NE = 0. Then K := K; NK; is clearly a closed subset of
G and Q C K. We are left to prove that P(K) C E and that D(K)NE = 0.
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First assume ex absurdo that P(K) is not a subset of E. This means that
there is some s € P(K) such that s ¢ E, which implies that s ¢ P(K;) and
s ¢ P(K>). Since s € P(K), we know that s ¢ K and that there is some k € K
such that s € P(k). Since k € K C K, and s ¢ P(K), this implies that s € K;. In
the same way, we also find that s € K>. This implies that s € K, a contradiction.

Next, assume ex absurdo that D(K) N E = 0. This means that there is some
s € D(K) such that s € E, which implies that s ¢ D(K;) and s ¢ D(K;). Since
s € D(K), there is some k € K such that k C s and s ¢ K. Since k € K C K; and
s ¢ D(K)), this implies that s € K;. In the same way, we find that s € K. This
implies that s € K, a contradiction. O

Once we know this unique smallest set K—or any other K that satis-
fies these properties—we can compute Pg(f]xg) and Ry (f|xg) using
only the subnetwork that corresponds to K and xp(x). Eé‘( flxg) is then

equal to Bierjxp(K) (f|xenk) and Biér(fJxE) is equal to EQHJXP(K) (f|xenk) or

i (f]xenk), depending on whether or not FEV(K) (xg\x) is strictly pos-

=Qlxpx
itive. (llherefore, in this case, removing barren nodes and AD-separated evi-
dence nodes can be done in a single step: all we have to do is find the unique
smallest closed superset K of Q such that P(K) C E and D(K)NE = 0. Al-
though we will not pursue this path any further, it seems that it should be
possible to construct this set K in an automated manner. Developing an algo-
rithm that is able to do so would be useful in applications where many different
inferences need to be computed, for different sets Q and E; we leave this as
an interesting line of future research. For individual inferences, this set K
can often be found manually, just by looking at the network. The following
simple example illustrates this; more involved examples can be found in Sec-

tion [7.6b77

Example 9. Consider the Markov chain in Figure and let Q = {s3,54}
and E = {s3,s5}. Then the smallest closed set K such that Q C K, P(K) CE
and D(K)NE =0 is clearly {s3,54,s5}. For the DAG in Figure [5.fry, with
O = {s4,510} and E = {s3,56,57}, the smallest such set is K = {s4,55,57,510}-

Before applying any of the algorithms that will be introduced in the remain-
der of this chapter, these preprocessing steps should always be executed first.
Our algorithms can then be used to solve the equivalent—but smaller-sized and
therefore usually more tractable—inference problem in the subnetwork that
corresponds to K and xp(x) instead of the original—less tractable—inference
problem in the original network.

7.3 REDUCTION TO THE UNCONDITIONAL CASE

Another important trick that will help us render the computation of Pi(f]0)
tractable, even for large networks, is to focus on computing unconditional
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lower previsions. As we will see further on in Sections [7.573 and [7.67m,
the unconditional part of Err( |) can sometimes be evaluated by means of
recursive techniques that are far more efficient than the brute force linear pro-
gramming approaches that will be discussed in Section[7.4.3p75. Furthermore,
even when this is not the case, it will sometimes be possible to solve small
subproblems with brute force methods and to combine the solutions of these
subproblems recursively. In any case, for now, the main point is that—as is to
be expected—P(-) is easier to evaluate than P (-] ).

Once we are able to evaluate P (), we can use the techniques in Sec-
tion to compute the natural and regular extensions of P (-), given by

= - min f otherwise

and

o max{y € R: PI(Iy[f — >0 it P (0) >0
R (fJO)::{ ax{p € R: PE (lolf ~ ) 2 0} ifPG(0)
min f otherwise,
respectively. In order to be able to apply the techniques in Section 2.7. 33, all
we need is a method for evaluating the real-valued function p}r_rO, defined by

Pty (1) == P (Io[f — ) for all p € R,

As explained in Section , max{p € R: P (Io[f — p]) > 0} can then be
obtained by a simple root-finding procedure such as the bisection method and
PIT(0), and Pg; (O) will be strictly positive if and only if this is the case for
P¥o(Ho) and pyT, (1), respectively, with ftg < min f and it > max f.

It is important to realise that EI7*(f|O) and RI*(f|O) are not the actual
1nferences that we are looking for, Wthh are P ( fJ 0) or R (f]0); see Sec-
tlon 3. In general, EIM(f|0) and R (f] O) only prov1de conservative—
lower, safe—approx1mat10ns. However, in many cases, these approxima-
tions will be exact. As explained in Section [3.2.33, EI™*(f]O) is guaran-
teed to coincide with P (f]O) whenever P& (O) > 0 and otherwise pro-
vides a vacuous lower approximation. Similarly, as we know from [6-8rz0.
RI*(f] 0) is guaranteed to coincide with R (f]O) whenever Plg( ) > 0; oth-
erwise, RI™(f|0) = min f provides a vacuous conservative lower bound for
RI(£]0). Since, from a practical point of view, updating on an observation
that has upper probability zero will most likely rarely happen anyway, this
means that, as far as updating by means of regular extension is concerned,
being able to evaluate PIT(-) will be sufficient in order to compute R (f]0)

exactly in almost all cases.
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After applying these preprocessing steps and tricks, we are still left with the
same type of problem: the numerical evaluation of PI'(f]O) or RI¥(f|0), for
some O € Zp(Z¢) and f € 4(0). So far, all we have done is provide methods
that can—in some cases—make G smaller or that can reduce the problem to
the unconditional case, with O = Z;. However, we still do not know how
to evaluate PI'(f]O) or R (f]0). In this section, we provide a number of
brute force techniques for solving this problem, some of which we already
published in Reference [27]). If the problem is small enough for these methods
to remain tractable, these techniques can be applied to all networks and all
types of inferences. For specific cases, more efficient recursive techniques will

be developed in Sections and [7.6577.

7.4.1 Regarding the model as a normal natural extension

One way to compute Eg( f]0) is to regard it as a special case of the problem
of computing the natural extension of a partially specified conditional lower
prevision. Indeed, as we know from Proposition [EE]], the irrelevant natu-
ral extension PIT(-|-) is the ‘normal’ natural extension of a conditional lower
prevision Pg(-|-) with domain

C ={(8Xpn(s)): S € G,8 €Y (Z5), Xpn(s) € ZpN(s) s
defined by
Py(glxpn(s)) = Py)xy, (8) foralls € G, g € 9(25) and xpy () € Zpi(s)-

Since the domain of Pg(-]-) is infinite, computing its natural extension is gen-
erally infeasible. However, in practice, it will often not be necessary to con-
sider an infinite domain because the local models Py xp(yy AT€ usually finitely
generated.

Finitely generated models were introduced in Section[2.6.Tf7 as closed and
convex sets of linear previsions that have a finite number of extreme points.
Similarly, as defined in Section [2.6.%k3, a finitely generated credal set is a
closed and convex set of probability mass functions that has a finite num-
ber of vertices. In the framework of lower previsions, we say that P/, o is
finitely generated if it is fully determined by its restriction to some finite do-
main g xp S 9 (Z;). in the sense that Py, is the unconditional part of
the natural extension of its restriction to £

tent: it is well known that P, Jxp(s

sponding credal set .Zp Jep(e) is finitely generated, and similarly for .Zp o )
) )CP s =5 XP s

XP(s)
Xp(s)” This terminology is consis-

is finitely generated if and only if the corre-

8This follows from the fact that a bounded subset of Euclidean space is the intersection of
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Particular classes of finitely generated models are 2-monotone lower previ-
sions [48]ﬂ credal sets that correspond to comparative probability assess-
ments [73]], e-contaminated models [7]], etcetera. Local models are typically
finitely generated because they belong to one of these classes, or because they
are based on a finite number of assessments. Furthermore, if the local models
are not finitely generated, it is always possible to approximate them arbitrarily
closely by a finitely generated one.

More generally, we may have that each of the local models Py 9 is equal

XP(
to the unconditional part of the natural extension of its restriction to some—
not necessarily finite—subdomain %JXP(Y) C 9(Z%;). The irrelevant natural
extension P5(-|-) is then equal to the global ‘normal’ natural extension of a

conditional lower prevision Pf;(-]-) with domain

€' ={(8.xpn(s)) 5 € G,Xpw(s) € ZoN(s)8 € Hslpy s
defined by["|

Pi(8]xpn(s)) =Py |y, (8) forall s € G, xpy(s) € Zpn(s) and g € Ky, .

(7.4)
If the local models are finitely generated—if Jp) is finite—then ¢ will
also be finite. In that case, P (f|O) can be computed by means of any al-
gorithm that is capable of computing the natural extension of a conditional
lower prevision with a finite domain. The most efficient algorithm seems to
be the one in Reference [98 Section 17.2.2], which extends the techniques
in Reference [111]] from probabilities to previsions. Basically, this algorithm
consists of a sequence of linear programs; see References [98||111] for more
information.

The advantage of this approach is that it can be applied to compute any
PI(£]0) of interest. However, for large networks, this computation will be
intractable because the number of constraints in the linear programs that need
to be solved is more or less equal to the cardinality of 4, which is exponential
in the size of the network. Also, this approach only works for Big( f10). In or-
der to compute R (f|0), we need to apply the techniques in Section
which, basically, requires us to evaluate P{J (-) for a number of different gam-
bles. In the next two sections, we focus on evaluating this unconditional part
of PT(--).

i

a finite number of closed half spaces if and only if it is the convex hull of a finite number of
vertices [60, Theorem 3.1.3].

9This class includes, as a special case, the lower previsions that correspond to—are the natural
extension of—belief functions [52}87].

10Since P, Jeps) is—the unconditional part of—the natural extension of its restriction to
) p(yy 7 VLY conditional lower prevision that dominates Py;(-]-) also dominates P (-]-). There-
fore, since Pg(-]-) coincides with Ps(-]-) on its domain %", they both have the same natural

extension, which, due to Proposition is equal to Big( 0.
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7.4.2 Alternative characterisations for the unconditional part

We already know from the previous section that PIT(-|-) is the natural ex-
tension of a conditional lower prevision. Our next result establishes that its
unconditional part Eg(~) is the natural extension of an unconditional lower
prevision.

Proposition 84. For all s € G and xp(5) € Zp(s (s)» consider some subdomain
%ij C Y (Zy) such that the local lower prevision Pyjy,, 01 G (Zs) is equal
to the uncondtttonal part of the natural extension of its restrlctzon 10 K| x,,
Consider a lower prevision P that is equal to zero on its domain

H = {H{XPN(S)}[g (8)]: s € G, xpy(s) € Zpn(s), 8 € %jxm)}

BYJXP(S)

and let Eg be the unconditional part of the natural extension of Pg. Then

PE(f) = Eg(f) for all f € 4(25).

Proof of Proposition[84, Fix any f € 4(2¢). Forall s € G, xpy(5) € Zpn(s)
and g € %JXP(S)’ we have that

0= P (Ljupyy 8~ P8 o)) = P (T s — Py (),

where the first equality follows from the coherence of PI'(-|-) [%] and the
second one from Corollary % Hence, P‘“( ) is equal to zero on % . Since
E is the pointwise smallest coherent lower prevision on ¢(Z¢) for which

this is the case, it follows that Pirr f) > Eg(f).
As explained in Section [7.4.1gzm, PiT(-]-) is the natural extension of the

conditional lower prevision B’ (- J ) on ¢” that is defined by Equation (7.4) ~.
Fix any € € R~. Then f—Big(f) + & € &pr () because of Equation 210z
coherence [[C8gl and Equations (23] ‘and (2:6)zy By the definition of
&p. (.|.)» this implies that there are m € N and, for all i € {1,...,m}, (g,Bi) €
%" and A; € R>¢ such that

f=PE(f) +e>ZMB — PG(gi]By)] Z/lfz, (1.5)

i=

where, for all i € {1,...,m}, due to Equation (7:4) ~ and the definition of €”,
fi =1g,[gi — P;(gi|Bi)] is an element of .#". This implies that

Eg(f) > Eq(PE(f)—e+ Y. Mif:) > PE(f) e+ Y. AEq(f) > PE(f) -,
i=1 i=1

U This is always possible; ) =9 (Z%;) is a trivial choice.

FP(s)
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where the first inequality follows from coherence and Equation (7.3) ~
and the second one from coherence alone [C2g, and [C8jg)]. The third
inequality holds because E; dominates P on % [Equation (2.12)gz] and be-
cause P is equal to zero on % . Since this holds for all € € R+, we find that

Eg(f) > PE(f). O

This result allows us to evaluate B‘g() by means of a general purpose algo-
rithm for calculating the natural extension of an unconditional lower prevision,
which typically involves solving a single linear program; we will construct the
dual form of this linear program explicitly in the next section. Of course,
from a practical point of view, this approach is only useful if the local models
are finitely generated—if %}, , cons1sts of a finite number of gambles—and
even then, it will only be tractable for networks that are sufficiently small.

The following rather immediate consequence of Proposition provides
a simple characterisation of the linear previsions that dominate Eg()

Corollary 85. For all s € G and xp(5) € %P( ), consider some subdomain
Ji/m C Y(Z;) such that the local lowerprevzswn Pyjsp,y 0N G (%) is equal
to the uncondmonal part of the natural extension of its restrzctwn to J, S)xp

A linear prevision P on 9 (%) then belongs to /// i lfand only lffor all
s € GandxpN( ) c %PN(

Po (L sy} 8= Pujepy (€)]) > 0 forall g € Hypy, (7.6)

Proof of Corollary[83 We know from Proposition that PIT(-) is the
pointwise smallest coherent lower prevision on ¥(Z¢) that satisfies Equa-
tion (7.6)—that dominates zero on %", with %" as in Proposition [84]~. This
implies that a linear prevision P; on ¢ ( Z¢) satisfies Equation if and only
if it is an element of ./, ir(_)—if and only if it dominates Pi¥(-). O

Due to the one-to-one correspondence between linear previsions and probabil-
ity mass functions, this result leads to the following intuitive characterisation
of F ' | Z—the unconditional part of .7 ",

Corollary 86. A probability mass function pg on Z¢ belongs to ﬂgrj Ze if
and only if, for all s € G and xpy(5) € Zpn(s)-

Pen(s)(Xpn(s)) =0 or ps(-]xpy(s) € ﬁijp(s), )
where, when ppy ) (Xpy(s)) # 0,

P{s}uUPN(s )(anPN )

forall z; € Zs.
PPN(s) (xPN( ))

Ps (Zsj XPN(s) ) =
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Proof of Corollary[86].. For all s € G and xp(5) € Zp(y), let Py " be the

Xp(s
unique coherent lower prevision that corresponds to % Jepgs) Consider any
probability mass function pg on 2. It then follows from Theorem @Gz and
Proposition that pg belongs to f‘G"J Z ¢ if and only if the corresponding
linear prevision Pg is an element of .#ir. By combining this with Corol-
lary , with l/ijm) =9Y(Z;), we find that pg belongs to .FI| 2 if and
only if, for all s € G and xpy(5) € Zpn(y):

Y i @ons))I8(2s) = Py (8)]P6(26) 2 0 forall g € 4(.25).

GEZG
(7.8)
prPN(S) (xPN(S)) =0, then pG(ZG) =0 for all G € %G such that ZPN(S) = xPN(S)

[because ppy(s)(Xpn(s)) > PG(zG) > 0], which implies that Equation (7.8) is
trivially satisfied. If ppy(s) (xpy(s)) > O, then Equation (7.8) is equivalent to

Z 2(z) P{s}uPN(s) (ZS7XPN(s))

> P,  (g) forall g e 9(Z),
€2, PPN (s) (xPN(s)> J P(S)( ) (%)

which, since ps(-]xpy(y)) is a probability mass function on 25, is true if and
only if pS(’JxPN(s)) € yijp(s) . O
As we will see in the next section, this characterisation can be used to obtain a
description of .Z" | Z in terms of linear constraints.

7.4.3 Reducing the problem to linear programming

For readers who are not familiar with the notion of natural extension, it will
probably not be clear why the fact that the irrelevant natural extension is a spe-
cific kind of ‘normal’ natural extension implies that computing Eg() basically
comes down to solving a linear program. Therefore, and because we think that
this link with linear programming is important, we will now explicitly con-
struct the linear program that needs to be solved.

The starting point are the local models. For every s € G and xp(s) € Zp(y)»
we have a coherent lower prevision P xp ON Y (Z;) and a corresponding
credal set %y, . . It then follows from Equation that the unconditional
parts PiT(-) and .Z"| 2 of the respective irrelevant natural extensions are
related in the following way. For all f € 4( %), we have that

PE(f) = min{ Y f(6)pa(xe): pe € F] %G}- (79

XGEZG

Computing Egr( f) is therefore a matter of minimising the linear function

- f(xg)pc(xg) over the set of vectors FX | 2. Hence, it follows that
xGE%G 14 G

if we can characterise fgrj Z¢ as the solution set of some collection of linear
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constraints, then computing Eg( f) comes down to solving a linear program.
This means that, provided that the number of variables—|G|—and constraints
is small enough, this problem can be tackled by one of the many available
algorithms that have been specifically designed for this task; see for example
Reference [9]]. In the remainder of this section, we show that it is indeed pos-
sible to construct a set of linear constraints that is able to fully characterise the
elements of " | 2.

In order to derive such a representation for the joint model .7[5" | Z, we
start from similar representations for the local models. For all s € G and
xp(s) € Lp(s)» We characterise the local credal set Fy |xp, as the set of all real-

P(s)

valued functions py) on Z; that satisfy the unitary constraint

*P(s)

Y, Doy (z) =1 (7.10)

5E€Xs

and a—possibly infinite—set of linear homogeneous inequalities

Y P (2)7(z) 20, (7.11)
Zsee%/.;

where 7 takes values in a—possibly infinite—set I, of gambles on Z;.

Jxp(s)
Such a description for Xp(s) always exists because it can be derived from the

corresponding coherent lower prevision Py, , ) by letting

s ipy = {8 Pojrn, (8) 18 €(20) - (7.12)

Indeed, for this particular choice of I’ Jxp(s)? the combination of Equa-
tions and will always be equivalent to requiring that p, - should
be a probability mass function on Z; for which the corresponding linear pre-
vision dominates P, Jepgsy OF equivalently, that p Jxps) should be an element
of F Jepge) To understand why this is so, the starting point is to notice that
ify=g _stxp()( g), with g € ¥(Z;), then due to Equation (7.10), Equa-
tion becomes equivalent to

Y Pofupg (9)8(2) = Pyj, (8)- (7.13)

€L
Due to the coherence of P S this implies, for all z, € 25, that
Pslxpy) (z5) = Py)x, o (Ifz,}) = 0. By combining this with Equation (7.10), it fol-
lows that p, Fps is a probability mass function on Z;. Since Equation (7.13)
imposes that the corresponding linear prevision dominates P , this estab-

lishes the equivalence.
Equation (7.12)) produces an infinite set of constraints that is guaranteed
to characterise %, Jxp(s)- However, in practice, most of these constraints will

s |xp(s
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often be redundant. This is especially so for finitely generated local models
[see Section[7.4.Ipz7]. Since these are fully determined by their value on some
finite domain 75 xp(s ONE Can easily construct a set FsaxP(s) that contains only

a finite number of gambles and yet fully characterises 7 *p(s) by means of

Equations ((7.10)~ and (7.11) . For example, by an argument that is similar
to the one above, it follows that

FS,)CP<S) = {g _BSJXP(S) (g) :g € %Jxl’(‘v) or (EIXS € '%:Y)g = ]I{XXS}}

satisfies this property. It might also be possible to consider even smaller sets,
as some of the indicators Iy, ; may also be redundant.

The importance of these local representations in terms of linear
constraints—regardless of whether I 5.2p(s) is finite or not—is that we can use
the local constraints to derive global ones. This results in the following charac-
terisation of ﬁgrj Z ¢ in terms of linear constraints. Due to the homogeneity of
the local constraints—except for the unitary constraint—the global constraints
in Equation (7:14) are also homogeneous, thereby making them especially el-
egant.

Corollary 87. Forevery s € G and xp(s) € Zp(y), consider some subset I, )
of G(Zs) such that the local credal set Fy xp(y) B fully characterised by Equa-

tions (T10)~ and (T11). A probability mass function pg on Zg then be-
longs to 5" | X if and only if

(VyeT, pr(s)) Y Y pe(xen(s)asiane)Y(zs) =0 (7.14)

zsE€Zs ZD(s) €<%‘D(x)
forall s € G and xpy(5) € Zpn(s)-

Proof of Corollary[87} Consider any probability mass function p; on 2 and
fix some s € G and xpy(s) € Zpy(5). Due to Corollary @, it suffices to prove
that Equations and m are equivalent.

First assume that Equation (7.7)zg holds. If ppy(y) (xpn(s)) = 0, Equa-
tion (7.14) is trivially true. If ps(-]xpy(y)) € Fy) xp(y)» EQuation (7-14) follows
from the fact that ., Jxp(,) Satisfies Equation (TI0)A.

Next, assume that Equation (7.14) holds. If ppys)(xpy(s) 7 O, divid-
ing both sides of the inequality in Equation (7.14) by ppy(s)(xpn(s)) tells us
that ps(-|xpy(y) satisfies Equation (7.IT)~. Since ps(-|xpy(y) is a prob-
ability mass function—because pg is one—we also know that it satisfies
Equation (7.10). Since .7 sp(yy 18 fully characterised by Equations (710D ~
and (7.TT)).~, this allows us to infer that p(-|xpy(s)) € T s xps)- O

When all lower probabilities are strictly positive, this result is fairly straight-
forward. The global inequalities can then be obtained by imposing all irrele-
vancies through element-wise Bayes’s rule and clearing the denominators, as
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is done in Reference [16, Section 8.3]. The importance of Corollary is
that it shows that these inequalities remain valid even if lower (and upper)
probabilities are allowed to be zero.

Reference [16] does not explicitly impose that pg should be a probability
mass function. The author seems to assume that it suffices to impose only the
unitary constraint ¥, c 9. p(zg) = 1; the requirement that p(zg) > 0 for all
76 € Z¢ is regarded as redundant. Although we agree with this statement, we
do not consider it to be trivial. The following theorem formalises this property.
The proof can be found in Appendix [7.Ab7g.

Theorem 88. For every s € G and xp(y) € Zp(y), consider some subset I's| p(s)
) is fully characterised by Equa-

of 9(Zs) such that the local credal set jSJXP(A
tions (T.10)pzg and FE | X then consists of those real-valued
functions pc on Z¢ for which Y. c 7, pc(zg) = 1 and, for all s € G and
xpN(s) € ZpN(s)

(VrYelyy,) X X polen() 2 ine)¥(z) 2 0.

€ X Zp(s) € %D(s)

Corollary [87] and Theorem [8§] are valid regardless of whether or not
I Jeps) is finite. However, in the infinite case, their value is mainly of a theo-
retical nature. They can only be used in practice—at least in an exact way—if
Ly Xp(s) is finite for all s € G and xp(5) € Zp(y), or equivalently, if all local credal

sets are finitely generatedFZ] In that case, Corollary and Theorem char-
acterise .Z | 2 as the solution set of a finite number of constraints and there-
fore, as explained in the beginning of this section, allow us to reformulate the
computation of Eg (f) as alinear programming problem. Although the size of
this linear program is exponential in the number of variables of the network,
this approach allows for inference problems in small networks to be solved
exactly. For large networks, this brute force approach will not be tractable.
However, as we will show in Section [7.3b73, there are classes of networks for
which specific types of inferences can be computed more intelligently, result-
ing in algorithms that remain tractable even for large networks.

By considering a network that consists of disconnected nodes only, the
results in this—and the previous—section trivially lead to analogous state-
ments for the independent natural extension, because, as we know from Sec-
tion [6.G7p, the independent natural extension is equal to the unconditional
part of the irrelevant natural extension of such a network. For example, for all

121f we allow for non-linear constraints, then local credal sets that are not finitely generated
could be practical as well, as they can often be described by means of a finite set of non-linear
constraints. We believe that Corollary [87] and Theorem [88]could easily be adapted to allow for
such non-linear (homogeneous) constraints, thereby expanding their practical use if one combines
them with non-linear solvers.
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f€9(Z¢), Equation (7.9)pz3 implies that

(@sec Py) (f) = min{ Y, fxe)pc(xc): pe € ®secﬁs}~ (7.15)

XGEZG

The following immediate consequence of Theorem implies that this op-
timisation problem can be solved by means of standard linear programming
techniques.

Corollary 89. Consider a finite number of local credal sets Fy, s € G, each
of which is fully characterised means of Equations (T.10)pzg and
Then Rgc;-Fy consists of those real-valued functions pg on Z¢ for which
Yoo, PG(z6) = L and, for all s € G and x¢\ (5} € X\ (5}

(VreTy) Y, plxg\y,z)¥(z) > 0.

7€ Zs

Proof of Corollary[89 This is an immediate consequence of Theorem
and the fact that—in this special case of the independent natural extension—
P(s)=0and N(s) = G\ {s} forall s € G. O

7.4.4 Enumerating the extreme points explicitly

A final brute force method for computing EG”(-) is by enumerating the extreme
points of ZF| 2. Since we know from Section that 7| 25 is the
convex hull of its extreme points, it follows from Equation that, for all
fe9(Zo):

Pié‘(f)—min{ y f<xG>pG<xG>:pGeexMé;“J%G)}. 7.16)

xGE%C

Computing P (f) is therefore a matter of evaluating ¥, 2, f (xc) p(xc) for
all pg € ext(F5| Z¢). If the extreme points of .| 2 are available, and if
their number is finite and sufficiently small, this approach allows us to compute
PI(£) at blazing speeds.

Unfortunately, these extreme points are usually not available, and if they
are, their number is often huge. One example where the extreme points are
known, are imprecise Markov chains, which are credal networks under epis-
temic irrelevance of which the underlying DAG is a directed chain; see for
example Figure . In that specific case, the extreme points of 9(‘;‘@ 26
correspond to probability trees whose local probability mass functions are the
extreme points of the local models .7, . see for example Reference [43].
However, since the number of such probability trees is exponential in the
length of the Markov chain, a direct application of Equation becomes
intractable for long Markov chains.

229



7.4 BRUTE FORCE TECHNIQUES

If the extreme points are not directly available, they can be derived from the
characterisations in terms of linear constraints that were discussed in the pre-
vious section, by applying standard vertex enumeration algorithms. However,
since the number of linear constraints that characterise .Z I | 2 is exponential
in the size of the network, constructing the extreme points of ﬁ’(‘;"J Z¢ in this
way will be intractable for large networks, and their number will usually be ex-
ponential in the size of the network as well. Furthermore, even if it is tractable,
constructing these extreme points will typically be less efficient than comput-
ing Eg( 1) directly by solving a linear program. Nevertheless, if we need to
compute P (f) for many different f € ¢ (%), it might sometimes still be
a good idea to construct the extreme points of ?‘G”j Z¢ explicitly. Once we
have constructed these extreme points, we can use them to compute Bi(r;r (f) for
as many gambles f € ¥(Z¢) as we want, whereas a direct linear program-
ming approach would require us to solve a new linear program for every new
gamble.

In the remainder of this section, we focus on a simple special case: a credal
network with two disconnected binary variables. For all i € G = {1,2}, the
variable X; assumes values in its binary state space Z; = {h;,;} and has a given
local uncertainty model in the form of a credal set .%;. In this case, Q"G“j Zc
is equal to the independent natural extension .%| ® .%, of the local models .%;,
i € {1,2}. We intend to show that it is possible to obtain elegant closed-form
expressions for the extreme points of this independent natural extension. The
starting point is to describe .7 ® %, in terms of linear constraints, by applying
Corollary[89]. As we will see, the corresponding vertex enumeration problem
can then be solved symbolically.

Since X;, i € {1,2}, is a binary variable, the credal set .%; is completely
characterised by the lower and upper probabilities of one of its elements. For
example: the lower and upper probability of 4;, which we denote as p(h;)
and p(h;), respectively. Each of these two probabilities defines a unique prob-
ability mass function on Z; and .%; is equal to their convex hull. In other
words: %; consists of the probability mass functions p on Z; for which
p(hi) € [p(hi),P(h;)]. The corresponding lower and upper probability of #;
is equal to p(t;) := 1 — p(h;) and p(t;) := 1 — p(h;), respectively.

Before we can apply Corollary B9, we first need to characterise .%;,
i € {1,2}, by means of the unitary constraint and a finite number of linear
homogeneous inequalities. In this binary case, we can use the following two
inequalities:

By applying Corollary [89]., these local constraints can be turned into global
ones. We find that .%| ® .%, consists of the real-valued functions p on 27 x 25
for which
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p(hi,ha) + p(hi,ta) + p(ti,ha) + p(t 1) = 1 (7.17)
and
p(t1)p(hi,ha) — p(h1)p(ti,ha) >0 I1)
—p(t1)p(hi,ha) +p(h1)p(ti,ha) > 0 (12)
p(t1)p(hi,12) — p(h)p(t1,12) >0 13)
—p(t1)p(h1,t2) + () p(t1,12) > 0 I4)
p(2)p(h1,h2) — p(ha)p(h1,12) > 0 aI5)
—p(©2)p(h1,h2) +Pp(h2)p(h1,12) > 0 (16)
p(t2)p(t1,h2) — p(ha)p(t1,12) >0 a7
—p(t2)p(t1,h2) + P(2) p(t1,12) > 0. (I8)

If the inequalities in equations ([T)—(I8) are replaced by equalities, we will
refer to the resulting equations as (ET)—(ES):

p(t1)p(hi,ha) — p(h1)p(ti,h) =0 (E1)
—=p(t1)p(hi,ha) +p(h1)p(ti h) =0 (E2)
p(t1)p(h,12) — p(l)p(t1,12) = 0 (E3)
p(t1)p(hi,t2) + p(h)p(ti,12) =0 (E4)
p(t2)p(hi,ha) — p(ha)p(h1,12) =0 (ES)
—p(©2)p(hi,ha) +Pp(h2)p(h1,12) =0 (E6)
p(2)p(t1,h2) — p(h2)p(t1,12) = 0 (E7)
—p(t2)p(t1,h2) +p(h2)p(t1,12) = 0. (E8)

These equations can be used to state the following necessary and sufficient
conditions for being an extreme point of % ® .%;.

Proposition 90. Every p € ext(F] ® F,) is the unique solution to the unitary

constraint (T17) and three of the equations (ET)—(Eg).

Proof of Proposition[90} Consider an arbitrary extreme point pex of % ® %5.
Denote by €= the set of all equalities in (EI)—(E8) that are satisfied by pex; and
use € to denote the union of €= and the unitary constraint (7.17). Let C be
the intersection of the hyperplanes that are defined by the equalities in €.
Clearly, pext € C. Since all the equalities in €~ are linear and homogeneous,
C will either be a singleton (and therefore be equal to { pext }) or contain a line
(that necessarily contains pexy).
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Assume ex absurdo that C # {pext }, which implies that there is some line
L C C such that pex; € L. Since pey; is an element of %] ® .%,, we know that it
satisfies the unitary constraint and the inequalities ([I),~—(I8).~. If we denote
by &~ the set of inequalities in ([T) ~—(I8).~ that are strictly satisfied by pext
(and therefore not with equality), we can construct a closed ball B around pey;,
with radius € > 0, such that all the elements of B satisfy the inequalities in
€~ It should now be clear that the elements of BN C satisfy (1) ~—(I8).~,
because these inequalities are either an element of ¢~ or their corresponding
equality is an element of €~. Since BN C also satisfies the unitary constraint
(because it is a subset of C), it follows that BN C is a subset of .#| ® .%>. This
implies that the closed line segment BN L, of which the midpoint is equal to
PDext 18 a subset of . %] ® .%,. Therefore, if we denote the endpoints of BN L by
p1 and p;, we find that py, pr € #1 @ % and pexe = (p1 + p2)/2. Since this
contradicts the fact that pey; is an extreme point of .#] ® .%,, we may conclude
that C = {pext}-

As a direct consequence of the fact that C = {pex }, it follows that pe; is
the unique solution of the equations in €7 . Since we are working in R* and be-
cause all the equations in ¢} are linear, this implies that & contains a subset
of four equalities for which it also holds that pey, is their unique solution. This
subset must contain the unitary constraint (7.17) ~ because it would otherwise
contain only homogeneous linear equalities, which would imply that their so-
lution set can only be a singleton if it is equal to the origin, which clearly is
not the case here. Therefore we conclude that pey, is the unique solution to the
unitary constraint and three equations in €=, which by construction is a subset

of the equalities (EI) ~—(E8) . O

Proposition 91. Consider any ternary subset of (EI) ~—(E8)~ that, in com-
bination with the unitary constraint (71.17) ~, has a unique solution p. Then
pEFIRF ifand only if p € ext(F| ® F).

Proof of Proposition[91] One of the directions is trivial: p € ext(.#; ® %)
clearly implies that p € .%| ® .%,. Now assume ex absurdo that p € % ® %,
and p ¢ ext(.#| ® %), which implies that there are p,, pp € (F1 ® %)\ {p}
and A € (0,1) such that p = Ap, + (1 — A)p,. Without loss of generality, we
may assume that p is the unique solution of the unitary constraint (7.17) -
and Equations (ET)~, (E2).~ and (E3).~; the proof for other ternary subsets
of (EI)~—(E8).~ is analogous. Since p, is a probability mass function that
differs from p, it follows that p, does not satisfy Equation ~> (E2) A or
(E3).~. Without loss of generality, we may assume that Equation (EI))~ is not
satisfied; the proof for the other cases is analogous. Since p, and p;, belong to
F1 ® F,, we know that they satisfy Equation (II) ~. Since p, does not satisfy
Equation (ET)).~, this implies that p = A p, + (1 — 1) p;, satisfies Equation ([T} ~
strictly, which implies that p does not satisfy Equation (ET)~, a contradiction.

O
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p(hi,ha) ¥ (h1,0)E plt,h) L p(t,2) X
pst | p(h)p(h2) (h1)p(12) p(t)p(h) p(t)p(12)
ps2 | p(h)p(h2) p(h)p(t2) p(t)p(h2) p(t)p(t2)
ps3 | p(h)p(h2) (h1)p(12) p(t)p(h2) p(t)p(2)
psa | P(h1)p(h) p(h1)p(12) p(t)p(ha) plt)p(n2)
pat | p(h)p(h)p(ha)  p(h)p(h1)p(r2)  P(t1)p(h1)p(ha) — p(hi)p(11)p(12)
paz | p(M)P(h)p(ha)  p()p(h)p(t2)  p(h)p(1)p(ha)  P(t1)P(h1)p(22)
pas | p(h)p()p(he)  p(tr)p(h)p(r2) — p(t1)p(t)p(hz) — p(11)p(11)p(r2)
paa | p(t)p()p(ha) — P(h)p()p(r)  p()p()pha)  p(t)p(11)p(12)
pe1 | p(h)p(ha)p(h1)  Ple2)p(h)p(hi)  p(h2)p(h2)p(11)  p(h2)p(12)P(11)
pe2 | P(h)p(2)p(h)  p(2)p(2)p(h) — pl)p(ha)p(n)  p(r2)p(12)p(11)
pe3 | p(h2)p(h2)p(h1)  p(h2)p(t2)p(h1)  p(h2)p(h2)p(tr)  P(t2)p(h2)p(tr)
ps | p2)p(h)p(h1)  p(2)p(2)p(h1)  P(ha)p(t2)p(t)  p(02)p(t2)p(tr)

Table 7.1: Numerators of the candidates for the extreme points of the indepen-
dent natural extension of two binary variables

The extreme points of %] ® %, can therefore be found in the following
way. First, we need to consider every possible subset of three equalities from
(ET)zzm-(E8)pz- Then, for every such combination of three equalities, we need
to combine them with the unitary constraint and check whether this results in
a unique solution. If this is the case, we need to check whether this unique
solution satisfies the inequalities in (()z-(B)zzy If yes, then that unique
solution is an extreme point of .7 ® .%;.

Since there are 56 possible ways of choosing three equalities out of eight,
solving this problem manually might seem like a daunting task. However, due
to the extreme symmetry—switching X; and X5, k1 and #; or &, and ¢, yields
an equivalent set of inequalities—only 7 of those 56 cases need to be consid-
ered, as the others can be derived from these 7 by an argument of symmetry.
By exploiting this symmetry, we have managed to obtain elegant closed-form
expressions for the extreme points of .7 ® .%;.
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> X X

pst | 1| par | p(h1)p(t2) +P(m)p(h2) | p1 | p(h2)p(t1) +P(h2)p(h1)
ps2 | 1| paz | p(h1)p(h2) +P(h1)p(t2) | pB2 | p(t2)p(t1) +P(t2)p(h1)
pss | 1| pas | pt)p(t2) +p(t)p(ha) | pe3 | plha)p(h1)+D(ha)p(t1)

psa | 1| paa | pt1)P(h2) +P(t1)p(t2) | pBa | p(t2)P(h1)+DP(12)p(t1)

Table 7.2: Denominators of the candidates for the extreme points of the inde-
pendent natural extension of two binary variables

Theorem 92. Tables[7.1) and[7.2)contain expressions for up to 12 probability
mass functions, which can be obtained by dividing the rows of Table by
the corresponding denominator in Table[7.2] Based on the particular values of
p(h), p(h), p(t1), p(11), p(h2), P(h2), (lz) and p(t2), the diagram in Fig-
ure [7.2}~—which is continued in Figures 5 and [7.4n—indicates which
subset of these probability mass functions are the extreme points of F| Q F,.
In these diagrams, we use the shorthand notation psi—s» to denote that ps| and
Ps2 are two coinciding extreme points, and similarly for other combinatiOns.

The diagrams in Figures [7.2]. {7.4p77 might seem rather complicated, but
this is only because they treat a number of special cases with probability zero.
The main result can be summarised quite easily. If one of the local models
is precise or vacuous, then the independent natural extension has the same
extreme points (ps1, ps2, ps3 and psa) as—and therefore coincides with—the
so-called strong product of .%] and ﬂzdeﬁned by

F1 x Fp=CH({p1-p2: p1 € F1,p2 € F2}), (7.18)

where CH is the convex hull operator. In all other cases, % ® %, has up
to four additional extreme points. If we ignore the cases with lower proba-
bility zero, then these extreme points are determined by the relative value of
p(h)p(t1)p(h2)p(r2) and p(hy)p(t1) p(h2) p(r2). Depending on which one of
these two parameters is higher, the additional extreme points are either pa,

3We only indicate this in the instances where we consider this information to be of interest.
Otherwise, we simply depict one representative element of the set of coinciding extreme points.

14This is the strong extension of a credal network with local models % and .%;; see Sec-

tion as well.

15This partial result was already proved in Reference [46, Section 5.5].
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Is (at least) one of the local
models .%;, i € {1,2}, precise?

(p(hi) = p(h;) and p(1;) = p(t;))

yes F PS1=S3,
PS2=s4

no
Y
Is (at least) one of the local
T
models .%;, i € {1,2}, vacuous?
([p(hi),p(hi)] = [ p(t:),p(t:)] = [0,1])
Ds1, PS2, Z1 and %

Ps3, Ps4

no

Y

Go to Figure(7.3

Figure 7.2: Diagram to obtain the extreme points of the independent natural
extension of two binary variables (PART 1)

PA2, Pa3 and pag4 or pp1, pe2, pa3 and pp4. If the parameters are equal, these
two sets of additional extreme points are identical. Walley’s well-known nu-
merical example [[106} Section 9.3.4] has six extreme points; it corresponds to
the case .#| = .%, in Figure[7.4p77.

7.5 RECURSIVELY DECOMPOSABLE NETWORKS

So far, the most promising algorithms for credal networks under epistemic ir-
relevance have been developed for networks with a tree topology [6,30}42].
The underlying reason is that for trees, the global model can be constructed
recursively, by combining the local models using marginal extension and inde-
pendent natural extension [42, Section 4]. This allows for the development of
efficient recursive algorithms. The most well-known example is the algorithm
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p(h)p(t)p(h2)p(t2) ? p(h1)p(t1)p(h2)p(t2)

> B(/’lg) =0or E(tz) =0?

Ps1, PS2,
PS3s PS4,
PA2, PA4

PS1> PS2, PS3, PS4
PA1, PA2, PA3, PA4

Ps1s PS2,
PS3, PS4,
PA1, PA3

> B(h])ZOOI'B(tl):O?

PSs1, Ps2,
PS3s PS4,
PB3, PB4

Y

Go to Figure

PS1, PS2, PS3, PS4
PB1, PB2, PB3, PB4

Ps1s Ps2,
PS3, PS4,
PB1> PB2

Figure 7.3: Diagram to obtain the extreme points of the independent natural

extension of two binary variables (PART 2)
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E(hl) = OOI'E(Il) =0?

PS1, PS2, PS3, Ps4, PS1, PS2, PS3, Ps4,

PS1, PS2, PS3, Ps4, PS1, PS2, PS3, PS4,
PA3=B3 PA1=B1

PS1, PS2, PS3, PS4,
PA1=A4=B1=B4,
PA2=A3=B2=B3

PS1, PS2, PS3, PS4,
PA1=A4, PB1=B4,
PA2=A3, PB2=B3

Figure 7.4: Diagram to obtain the extreme points of the independent natural
extension of two binary variables (PART 3)
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51 (52 (53 ——(54 ——(55 —(s56 }——(57
§ob 886

Figure 7.5: Example of a hidden Markov model (HMM)

by De Cooman et al. [42]], which is able to compute P, (f |xg) efficiently, for
any ¢ € G, E C G\ {q}, f € 9(Z,) and xg € ZE. As we are about to show,
this recursive approach can be extended in two ways. First of all, this approach
is not limited to networks with a tree topology; it can be applied to a more gen-
eral class of networks, which we call recursively decomposable. Secondly, it
can be applied to more general inference problems, with multiple query nodes.

7.5.1 Recursively decomposable DAGs

We start by introducing some additional notation and terminology. Two nodes
s,t € G are said to be incomparable, denoted by s || ¢, if they are different and
if there is no directed path that connects them:

s|lt & (s#t,s¢D(t)andt ¢ D(s))

We then call a DAG recursively decomposable if every pair of incomparable
nodes has no common descendants:

(Vs,t €G) (s |t = D(s)ND(t) =0).

To the best of our knowledge, this type of DAG has never been considered be-
fore. Why we call these DAGs recursively decomposable will become clear in
the next section, where we show that the irrelevant natural extension of credal
networks with such a DAG can be decomposed in a natural, recursive way.
For now, we focus on the topological properties of recursively decomposable
DAGs.

First of all: the class of recursively decomposable DAGs includes trees as
a special case. In a tree, two nodes s and ¢ are incomparable if and only if
they belong to a different branch, where a branch is taken to be a directed path
from the root of the tree to one of its leaves. Clearly, this implies that s and
t have no common descendants. Therefore, recursively decomposable DAGs
also include Markov chains [see Figure [7.1pr7] and hidden Markov models
(HMMs) [see Figure[7.5]) as special cases.

However, not every recursively decomposable DAG is a tree. A first—
rather trivial—example are forests, which are unions of pairwise disjoint trees.
By an argument similar to that for trees, it follows that every forest is a re-
cursively decomposable DAG. A second class of recursively decomposable
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S X2, X, =, )—>

Figure 7.6: Example of a Markov chain of order 2

g
& X EE:

Figure 7.7: Example of a hidden Markov model (HMM) of order 2

Figure 7.8: Example of a dynamic network that is recursively decomposable

DAGs that are not trees are Markov chains of order m, with m > 2. They have
no incomparable nodes and are therefore trivially recursively decomposable.
Figure depicts a simple Markov chain of order 2. Hidden Markov models
of order m, with m > 2 are also recursively decomposable; Figure depicts
an example of a hidden Markov model of order 2. Figures [7.8|and [7.9]. pro-
vide two additional examples of recursively decomposable DAGs that do not
fit into any of the above-mentioned general classes. Figure|7.8|can be regarded
as a simple dynamic network; Figure[7.9] is just some random example.

For any DAG with nodes G and any node s € G, we now define two impor-
tant subsets of C(s) and P(s), respectively. The first set consists of the roots of
the sub-DAG that corresponds to D(s):

C(s) :==Ro(D(s)) = {t € D(s): Pp(;(t) =0} (7.19)

The following result shows that C(s) is a subset of the children of s and pro-
vides a convenient alternative characterisation for this set.
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Figure 7.9: Example of a recursively decomposable DAG

Proposition 93. Consider any s € G. Then C(s) C C(s) and, for all t € G,
t € C(s) if and only if the only directed path from s to t is a single edge s — .

Proof of Proposition[93]. Consider any ¢ € C(s), which implies that € D(s)
and Pp(y(t) = 0. Since ¢ € D(s), there is at least one directed path from s to 7.
Consider any such directed path s = s1,...,5,-1,5, =t from s to . The node
Su—1 is then clearly an element of D(s) U{s}. Hence, since Ppy)(t) = 0, it must
be that s,,_; = s. Since s; = s, and because a DAG has by definition no cycles,
this implies that n — 1 = 1, which implies that the path s = sq,...,8,—1,8, =1
consists of a single edge s — 7.

Next, consider any ¢ € G for which the only directed path from s to ¢ is
a single edge s — 7. It then follows from s — ¢ that ¢t € D(s). Now assume
ex absurdo that Pp)(t) # 0. This implies that there is some u € P(t) such
that u € D(s). Since u € D(s), there is a directed path s = s1,...,s, = u from
s to u, with n > 2. Since, u € P(t), this implies that s = sy,...,s, = u,t is a
directed path from s to ¢ that consists of more than one edge, a contradiction.
Therefore, we may conclude that Pp ) (t) = 0, which, since ¢ € D(s), implies
thatt € C(s). O

We will call the elements of C(s) the induced children of s. The induced par-
ents of s are then defined as

P(s):={teP(s): seC(r)}.

Table illustrates these concepts by means of examples, for nodes in vari-
ous recursively decomposable DAGs.

For any DAG, regardless of whether it is recursively decomposable, we can
use these concepts to select a subset of its edges: the edges s — ¢ for which
s € G and t € C(s). By removing all the other edges, we obtain a new DAG,
which we call the induced DAG. For any node s € G, C(s) and P(s) are the set
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s D(s) C(s) C(s) P(s)  B(s)
Figure 7_5|m 55 56,57,512,513,514 56,512 56,512 54 54
Figure{7.1p171 | 53  54,55,56,57 S4 S4 $2 52
Figure|7.6p39 | s4  $5,56,57 55,56 S5 $2,83 83
Figure ﬂm 55 $6,57,512:513,514  56,57,512 56,512 53,84 4
Figure E 58 59,510,511,512 59,510 59,510 54,87 87
Figure 7~9m 53 S44...,513 54,510,511 54,510,511 51,82 52

Table 7.3: Examples of C(s) and P(s), for various recursively decomposable
DAGs

of children and parents of s in this induced DAG, respectively. We use D(s) to
denote the descendants of s in this induced DAG. In Figures [7.1p17 and [7.53b3g,
the induced DAG coincides with the original DAG. In Figures [7.650 [7. 7559,
[7-89 and [7.9), the edges of the induced DAG have been thickened. The
induced DAG is closely related to the original one. Intuitively speaking, the
induced DAG is obtained by removing shortcuts from the original DAG: if
there is a direct edge from s to ¢ as well as a longer directed path from s to ¢,
the induced DAG removes the direct edge; this can be regarded as an informal
statement of Proposition 03 It is therefore not surprising that both DAGs
assign the same descendants to every node.

Proposition 94. For any s € G, we have that D(s) = D(s).

Proof of Proposition Since the edges of the induced DAG are a subset of
the edges of the original DAG, D(s) is clearly a subset of D(s). So consider
any t € D(s) and assume ex absurdo that t ¢ D(s).

Consider the sub-DAG that corresponds to D(s). Since t € D(s), it follows
from Lemma[95]. that this sub-DAG has some root node s; € Ro(D(s)) such
that s C ¢. It follows from Equation (7.19)p3g and Proposition 937y that s; €
C(s) CC(s). If s =t, then t € C(s) C D(s), a contradiction. Therefore, it
must be that s; # . Since s1 C ¢, this implies that t € D(sy).

Consider now the sub-DAG that corresponds to D(s1). Since t € D(s1),
it follows from Lemma [93}, that this sub-DAG has some root node s, €
Ro(D(s1)) such that s, C 7. It follows from Equation (7.19)z3g and Propo-
sitionthat 52 €C(s1) CC(s1). If sy =1, thent € C(s1). Since we already
know that s; € C(s), this would imply that # € D(s), a contradiction. Therefore,
it must be that s, # . Since sy C ¢, this implies that 7 € D(s»).

By continuing in this way, we obtain an infinite sequence of nodes
$,51,82,...,8n,... in G such that s; € C(s) and, for all i € N, s;11 € C(s;).
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Since a DAG contains no cycles, all nodes in this sequence must be different.
Since |G] is finite, this is a contradiction. O

Lemma 95. Consider a DAG with nodes G. For every node t € G, there is
some root node s € Ro(G) such that s C t.

Proof of Lemmal93] If P(t) = @, then ¢ € Ro(G), which concludes the proof
[choose s = t]. Otherwise, let #; be an arbitrary element of P(¢). This implies
that #; C¢. If P(¢;) = 0, then #; € Ro(G), which concludes the proof [choose
s =1]. Otherwise, let f, be an arbitrary element of P(f;). Since #; C ¢, this
implies that #, C ¢. If P(t;) = 0, then # € Ro(G), which concludes the proof
[choose s = 1p]. If we continue in this way, this process will eventually end,
thereby concluding the proof. Indeed, assume ex absurdo that this process does
not end. Then we obtain an infinite sequence of nodes ¢,t1,1,...,t,,... in G
such that t; € P(r) and, for all i € N, ;11 € P(t;). Since a DAG contains no
cycles, all nodes in this sequence most be different. Since |G| is finite, this is a
contradiction. O

Proposition implies that the root nodes and leaves of the induced DAG
are identical to those of the original DAG.

Corollary 96. For any node s € G, we have that C(s) = 0 < C(s) = 0 and
P(s)=0< P(s) =0.

Proof of Corollary[96 For any s € G, we have that

C(s)=0=D(s)=0=D(s) =0« C(s) =0
and

P(s)#0< (3t €G)seD(t) & (3t € G)s € D(t) & P(s) # 0,

where, in each case, the first and last equivalences are trivial and the second
one follows from Proposition[94]-. O

Consequently, for forests, and for trees in particular, the induced DAG is iden-
tical to the original DAG.

Corollary 97. For a forest, the induced DAG is identical to the original one.

Proof of Corollary[97] By its definition, the edges of the induced DAG are a
subset of those of the original DAG. So consider any edge s — ¢ in the original
DAG and assume ex absurdo that it is not an edge of the induced DAG. This
implies that s € P(t) and s ¢ P(¢). Since in a forest, a node has at most one
parent, we know that P(t) = {s}. Therefore, because P(t) C P(t) and s ¢
P(t), we find that P(t) = 0. Due to Corollary this implies that P(r) = 0, a
contradiction. O
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Not every DAG is a forest; see for example Figure[7.95a5. However, interest-
ingly, if a DAG is recursively decomposable, the corresponding induced DAG
will always be a forest.

Proposition 98. Consider a recursively decomposable DAG. In the corre-
sponding induced DAG, every node s € G then has at most one parent:
P(s)] < 1.

Proof of Proposition[98] Assume ex absurdo that there is some node s € G
such that |P(s)| > 2. This means that we can consider t1,t, € P(s) such that
t # tp. Since P(s) C P(s), we find that #1,7, € P(s) and it therefore follows
that s € D(t;) and s € D(rp), which implies that D(z;) N D(t2) # 0. Since we
are considering a recursively decomposable DAG, this implies that #; and 7,
are not incomparable. Therefore, because #| # t,, we can assume without loss
of generality that , € D(;). Since we also know that #, € P(s), this implies
that 5 € Pp,,)(s). However, since it follows from ; € P(s) that s € C(t), we
also find that Pp,,)(s) = 0, a contradiction. O

This works in the other direction as well, leading to the following alternative
characterisation of recursively decomposable DAGs.

Proposition 99. A DAG is recursively decomposable if and only if the corre-
sponding induced DAG is a forest.

Proof of Proposition[99) If a DAG is recursively decomposable, it follows
from Proposition 98] that the corresponding induced DAG is a forest.

So, assume that the induced DAG is a forest and consider any s,r € G
that are incomparable with respect to the original DAG. Since the edges of
the induced DAG are a subset of the edges of the original DAG, it follows
that s and ¢ are also incomparable with respect to the induced DAG. Since the
induced DAG is a forest, this implies that D(s) N D(¢) = 0. It then follows from

Proposition that D(s)ND(t) = 0. O

By combining this result with Corollary [96], it follows that a DAG with a
single root node is recursively decomposable if and only if the induced DAG is
a tree. The examples in Figure [7.1p17 and Figures are all of this

type.

Next, for any s € G, we define K := D(s) U {s} as the union of s and its
descendants D(s). Table provides a number of examples, for nodes in
various decomposable DAGs. For any DAG, D(s) and K; are always closed
subsets of G.

Proposition 100. For any s € G, D(s) and K, are closed subsets of G.
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N D(S) K; P(KS)
Figure 55 56,57,512,513,514 55,56557,512,513,514 54
Figure|7. s3 S4,55,56,57 §354,55,56,57 52
Figure . S4 855,856,587 84,85,56,57 52,83
Figure|7. S5 56,57,512,513,514 85,86,57,512,513,514 §3,54
Figure(7.3 58 59,510,511,512 58559,5105511,512 54,57
Figure . 53 S4,...,513 8§3,...,513 851,52

Table 7.4: Examples of K, and P(Kj), for various recursively decomposable
DAGs

Proof of Proposition[[00}~. First consider any u,v € D(s) and k € G such that
uC kCv. Since u € D(s), we know that s C u and therefore, we find that s C k,
which implies that k € D(s).

Next, consider any u,v € K; and k € G such that u C k C v. Since u € K, we
know that s C u and therefore, we find that s C k, which implies thatk € K;. [

For recursively decomposable DAGs, the sets D(s) and Kj satisfy a number of
additional properties. The following result establishes that every recursively
decomposable DAG consists of disconnected sub-DAGs, each of which corre-
sponds to a set K, with s a root node of the original DAG.

Proposition 101. Consider a recursively decomposable DAG. Then the sets
K, s € Ro(G), constitute a partition of G and, for all s € Ro(G), K; is
ancestral—P(K;) = 0.

Proof of Proposition[[01] Since the induced DAG is a forest [see Proposi-
tion [99]] that has the same roots as the original DAG [see Proposition 98]
we know that the sets D(s) U{s}, s € Ro(G), constitute a partition of G. Due to
Proposition[94pzy, this implies that the sets K, s € Ro(G), constitute a partition
of G.

Consider now any s € Ro(G) and assume ex absurdo that P(K;) # 0. This
implies that there is some u € K and v € P(u) such that v ¢ K,. Therefore, it
follows from the first part of this proof that there is some s’ € Ro(G) such that
s’ # s and v € Ky, since v € P(u), this implies that u € Ky. Since we already
know that u € Kj, the first part of this proof leads us to a contradiction. O

For any s € G, the sub-DAG that correspond to D(s) can be decomposed simi-
larly.
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Corollary 102. Consider a recursively decomposable DAG with nodes G.
Then for any node s € G, the sets K., ¢ € C(s), constitute a partition of D(s)
and, for all ¢ € C(s), Pp(,)(K.) = 0.

Proof of Corollary[I02] Since the induced DAG is a forest [see Proposi-
tion we know that the sets D(c) U {c}, ¢ € C(s) constitute a partition
of D(s). Due to Proposition , this implies that the sets K, ¢ € C(s), con-
stitute a partition of D(s).

Consider now any ¢ € C(s) and assume ex absurdo that Pp(s)(Kc) # 0. This
implies that there is some u € K, and v € D(s) such that v € P(u) and v ¢ K...
Since v € D(s) and v ¢ K., it follows from the first part of this proof that there
is some ¢’ € C(s) such that ¢/ # c and v € K., since v € P(u), this implies that
u € K. Since we already know that u € K, the first part of this proof leads us
to a contradiction. O

The inference algorithms for recursively decomposable networks that we
will develop further on in this chapter make extensive use of the concepts we
have just introduced. In particular, for every node s € G, they require the sets
C(s), P(s) and P(Kj). If these sets are not available, as will usually be the case,
they first need to be constructed, preferably in some automated way. Therefore,
before moving on, we briefly explain how to construct these sets efficiently.

For any s € G, we know from Proposition that C(s) consists of those
nodes ¢ € C(s) for which the only directed path from s to ¢ is a single edge
s — t. Therefore, in order to find those nodes ¢ efficiently, all we need to do
is to start from s and move along the paths of the DAG following the direction
of the edges—for example by means of a depth-first search—until we reach
the leaves of the DAG and, for every node, keep track of how often we have
visited it by raising a counter. Every 7 € C(s) will clearly be visited at least
once. If a node 7 € C(s) is visited more than once, it means that there is more
than one directed path from s to ¢, and # is therefore not an element of C(s). If
anode ¢t € C(s) is visited only once, it must be through the trivial path s — ¢
and it therefore follows that t € C(s).

After constructing C(s), its elements need to be stored as attributes of the
node s and, for all # € C(s), s needs to be added as an element of the set
P(t), which is initialised as empty at the beginning of this procedure, before
processing any of the nodes s. After doing this for every s € G, all the elements
of P(t) will have been added, for all # € G. The sets C(s) and P(t) are now
available for further use by inference algorithms.

This procedure is not restricted to recursively decomposable networks; it
works for any DAG. In fact, it even allows us to find out whether a DAG is
recursively decomposable. All we need to check is whether the induced DAG
is a forest, or equivalently, whether |P(t)| < 1 for all t € G. As we know from
Proposition 993, this will be so if and only if the original DAG is recursively
decomposable.
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Finally, for any s € G, the set P(K;) can also be constructed by starting
from s and moving along the paths of the DAG following the direction of the
edges until we reach its leaves. We need to do this twice. The first time, we
simply mark the nodes we have visited; these are the elements of K;. The
second time, for every node we visit—every element of K,—we check each
of its parent nodes and store the ones that do not belong to K;—that have not
been marked during the first pass. The nodes that are stored during this second
pass are the elements of P(K).

7.5.2 Recursively decomposable credal networks

By adding local imprecise-probabilistic models to the nodes of a recursively
decomposable DAG, we obtain a recursively decomposable credal network.
We call them—and the corresponding DAGs—recursively decomposable be-
cause, as we are about to show, for such a credal network (the unconditional
part of) its irrelevant natural extension can be decomposed into (the uncondi-
tional parts of) the irrelevant natural extensions of its subnetworks, recursively,
and eventually even into its local models.

The first step in this recursive decomposition is to decompose the credal
network into its disconnected subnetworks. Since we know from Proposi-
tion that the sets Kj, s € Ro(G), form a partition of G such that, for
all s € Ro(G), P(Ky) = 0, it follows directly from Proposition 6773 that

PE(+) = ®yero(c) PR (). (7.20)

If the DAG has only a single root node s—if Ro(G) = {s}—this step is trivial;
we then find that P (-) = P (-). In fact, in this case, we even have that
PIF(-J) = PE (). |

The next step consists in further decomposing P! (+), for s € Ro(G). Since
P(K,) = 0, this is a special case of the more general task of decomposing the
irrelevant natural extension Py JXP(K;)(.)’ for s € G and xp(x,) € Zpg,)- We
therefore solve that problem first.

The more general task is trivial if s is a leaf of the network—if D(s) = 0.
In that case, it follows from Corollary that

—II?;J)CP(KA)() :BYJXP(S)() (721)

because Ky = {s} and P(K;) = P(s), where P (+) is the local model that is
attached to the node s. In all other cases, the following two important results
allow us to decompose P’ [ (+) recursively.
Proposition 103. Consider a—not necessarily recursively decomposable—
credal network and a node s € G such that D(s) # 0. Then P(s) and
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P(D(s)) \ {s} are subsets of P(K;), s is an element of P(D(s)) and, for all
Xp(k,) € Zp(k,

PIHJXP (Ks) ( ) = BSJXP(x) () ®Eg(m (XP(D(x))\{.rLXS)(.)

Proof of Proposition[I03]~. The inclusions that are mentioned in this proposi-
tion are trivial. Now let K := K, = D(s) U {s}, T := {s} and S := D(s). Then
P(T)=P(s), Px(T)=Px(s) =P(s)NK = P(s)NK; =0 and Px(S) = {s}. Fur-
thermore, for all 7 € T, we have that t = s and therefore, since D(s) = Dk, (s),
that § C Dk (). Since K is also a closed set [see Proposition the result
now follows from Corollaries [72jrgg and @ O

Proposition 104. Consider a recursively decomposable credal network and a
node s € G such that D(s) # 0. Then, for all c € C(s ) P(K.) is a subset of
P(D(s)) that contains s and, for all xp(p(s)) € Zp(p(s))

irr _ _ irr .
=D(s)]xp(p(s)) ()= ®CEC<S)BKCJXP(K(-)( )

Proof of Proposition[I04} Let K := D(s). Due to Corollary , we know
that the sets K., ¢ € C(s), form a partition of K and that, for all ¢ € C(s),
Px(K:) = 0. Since we know from Proposition[I00kz3 that K is a closed set, the
result now follows directly from Corollary [6873. O

Equipped with these new tools, we can now go back to the original problem:
decomposing P (-), for some s € Ro(G). If s is a leaf of the network, then
E,g (-) = P(+). Otherwise, since P(K;) = 0, it follows from Proposition {103
that

PE(-) = Py() @ Phi x, () (7.22)

The local model P,(-) is given. P““( e (+) can be decomposed further by ap-

plying Proposition [104 - Since P(K,.) = {s} for all ¢ € C(s E we find that for
all x; € Zs:

P15 () = @eccin PRy, ()

We are now again faced with the very same general problem: decomposing

7‘12 Jrot () into smaller models—in this case, with s = ¢ and P(K;) = {s}.

The solut1on is identical. If s is a leaf, then P‘I? Jepix ( ) = (+) because

B‘YJXP(A‘)

K; = s and P(K;) = P(s). Otherwise, PK [ () Can be decomposed into

16We know from Proposition that s € P(K.) C P(D(s)). Furthermore, since P(K;) = 0,
Proposition tells us that P(D(s)) \ {s} = 0. Hence, indeed: P(K.) = {s}.
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smaller models of the form EIZ Jere) (), with ¢ € C(s), by applying Proposi-
tions and[104]-.

By continuing in this way, we eventually reach all the leaves of the net-
work, at which point BI(I;T() has been fully decomposed into the local models of
the network. During this recursive decomposition, we have followed the edges
of the induced forest: for every node s, we have considered its children C(s)
in the induced forest and used these to decompose the model. Furthermore,
since the root nodes and leaves of the induced DAG are identical to those of
the original DAG [see Corollary [96zz]], what we have effectively done is start
from the roots of the trees that make up the induced forest and follow their
edges up to their leaves.

By reversing this process, this recursive decomposition of Eg(-) turns
into a construction of Bg() Starting from the local models at the leaves
of the induced forest, we work our way down to the roots. For every leaf s,

Py Jene) ()= B;IJTXP(S) () is equal to the local model P () (+). For every node
P(Kc) ()’

s € G thatis not a leaf, Elg Jeres (+) is constructed from the models Bilg Ix
with ¢ € C(s), using Propositions [103zg and . Finally, we use Equa-
tionl% to construct Pi¥(-) from the models PZ (+), with s € Ro(G).

Of course, this construction of BiG”(~) is only symbolic. So far, we have not
computed any of the marginal extensions and independent natural extensions
that appear in these recursive expressions. However, as we will illustrate in
the next sections, for specific types inferences, we can turn these symbolic
recursive expressions into an actual recursive algorithm that is able to compute
our inference of choice efficiently.

A similar recursive construction of Big() has already been described by
De Cooman et al. [42], for credal networks under epistemic irrelevance whose
graphical structure is a tree, and under the simplifying assumption that the
local upper probabilities are strictly positive. In our case, for trees, the in-
duced DAG coincides with the original one [see Corollary 0771 and, for all
s € G: P(K;) = P(s)—with |P(s)| = 1—C(s) = C(s), P(D(s)) = {s} and, for
all c € C(s) = C(s), P(K.) = {s}. Therefore, if s is not a leaf, we find that

(Vxp(s) € Zp(s)) B}Eﬁjxp(x)(-) =Py, () @EDIT(S)JXX(')
and

(Vxs € Z5) BiDrr(S)Jxx(') = ®cgc(s)BiIngs(')»

which are exactly the recursive expressions used in Reference [42[]. Our con-
struction can therefore be regarded as a generalisation of the one in Refer-
ence [42]]; we extend it from trees to recursively decomposable networks and
drop the local positivity assumptions.
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7.5.3 Sums of univariate gambles

The reason why recursively decomposable networks are interesting is be-
cause the symbolic recursive construction of PII(-) can be used to compute
Eg( f) recursively—and therefore efficiently—for various types of gambles
f €9 (Zc). A first class of gambles for which this is the case are gambles of
the form f = Y. f; where, for all i € G, f; € 4(Z;) is a univariate gamble
that only depends on the value of the variable X;.

Computing Bi(‘lf(ziec /i) is a matter of applying the symbolic recursive
decomposition introduced in the previous section and combining it with the
properties of marginal extension and independent natural extension discussed
in Sections [6.6r7 and [6.773. In order to simplify the notation, we let
Y =Yk, fi forall s € G.

The first step consists in combining Equations (7.20)pzg and (6-8)r73 Since
it follows from Proposition@lzg] that ¥ fi = Ysero(c) Vs> We find that

P?(Zﬁ) =Piér< Y %) = Y PI(y). (7.23)

i€G s€Ro(G) s€Ro(G)

Our global optimisation problem is therefore already reduced to the smaller-
sized problem of computing P (), with s € Ro(G). Since P(K,) =0 for
these root nodes [see Proposition [[01pzz] this is a special case of a more gen-
eral problem that, as we are about to show, can be solved recursively. For any
s € G and xp(x,) € Zp(x,), We will compute Py’ [ (l[ls) We consider two
cases.

If s is a leaf of the network—or, equivalently, if it is a leaf of the induced
forest—then Ky = {s} and P(K,) = P(s) and the problem becomes trivial. By

applying Equation (7.21)pzg, we find that

irr

PRy (W5) = P (£6)- (7.24)

If 5 is not a leaf of the induced forest, then D(s) # 0 and we can therefore apply
Proposition [[03fzg In combination with Equation (6.14)r7g, this proposition
implies that

irr

BK;JXP (IVS) BSJXP(S) (BB?X)J (xP(D(x))\{x}7XS>(wS))

= B“pr(s) (fs +B1Drr(s)J(xP(D(s))\{s}7XS) ( } Z f’))

i€D(s)
ﬁsJXP( (fs Z ) H{xs}ﬁlDrr(s)JxP(m ( Z fz) ) ,  (7.25)
5EL ieD(s)

where, since Corollary implies that Yiep(s) fi = Leec(s) Vs»
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P xpio >< )3 ﬁ) PP < )y Wc) = Y PX g, (W)

i€D(s) ceC(s ceC(s)
(7.26)

because of Proposition [T04pz7 and Equation (6.8)r73. By combining Equa-
tions (7.23) ~ and (7.26), it follows that, for any s € G that is not a leaf, and for

any xP(KS) S %P(KJ):

PRy (W) = By (fs+ YLy L2 ch o )>' (7:27)

Xs€Xs ceC(s

For all s € Ro(G), the above equations allow us to compute Bi,g (y;) recur-
sively, in the following simple manner: we start by applying Equation (7.24) -
in the leaves of the induced forest and then work our way down towards its
roots by means of Equation (7.27). Once we have computed E]g(%) for all
s € Ro(G), a final application of Equation (7.23)~ provides us with the value
of PIM(Yicq f;) that we are after.

The value of Fg(ZiEG f;) can be computed similarly. It suffices to replace
the lower previsions in the recursion equations above by the corresponding up-
per previsions. However, developing such an approach is unnecessary because
the task of computing F‘g(z,-ec /i) can also be regarded as a special case of
computing Bi(r;r(ZieG fi). All we need to do is let f{ := —f; forall i € G and use
the above procedure to compute Bicr;r():ieG f1). It then follows from conjugacy

that ‘
() (- p)- ()
i€G i€G i€G

The computational complexity of these recursive algorithms depends
on the topology of the network. For every s € G, we need to compute

B‘Ig Xoix, (VIS) which is a function on 2 that is defined by

(EIgJXP(KS)(‘/’s))(XP(KS)) = ng (ys) forall xp(x,) € Zp(x;,)-

Provided that the local models can be evaluated in constant timd7] and that
|C(s)| is small enougH™] it follows from Equations (7.27) and (7:24). that
for a fixed xp(g,) € Zp(k,), the value of this functlon can be computed in
constant time because the recursive character of our algorithm implies that
for every ¢ € C(s)—for every child of s in the induced forest—the function

B‘Ig Koo, (y.) has already been computed earlier on in the algorithm.

171f not, there is no point in devising a global algorithm anyway.

]~SSince C(s) C C(s), this assumption is easily satisfied. Table provides maximum values
of |C(s)| for different types of recursively decomposable networks.
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maxsEG|P(Kv)| maxs€G|C(s)|

forest 1 maxsec|C(s)]

trees 1 maxsec|C(s)]
Markov chains 1 1
hidden Markov models 1 2
Markov chains of order m m 1
hidden Markov models of order m m 2
2
2 3

Table 7.5: Parameters of different types of recursively decomposable DAGs

Therefore, for a single node s € G, evaluating this function for every
xp(k,) € Zp(k,) has a computational complexity that is exponential in the num-
ber of nodes in P(K;). Since evaluating Equation takes a constant
amount of time, this allows us to conclude that the computational complex-
ity of the complete recursive algorithm is linear in the number of nodes and
exponential in max,eg|P(K;)|. This last parameter is the determining factor;
if it is small enough, the procedure that we have just described can com-
pute Pi¥(Y,c fi) efficiently. Table [7.5|provides examples of max,ec|P(K;)|
for different types of recursively decomposable networks; in our examples—
Figure and Figures|[7.5p15H7.9pa0—this parameter never exceeds two. If
the network is a tree or a forest, max,c|P(K;)| will always be at most on
and therefore, in that case, the algorithm is linear in the number of nodes.

Although the class of gambles that are sums of univariate functions is of
course fairly limited, it does already allow us to compute various inferences
that are of practical interest. For example, in a decision making context, ad-
ditive utility functions are of this form. It is also important to realise that the
sum does not need to run over all the nodes of the network. We can easily
consider functions of the form ) ;¢ fi, for some S C G, simply by choos-
ing fi =0 for all i € G\ S. In this way, for any ¢ € G and f € ¥(Z;), the
algorithm in this section allows us to compute the marginal lower prevision
E}T(f) = PIT(f); it suffices to choose S = {g} and f, = f. Other interesting
examples occur in networks where the variables X;, i € S C G, have the same

19Because in a forest, for every s € G, we have that P(K,) = P(s) and |P(s)| < 1.
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state space 2; = 2 and represent the same type of object. We can then let
fi=f, fori €S, where f is some function on 2. For f =1, with x € Z,
the resulting sum Y ;c¢ f; represents the number of occurrences of x. For ex-
ample, in case of a stationary queue of length n (possibly of order m > 2),
where each variable X;, i € G ={1,...,n}, represents the number of customers
in the queue at time i, with 2" = {0,...,k}, we can choose S = G and let f
be the indicator of zero to compute the lower—and by conjugacy the upper—
prevision—expected value—of the number of time points in which the queue
is empty. In that same example, letting f be equal to the identity function di-
vided by n—f(x) :=*/n for all x € 2= {0, ..., k}—allows us to compute the
lower and upper prevision—expected value—of the average number of cus-
tomers over time.

7.5.4 Products of univariate gambles

A second class of gambles f € ¥(2¢) for which P(f) and Pg (f) can
be computed efficiently in a recursively decomposable credal network are
products of univariate functions: gambles of the form f = [];cs fi, with
(Vi e G) fi € 9(Z;). However, only for specific types of such products.

The simplest case is when each of the univariate gambles is non-negative:
fi > 0foralli € G. Despite its simplicity, it already covers a number of impor-
tant cases. For example, many multiplicative utility functions are of this form.
Perhaps the most important special case is the one where, foralli € G, f; =1,
with B; € Py(Z;) an event that represents partial information about the value
of X;. The resulting product [];c I, is then the indicator of the event X;cGB;
and the lower and upper prevision of this indicator are the lower and upper
probability of x;cgB;, respectively. This also includes events of the form xg
as a special case: it suffices to let B; = {x;} if i € E and B; = 2; otherwise.
Since the case of non-negative functions f; includes these important special
cases, we think we are justified in treating it separately, especially since—as
we will see—it leads to simplified expressions. More complicated cases will
be discussed later.

So, for now, we assume that f; > 0 for all i € G. In this case, the value
of Bi(";r(HiEc fi) can be computed by means of a recursive scheme that is very
similar to the one we developed in the previous section. The main difference
is that we now exploit the factorisation property of the independent natural
extension rather than its external additivity. In order to simplify the notation,
we let ¢ = [k, fi forall s € G.

First of all, for all s € Ro(G), we have that ¢; > 0 and therefore, be-
cause of coherence [[Clgg], that Bi,g((bs) > 0. Therefore, and since it follows
from Proposition {101pag that [[icg fi = [sero(c) ¢s» We can combine Equa-
tions and (6.9) 3 to find that
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PEf(Hﬁ)P%T( I1 ¢> [T P4y (7.28)

icG s€ER0(G s€ER0(G)

Hence, solving the problem is now reduced to computing B‘Ig (¢5), for
s € Ro(G). As before, this is a special case—with P(K;) = 0—of a more gen-
eral problem that can be solved recursively. For any s € G and xp(k,) € Zp(Ky)»

we will compute the value of Plrr AT (¢5). We consider two cases

If 5 is a leaf of the 1nduced forest the problem becomes trivial. Since
= {5} and P(K,) = P(s), it follows from Equation (7-21)jzzg that

*11?; XP Ks) (¢S) BSJXp(_Y) (fs) . (729)

If 5 is not a leaf of the induced forest, we can apply Proposition [T03pzg and

Equation (6-T4)7g to find that

*KAJXP(K ) (0) = Py P(s) (EDH(S)J (xp(D(s)\ {5} Xs) (¢‘))

:BsJXPm( Y T s (PG e, < I1 f)) (7.30)

xs€Zs IED

where, since Corollary implies that [Jicp(y) fi = ]'LGC o, it follows
from Proposition [T04pz7 and Equation (6.9)rr3 that

fgr JXP(D ( H ﬁ) Plrrs ( H ¢c) = H ,iIngP(KC)(‘Pc)

i€D(s ceC(s ceC(s)
(71.31)

because, for all ¢ € C (s), ¢, > 0 and therefore, due to coherence [|IC , also
Plrr (¢C) > 0. By combining Equations (7.30) and (7.31)), we ﬁnd that

*KL Zp

P (89 = Poj, (): L fit) TT 2, <¢c)) (732)

Xs€Zs CEC( )

for any s € G that is not a leaf and any xp(g,) € Zp(k,)-

Using these equations, B‘”(Hlec fi) can easﬂy be computed recursively.
We start by applying Equation at the leaves of the induced forest and
then move along its branches towards its roots by means of Equation (7.32). A
final application of Equation (7.28)) provides us with the value of Big (Iicc fi)-

The value of Pg ([licgf;) can be computed similarly. It suffices to
replace the lower previsions in the above expressions by the correspond-
ing upper ones. However, unlike in the case of sums of univariate gam-
bles [see Section [7.5.3pgg] this problem cannot be regarded as a special
case of computing the lower prevision. Although conjugacy implies that
P (Iicc fi) = =P (—Tlicc fi), We cannot apply the above procedure to
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compute Eg(— [Licc f;) because the assumption that all the univariate gambles
in the product should be non-negative fails. Therefore, let us briefly illustrate
how it can be proved that computing Fg(nie(; /i) indeed amounts to replacing
the lower previsions in the above expressions by the corresponding upper ones.
In order to prove the upper prevision version of Equation (7.28) ~, the start-
ing point is the conjugacy relation Pg ([Ticg f;) = —P& (—[Ticc f;)- The mi-
nus sign within the argument of Bi(r;r can then be dealt with by considering
some arbitrary ¢ € Ro(G) and assigning the minus sign to the partial product
¢; = [lick, fi- Because coherence [@3}] guarantees that B}g(—@) <0, the
combination of Equations (7.20)pzg and (6.9)r3 then allows us to infer that

Firf : :_Pirr s
#(ILr) = (- 1L »)
——E}g(—@) H PKY o5) = H PKY dy),

sERo(G)\{t} SER0(G)

where the final equality is again due to an application of conjugacy. We find
that, indeed, as mentioned before, the only difference with Equation ﬂ is
that the lower previsions are replaced by the corresponding upper previsions.
The upper prevision version of Equation (7.31)) ~ can be proved similarly; we

find that:
D) 0 ( Hfz> [1P mxp ,(9e)- (7.33)

ieD( ceC(s)

The remaining equations follow trivially from conjugacy and the argumenta-
tion for the original equation. For every s € G and xp(x,) € Zp(x,), We find
that

—irr -

PKSJXP Ky) <¢S) PSJXP(»T) (fs) (7.34)

if s is a leaf. If s is not a leaf, then

Py Jepiiy (95) = P, ( Y Lyt IT P‘,ﬁf [ ¢c)) (7.35)

Xs€Zs L‘EC

These upper prevision versions of our recursion equations can also be regarded
as special cases of—and can therefore be derived from—the more general ex-
pressions that we will discuss later in this sectionEG]

Let us now try and weaken the requirement that each of the gambles f;,
i € G, should be non-negative. We have introduced this assumption because it
leads to simplified expressions. However, it is not necessary. As we will now
show, some of the gambles f; can be allowed to have negative values. The only

See Equations (=3, (s, s and (s
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requirement that we need to impose is that the nodes of the gambles for which
this is the case should all be mutually comparable. In other words, if we call a
subset T of G comparable if there are no two nodes ¢,#' € T such that 7 || ¢/
then what we need to impose is that f; > 0 for those i € G that do not belong
to T, for some comparable subset 7 of G. Before we go on to show that this
condition is sufficient in order to develop a recursive algorithm, we first take a
closer look at this condition itself and characterise it alternatively.

Consider the partial order that is imposed on the elements of G by the
binary operator C. The roots and leaves of the DAG are then the minimal
and maximal elements of this partially ordered set, respectively. Using the
standard terminology from partial orders, the condition above simply requires
that 7 should be a chain: a totally ordered subset of G. Equivalently, since |G|
is finite, 7' is comparable if and only if it is a subset of a directed path. For any
T that satisfies this condition, the following two properties hold.

Proposition 105. Consider a recursively decomposable DAG and a non-empty
comparable set T. Then there is a unique t € Ro(G) such that K, NT # 0.

Proof of Proposition[I03] Since the DAG is recursively decomposable, we
know from Proposition that the sets K;, s € Ro(G), form a partition
of G. Therefore, since T # 0, it follows that there is some ¢ € Ro(G) such
that K, NT # 0. Assume ex absurdo that there is some ¢ € Ro(G) such that
t'#tand K, NT #0. Since K, NT # 0, we can consider some u € K, NT.
Since K, NT # 0, we can consider some v € Ky NT. Since T is comparable,
and because u and v are elements of T, it follows that  and v are comparable.
Therefore, we may assume—without loss of generality—that u# C v. Since it
follows from u € K, that t T u, this implies that # C v, which in turn implies that
v € K;. Since K; and K,s are elements of a partition, this is a contradiction. []

Proposition 106. Consider a recursively decomposable DAG and a compara-
ble set T. Then for all s € G such that D(s) T # 0, there is a unique t € C(s)
such that K, NT # 0.

Proof of Proposition[I06] Consider any s € G such that D(s) N T # 0. Since
the DAG is recursively decomposable, we know from Corollary [T02pz3) that
the sets K., ¢ € C(s), form a partition of D(s). Therefore, it follows that there
is some ¢ € C(s) such that K, N T # 0. Assume ex absurdo that there is some
t" € C(s) such that #/ # ¢ and K, N T # 0. The same argument that we already
used in the proof of Proposition [I03] then leads to a contradiction. O

2IThis terminology is compatible with our definition for (in)comparability of nodes at the
beginning of Section|7.5.1p1g: if T consists of two elements, then 7 is (in)comparable if and only
if its two elements are.
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We now consider a comparable set 7 and a product [[;c fi of univariate
gambles f; € ¥(Z;), i € G, such that f; >0 foralli € G\ T. As we will see,
it is still possible to compute P ([T;c¢ f;) and P (ITicg f;) recursively. The
expressions that allow us to do so just become a bit more complicated.

We start by computing P‘”(Hiec fi). If T =0, we have the special case
discussed in the beginning of this section, and the recursive expressions for
that special case can then be used. If T # 0, we need some new techniques.
In that case, the first step is to apply Proposition [I03]~, from which we can
infer that there is a unique r € Ro(G) such that K; N T # 0. Therefore, for all
s € Ro(G) \ {t}, we have that K, N T = @, which implies that ¢; > 0. This

allows us to combine Equations (7.20)zzg and (6.9)73 to find that

PEg) ]  PE(e) ifPE(¢) >0

Pirr( ﬁ) _ ' sERo(G)\{t} o ' (736)
¢ I—(l; Pre) [I Pr(es) ifPE(e)<o.
sERo(G)\{t}

Since we do not know beforehand—when starting the recursion at the leaves
of the induced network—what the sign of Py (¢;) will be, it no longer suffices

to compute the value of Plrr (¢s) for all s € Ro(G). We also need the value of

PKV((DS)’ for all s € Ro(G) \ {t}.
This problem is a special case—with P(K;) = @—of the following more

general problem which can be solved recursively: for every s € G and
xp(k,) € Zp(k,)>» we will compute P pi X xp (¢s) and F}g Jepike) (¢5). As before,
we con51der two cases. ’

This problem is tr1v1al if s is a leaf of the induced forest. In that case, it

follows from Equation (7 g and conjugacy that

P(Ks)

—KA XP(K)(¢‘S) Bs Jxp (f:v) and PKA Jxp(ky) (¢S) stxp(_r) (fs) (1.37)

If s is not a leaf of the induced forest, we can apply Proposition [T03pzg and
Equation (6.14)rrg to find that

BIIQJXP(KV)((P‘Y) :BSJXP(:) (Eg(f)J(xp(D(A M\{shsXs) (d),)) =Py P(s) (Q“J"P(Ks))’ (7.38)

where h NP ED“(SH( Do X) (‘Ps) is a gamble on Z;, given for all

Xy € X5 by
R P ( T15) i85 20
By () = i€D(s) (7.39)
fs (Z‘)Plg( $)|xXp(n(s) (g)ﬁ> if fs(xs) <0
IS N
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Similarly, we also find that

KV )CP ((PS) = FSJXP(S> (FD(S)J (xP(D(s))\{s}7XS) ((PS)) = FSJXP(S) (hSJxP(KS) )) (740)

" .__ pirr
where hstP(Kc) - BD(S)J (epD(s)\ {532 Xs)

xg € X5 by

(¢5) is a gamble on Z;, given for all

£52) P (H ﬁ) it £y(x,) > 0;

i€D(s)

f(ZS)fBr (5) 2 V))< H ft> if f5(x;) <0

Ryapi, () = (7.41)

The following equations allow us to evaluate the gambles /, Jrpg) and h; [xpiks)
recursively. For all xp(p(s)) € Zp(p(s))» We have that !

(1)
ieD(
—K,xp (¢t) H 7KCJXPK)(‘Pc) lf&fo (9) =

_ ceClo\{1} (7.42)
P @) TT P, (00 P (0 <
ceC(s)\{r}

and

JXP (Hfl)
ieD(
Pt 00 TT Pijup, (9 6P juy (6) =0

_ ceCl)\{r} B (7.43)
PK,JxP ((Pl) H 7112 Jx (¢C) if PK,ijK <¢I> <0
P(K, (Kt)
ceC(s)\{t}

Both equations follow from Proposition [[04pz7, Equation (6.9)r73y and con-
jugacy. The node ¢ should be an element of C(s) such that ¢, > 0 for all
c€C(s)\{t}. If D(s)NT =0, then any € C(s) has this property. Otherwise,
Proposition guarantees the existence of a unique ¢ € C(s) that has this
property.

Using these equations, the value of Bicr;r(H,-eG /i) can be computed recur-
sively, in more or less the same way as before. All we need to do is apply
Equation (7.37)~ in the leaves of the induced forest and then move along its
branches towards its roots by means of Equations (7.38) ~—(7.43). A final ap-
plication of Equation (7.36) ~, will provide us with the value of P ([Ticq f:)-
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The corresponding upper prevision Flg(H,»eG /i) can be computed in ex-
actly the same way. The only difference is the final step. If 7 = 0, then ¢; > 0
for all i € G. In that case, we can apply the simplified methods that were dis-
cussed above. If T # 0, we can combine Equations (7.20)pzg and (6.9)rry with
conjugacy to find that

Peo) ] Pr(y) ifﬁiifw,)zo

1rr (Hfl) sE€R0(G)\{t} ' (7.44)
i€G PK,(¢t) H Bl]ﬁ(@) if PK,(¢I)
SER0(G)\{t}

with ¢ as in Equation (7.36)3g

Although the expressions in this section are a bit more involved—
especially the ones where we partially drop the assumption of non-negativity—
the computational complexity of the resulting recursive algorithms is the same
as that of the algorithm for sums of univariate gambles discussed in Sec-
tion [7.5.3p7g. For every s € G, we now need to compute two real-valued func-

—irr

tions on Zp(g,): BKAJ (¢S) and Py | Xk, ((ZJS) defined by

( 1[?; XP(K (¢s))()€p (Ks) ) PII?; (¢s) for all XP( 3) S %P(Kv)
and

—irr

( 112 1Xp (ks (‘Ps))( K)) = PijxPK)(ng) for all xp(x,) € Zp(k,),

whereas before, we only needed to compute one such function. Clearly, such a
factor of two does not influence the computational efficiency of the procedure.
In fact, in the simplified cases discussed in the beginning of this section, a sin-
gle such function will suffice. Evaluating one of these functions for some fixed
Xp(k,) € Zp(k,) can be done in constant time, using the recursive expressions
provided above. Therefore, the complexity of computing PIH(H,GG /i) and/or
P (ITicg f;) in this way is linear in the number of nodes |G\ and exponential
in the parameter maxe|P(Kj)|,

forests; see Section[/.5.3p7g for more information.

7.5.5 A single query node with evidence

Although the notion of a comparable set 7 might come across as a fairly ab-
stract concept, it has a number of very simple intuitive cases. Rather amus-
ingly, the most important example is trivial: every singleton 7' = {g}, with
q € G, is—trivially—a comparable set. A non-trivial example is the set
that consists of all the hidden nodes in a hidden Markov model; see Sec-
tion [m@] For now, we focus on the trivial case. In that case, as we are
about to explain, the algorithm in the previous section allows us to compute
inferences about a single query variable X, conditional on the value xg € Zf
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of some arbitrary set of evidence variables Xg, with E C G\ {¢}. This is the
most import inference problem in credal networks; in fact, most of the existing
inference algorithms for credal networks only consider this type of inferences.

For any f € ¥(%,), as explained in Section , P (f]xg) and
EIH( 7l xE) can be apprqximated from below—and in most cases coincide
with—‘E}]r ™(f|xE) and Ry (f |xE), respectively. Furthermore, in order to com-
pute E;™(f|xg) or R;™(f ] x), all that we need is some method for evaluating

the real-valued function p}?XE, defined by

PFiep (1) = P (L [f — ) for all p € R,

For some fixed it € R, we can use the algorithm in the previous section for this
purpose. It suffices to let T = {¢} and define

f—u ifi=gq
fi= ]I{x,-} ifieE forallie G (7.45)
1 otherwise

because the product [ [;c¢ fi; will then be equal to Iy, [f — ). Evaluating piI" o
for some fixed u therefore has a computational complexity that is linear in the
number of nodes |G| and exponential in the parameter maxscg|P(K;)|. As ex-
plained in sections and , computing Egr* (f|xE) or Bgr* (flxE)
now amounts to applying the bisection method or some other root-finding pro-
cedure to find the highest—rightmost—root of p . For some fixed float-
ing point precision, the number of evaluations of the function py”, =~ that is
required to find this root is always finite and can furthermore be bounded uni-
formly from above. This allows us to conclude that the overall complexity of
this method for computing Ejl"* (f|xg) or E]”* (f]xg) is linear in the number
of nodes |G| and exponential in the parameter maxc|P(Ky)|. By conjugacy,
Fqﬂ* (f]xe) and Rm* (f]xg) can be computed similarly.

If the network has a tree topology, this procedure reduces to the infer-
ence algorithm for credal trees introduced in Reference [42]]. The parameter
maxe|P(K;)| is then equal to one [see Section and the computational
complexity is therefore—in this special case—linear in the number of nodes
in the network. Basically, what we have done in this section is to extend the
algorithm in Reference [42] from trees to recursively decomposable networks.
Reference [42] also discusses some simplifications that can speed up the com-
putation; these apply in our more general case as well. For example, as can
be seen from Equation (7.45)), only one of the univariate gambles in [];cq fi
depends on p: the function f,. As a result, for all s € G such that g ¢ Kj, the

function ¢, will also not depend on u, which implies that for these nodes s, the

value of P}? Jerk )(q)s) and Pllg Jxp )((/)S) can be reused while iterating over U.
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The other simplifications in Reference [42] are basically special cases of the
general tricks in Section [7.2b7g.

The same algorithm can also be used if we do not know the exact value of
Xr but only have partial information about each of the variables X;, i € E, in
the sense that we know that its value belongs to some set B; € Zy(Z;). The
only difference is that in that case, the univariate gambles f; are given by

f-u ifi=q
fi= 1415 ifiecE foralli € G.
1 otherwise

The resulting product [, fi is then equal to Ip[f — p], with O = xieEBiF_Z]
Again, we can apply the algorithm that we introduced in Section to com-
pute pif‘TO(u) = Bi(I;T(HieG fi)= Bi(r;f(]lq[ f—u]) and then apply a root-finding
procedure to compute E;™(f]0) or R;™(f|O) and, by conjugacy, the corre-
sponding upper previsions.

The algorithms in this section can be used to compute conditional infer-
ences about a single query node in any recursively decomposable credal net-
work. This includes many practically relevant instances. In order to illustrate
this, we end this section by briefly discussing some examples.

A first important example is filtering and smoothing in imprecise Hidden
Markov models, that is, inference about the last or some intermediate hidden
variable, respectively, conditional on evidence about the observed variables. In
Figure filtering corresponds to letting ¢ = s7 whereas choosing g = s4
corresponds to smoothing; in both cases, E is equal to {ss,...,s14}. Filter-
ing and smoothing are two important tasks in classical precise hidden Markov
models; they are equally important in imprecise hidden Markov models and
can be used to tackle the same kinds of practical problems, but more robustly.
This example is a bit unfair because—since a hidden Markov model is a special
kind of tree—filtering and smoothing can also be dealt with by the algorithm
in Reference [42]]; our generalisation to recursively decomposable networks is
not necessary here. However, this is no longer the case if we consider a hidden
Markov model of order m > 2—Figure[7.65g provides an example with m = 2.
In that case, our algorithm can still perform the task of filtering and smoothing,
whereas the algorithm in Reference [42] no longer applies.

The graphical structure of some well-known classifiers are also decompos-
able. The simplest example is the naive credal classifier [[115]], which is the
imprecise version of the naive Bayes classifier. Figure[7.10}. provides an ex-
ample of a DAG that corresponds to such a naive—Bayes or credal—classifier.
The variable X; that is attached to the root node ¢ is called the class variable.
The other variables correspond to so-called features. The goal is to estimate the

22We assume that missing evidence is MAR; see FootnoteBE].
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Figure 7.10: Example of a naive classifier

value of the class variable based on—possibly partial—evidence O = X;cgB;
about the feature variables, with E = G\ {¢t} and, for all i € E, B; € (. Z5).
In a naive Bayes classifier, this is done by choosing the class value that has
the highest posterior probability conditional on the evidence. In a naive credal
classifier, imprecise-probabilistic decision criteria are used instead; see Refer-
ence [95]] for an overview.

One of the criteria that was used in Reference [115] is maximality@ The
idea is to consider a partial order over the elements in Z;. For two classes x;
and %, in 27, it is said that %; is better than x;, denoted by X, > x;, if the proba-
bility of % is higher than that of x; for each of the probability mass functions in
the updated credal set margs(ﬂiG”J 0), or equivalently, in terms of lower pre-
visions, if P (H{i,} — ]I{x;}J 0) > 0. The classes that are returned by the naive
credal classifier are those elements of Z; that are not dominated under this
partial order, in the sense that no other class is better. Since a partial order may
have more than one maximal element, this imprecise-probabilistic classifier
can be indeterminate Although this might seem undesirable, it is in fact not
because indeterminacy typically occurs in those instances—for those instan-
tiations of the feature variables—where precise-probabilistic classifiers suffer
from robustness issues, in the sense that their accuracy drops drastically [[13]].
Other partial orders can also be considered, resulting in classifiers with similar
properties. For example, if we update by means of regular extension, ¥ is said
to be better than x; if R (]I{ 5 H{x,}J O) > 0. This is often equivalent because,
for this kind of classifiers, the lower probability of the evidence O is usually
positive, which implies that P (L5, y — I,y |O) and RY (Ifz,y —Ipy,y |O) are
equal. For the sake of this discussion, let us assume that we use the latter
expression.

What is important is that in order to perform this kind of classification, all
we need to be able to do is compute E]”(fj 0), with g =t, f =Tz, — Iy
and O = x;cgB;. Unless the evidence O has upper probability zero, Eqrr( f10)

will be equel to Eqrr* ( f 10) [see Sectioe | , \fvhich implies that we can use the
algorithm in this section to perform this classification task. Similar statements

23 Actually, the authors of Reference 95| speak of credal dominance. However, over the years,
maximality seems to have become the preferred name for this criterion.

24Any classifier that has this feature of indeterminacy is called a credal classifier [[1 15].
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0@:‘@@

Figure 7.11: Example of a tree-augmented naive classifier

can be made for other decision criteria. For example, if we use interval domi-
nance, ¥ is said to be better than x, if R (%, |0) > R," (%, |0). The ['-maximin
and I'-maximax criteria do not consider a partial order, they simply select the
class that maximises R (%, |O) and R, (%; |O). Again, the clue is that in order
to perform this kind of classification, all we need to be able to do is compute
E}T( f]O)—or the corresponding upper prevision—with f now equal to the
indicator of % or x;. If the evidence O has positive upper probability, then
E]“( f10) is equal to E]”* (f]0O) and we can use the algorithm in this section.

Of course, this example is again a bit unfair. First of all, since a naive credal
classifier has a tree structure, the algorithm in Reference [42] is also capable
of computing E{”* (f]0); our extension to recursively decomposable networks
provides no added value. Furthermore, due to the very simple structure of this
specific network, applying a general purpose algorithm—even the specialized
algorithm in Reference [42]—would be overkill. It is a much better idea to
derive explicit expressions for Bi]"* (f]0). We leave this as an exercise to the
reader. For evidence of the form O = {xg}, with xg € 2, Zaffalon provides
such expressions in Reference [115]]

However, this is no longer the case once we move from the naive credal
classifier to more involved types of credal classifiers. A first extension is the
tree-augmented naive credal classifier, which is the imprecise version of the
tree-augmented naive Bayesian classifier. The DAG that corresponds to this
type of classifier is identical to that of a naive classifier, but with additional
edges such that the features form a tree; see Figure for an example. The
goal is still to classify X;, where ¢ is the unique root of the network. As before,
we can do this by computing inferences of the form E]”* (f]0), with ¢ =t and
O = XecgBi;. Since the DAG of a tree-augmented naive classifier is always de-
composable but never a tree, our algorithm is capable of computing this type
of inference, but the algorithm in Reference [42] is not. Furthermore, since
the parameter maxcg|P(K;)| is at most two for this type of DAGs—regardless
of the number of nodes and the specific tree-augmented classifier that we are

25The naive credal classifier of Zaffalon [115]] considered a credal network under strong in-
dependence instead of a credal network under epistemic irrelevance. However, as was proved in
Reference 67} Corollary 6], in this specific case, the resulting inferences are identical.
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Figure 7.12: Example of a forest-augmented naive classifier

@‘@vﬁﬁﬁ

Figure 7.13: Example of an augmented naive classifier that is recursively de-
composable but does not belong to any other specific type

considering—the computational complexity of our algorithm will be linear in
the number of nodes. For this type of classifiers, there are still alternative
methods available. Reference [116] presents an efficient classification algo-
rithm for a tree-augmented credal classifier under strong independence instead
of epistemic irrelevance; however, they only consider local models of a spe-
cific type—derived from probability intervals—and, for every i € E, B; should
either be a singleton or equal to Z;—every feature should either be known
exactly or completely missing.

Clearly, our algorithm can also deal with classifiers whose graphical struc-
ture is more complicated than that of a tree-augmented naive classifier. In
principle, we can consider any recursively decomposable network, as long as
the parameter max,c|P(K;)| remains small enough. For example, we could
consider the recursively decomposable network in Figure [7.9g, with 1 = s4
as the class node; notice that ¢ is not the root node here. Figure depicts
an example of a forest-augmented naive classifier, which is a straightforward
generalisation of a tree-augmented naive classifier. The DAG in Figure [7.13]is
also a recursively decomposable augmented naive classifier, but not of any of
the types that were mentioned before. To the best of our knowledge, for these
more general types of recursively decomposable networks, there is no other
efficient exact algorithm that can compute the inferences that are required to
classify X;.

And, we can even go further than this. If the evidence is of the form
O = {xg}, with E = G\ {t} and xg € ZE, we can consider any—not necessar-
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ily recursively decomposable—network and, for any ¢ € G, efficiently compute
the inferences that are required to classify X;; see Section [7.6.1p77.

7.5.6 Multiple query nodes with evidence

So far, we have restricted attention to inferences with multiple query variables
and no evidence—Sections and [7.5.4p531—or a single query variable
with evidence—Section[7.5.5p55. We now consider the remaining case: multi-
ple query variables with evidence.

Consider a non-empty comparable set Q C G, some £g € Z and, for all
i€ G\ Q, anevent B; € #y(Z;). Define O := X;c(\)Bi- Forany E C G\ Q
and xg € ZF, this includes O = {xg} as a special case. We will compute
E ié‘* (£0]0) and Kié‘* (£0]0) and the corresponding upper previsions. The re-
quirement that Q should be a comparable set is not that restrictive. For ex-
ample, in a hidden Markov model (of order m), the set of hidden nodes is
comparable, which means that we can use the algorithm below to compute the
lower and upper probability of a hidden state sequence conditional on the value
of—or partial information about—the observable states. Arbitrary subsets of
the nodes of a Markov chain (of order m) are also comparable. As another
example, in Figure [7.9g, every subset of {s,...,s9} is comparable.

We start by computing Eg* (£0]0) and EQ”* (%0]0). As we know from
Section [7.3f7g, all we need in order to be able to do that is some method for
evaluating the real-valued function B;r; o defined by

82210(;1) = pir (]IO[H)EQ —u]) forall p € R.

We will now develop a recursive algorithm that can do this efficiently. We start

by defining

1 if i

fi= %I.GQ forallice G

Is, ifi¢Q

and
05 = Hﬁ foralls € G
ik

and

K == s [H)?szcs — ] for all s € G such that QN K # 0.

Since Q # 0, we know from Proposition[105s3) that there is a unique 7 € Ro(G)
such that K; N Q # 0. It then follows that

Iollyy —u] =L, —ul[[fi=w  [] ¢ (7.46)

i€cG s€Ro(G)\{t}

By combining this with Equations and (7.20)pzg, we find that
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Pree) TI Po(e) ifPE(e)=0
piArr (.LL)Z . sERo(GI\{1) —irr e pi (7.47)
Lo N pp) 1 Poe) P <0
sERo(G)\ {1}

In order to compute this number, we need to compute the value of B}g(Kt)
and—since we do not know beforehand what the sign of B}g(Kt) will be—for
all s € Ro(G) \ {t}, both Piff (¢) and Py ().

As before, this task is a special case—with P(K;) = 0—of a more
general problem, which can be solved recursively. For every s € G
and xp(g,) € Zp(x,)» We compute Plrr (¢S) and PKS Jp(ky (¢s) and, if

ONK; # 0, also B‘lg [ )( K;). For the ﬁrst two values, we can use the same

recursive expressions as before [see Equations (72933, (732053 (7342
and (7.33)gzal. If 0N K, # 0, then P‘I? epix (Ks) can be computed by means of
the followmg expressions.

We consider two cases. If s is a leaf of the induced forest, this problem is
trivial. In that case, it follows from Equation (7-21)jzzg that

irr

BKNJXP(KS) (KS> = B‘YJXP(X) (H)?v - nu') (748)

If s is not a leaf of the induced forest, we can apply Proposition [[03fzg and

Equation (6.14)7g to find that

Pty (5) = ot (BB o) (K ) = Pipen (&prw)’ (7.49)

— Pirr
Jepg) ™ TP Cpn(s)) (s} Xs)
one of the following three expressions. If s € Q and QN D(s) # 0, then for all
xg € Zs:

where g (k;) is a gamble on Z that is given by

irr . A
BD(S)JXP(D(&)) ( £onn(s) H ﬁ) if xy = £
teD (s)
IPNCOE ~uPp, () xp(oie) ( I1 ﬁ) if x, # % and p > 0;
—REs) i€D(s
—upP pr < el;[)f,) if xg # %y and u <O0.

If s € Q and QN D(s) = 0, then for all x; € Z5:
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(1- N)ES(SJXP (H fl> ifxg=%and u < 1;
i€D(s)

(ku)PE‘( Meroi) ( [1 ﬁ) if o, =& and i > 1

(x,) = ieD(s

—uP D ) Xp((s)) ( IDT fz> if x; £ %, and u > 0;
ic

& Xp(Ky)

—uf;;f ( I1 ﬁ> if x; # £; and pu < 0.

IED
If s ¢ O, then QN D(s) # 0 [becasue QN K # 0] and, for all x; € Z5:

Plll)T(s)JXp(n@))( £or(s) u I ﬁ> if x; € By;

leD
0 if x; ¢ B.

8| (x5) =

*P(Ks)

If s € Q and QN D(s) = 0, we can already compute this gamble recursively
by means of Equations (7.31)ps3 and (7.33)psz. In the two remaining cases,
we have that QN D(s) # 0. Proposition {106 - then guarantees that there is a
unique ¢ € C(s) such that K; N Q # 0. In combination with Corollary 102} ,
this implies that

Lipn —H TI fi=x [I ¢ (7.50)

’ED (s) ceC(s)\{r}

By applying Proposition 10477 and Equation (6-9)r73, we find that

Plrr( 5)Jxpo ))( Tonn(s) H f’)

zED

PR gy () T PRl (90 WPR (k) 20

—KiJxp(x) P(Kr)
_ ceC(s)\{t}
B iy ) T1 PRy, (00) WP, (k) <0
! ceC(\{1}

By combining this expression with Equations (7 and (7.33)p37, the gam-
ble 8 x can be evaluated recursively in all instances.
—IAP(Ks)

The discussion above suggest the following recursive procedure. We

start by applying Equations (7.29)p33 and (7-34)zsq and, if s € Q, also Equa-
tion (7:48)~ at the leaves s of the induced forest. Next, we move along
the branches of the induced forest towards its roots by means of Equations

(7-32)psz and (7.33)psz and, if QN K, # 0, also Equations (7.48) ~ and (7.49) ~
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A final application of Equation (7.47)pg3) will provide us with the value of
B}Z,o(“ )-

The computational complexity of this procedure is identical to that of the
previous algorithms that we have discussed. For every s € G, we now need

to compute at most three real-valued functions on Zp(g ): BK; Xk (¢5) and
—iIT

Py, | 1Xpk, (¢v) and, if QN K; # 0, also P‘”J K)( y). Evaluating one of these

functlons for some fixed xp(k,) € Zp(k,) can be done in constant time, using

the recursive expressions that are provided above. Therefore, the complex-

ity of computing pi" /(i) in this way is linear in the number of nodes |G|
o,

and exponential in the parameter maxec|P(K)|. Again, this implies that for
trees and forests, it is linear in the number of nodes. The complexity of com-
puting Ey*(£0]O) or Rj"(¥0|0) is identical because, as explained in Sec-
tion [7.5.5psg, for some fixed floating point precision, the number of u’s for
which we need to compute p‘fr 0( u) is bounded.

—irr* —irrx

Ey (£0|0) and R, (%o O) can be computed in a similar—and equally
efﬁcwnt'—way. By conjugacy, we know that they are equal to .—E g* (—1z,]0)
apd —Ry*(—Iz,|0), so we can focus on computing Ej*(—L,]O) or
Ry (-1 QJ 0). As we know from Section g; , all we need to Compute these

numbers is some method for evaluating the real valued function p’ px 0> defined
by

Pip.o(t) =P (lo[~le, — ) = —Pg (Io[lg, +p]) for all p € R.

For reasons of notational convenience, we will compute plrr o(—u) instead of

p;; o(1); clearly, this makes no difference.

By combining Equations (6.9)r73. (7-20)pzg and with conjugacy, we
find that

“Pek) JI Pr(d) ifPg(x)>0

p;rr 0( u) _ o s€Ro(G)\{r} ' o
¢ —Pr, () H Px.(9s) if Pg, (k) <0.
SER0(G)\{t}

Everything else is now completely analogous. The only difference is that for
nodes s € G such that Q N K; # 0, we now need to compute Py xp k) (Ks)
instead of P‘[? [ (Ks)

Again, we cons1der two cases. If s is a leaf of the induced forest, this
problem is trivial. It then follows from Equation (7.21)jzg that

—irr

PKA‘JXP(KY) (Kb) = FSJXP(S) (H)?s - nu')

If 5 is not a leaf of the induced forest, we can combine Proposition and
Equation (6.14)yr7g with conjugacy to find that
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—irr - —irr - —
PKSJXP(KS) (k) = PSJXP(S) (PD(S>J (XP<D(S>)\{S},XY)(KY)) = PSJXP(S) (gSJxP(Kx))7

where gstP(KS>:: F};r@ e X_s)(Ks) is a gamble on Z; that is given by
one of the following three expressions. If s € Q and QN D(s) # 0, then for all
X € Zs:

—irr . .
Pps) ij(D(S))< g —# T1 ﬁ) if x = £y
lED (s)
g (%) = —HP Hf if x, £ £ and >0
gstP(KS) s 7D )CP (D(s)) i s s - U.
~uPhy, ) tp(ois) ( H f,> if x; # £ and p < 0.
i€D(s

If s € Q and QN D(s) =0, then for all x, € Z5:

(1—w)Pp) pr ( I1 f,) ifx; =% and u < 1;
IED

125, ( I ﬁ) = 8 and o> 1

gSJxP(K_g) (‘xs) =

—#Jg ( H ft) if x; # %5 and 1 > 0;

xP (D(s))

[.LPD ( H f,) if x; # %, and u <0.
ieD(s)

If s ¢ O, then QN D(s) # 0 [because QN K # 0] and, for all x; € Z5:

—irr .
PD(S)JXP(D(AY))< Lonn(s) H ft) if xs € By;

teD (s)
0 if x; ¢ B;.

Balupie) (55) = (7.51)

Furthermore, in the two cases where QN D(s) # 0, we can combine Proposi-

tion[T04fz7 and conjugacy with Equations (6:9)r73 and (7-30)pzg to find that
Hirr
P D(s)|xp(p(s)) ( fonp(s) — H f’)

zED
PK,pr(Kt)(KI) ~l—[ FKCJXP(K )(¢¢) if PK,ij(m (k) >0
-{ ceCl9)\{1} B
Pi: xp) (%) ~l—I fKCJxP (‘Pc) i PR, |y (K1) <0
ceC(s)\{r}
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By combining this expression with Equations (7.3T)pz3 and (7.33)z33, the gam-
ble g/, k)’ and therefore also the value of PKS Jepge) (K'X), can be evaluated
recursively in all instances.

7.5.7 Other types of inferences

Although the algorithms in the previous sections already cover a number of
very important types of inferences in recursively decomposable networks, it
is important to realise that they are only examples. The recursive decompo-
sition of Big(-) presented in Section can be used to compute other
inferences in recursively decomposable networks as well. The main idea is
always the same: plug some function in the recursive equations for B‘g() and
use the mathematical properties of marginal extension and independent natural
extension to simplify the resulting expressions. For unconditional inferences,
this function will be a gamble f € ¥(Z2¢) and the goal is then to compute
Eg( f). For conditional inferences, the function that is plugged into Eg(-)
is of the form Ip[f — u] and an additional iteration over  is then needed to
compute EI*(f]0) or R (f]0). We end this section by briefly discussing
two additional examples. We provide only very few details; our goal here is to
illustrate the range of additional inferences that can be computed by means of
the decomposition in Section[7.5.2b7g, and not to actually compute them.

As a first—rather arbitrary—example, consider the recursively decompos-
able network in Figure [7.93g and let Q = {s1,s;}, withi € G\ {1}. Let E be
any subset of G\ Q and consider some f € ¥(%g) and xg € Z¢. Then in or-
der to compute E7) i (f |xg) or Rl“* (f|xEe), as we know from Section, all
that we need is some method for evaluating P (I, 4 [f — ,u]) for dif erent val-

ues of u € R. Since G = K, , it follows from Equations (6.14)r7g and (7.22]
that

‘”(H{XE}[f ,LL]) Py, (Prr(sl)jxA (H{xE}[f .u]))

=Ps1< Y Ly Poisn s, Ty, — ])>

sy S XYI
where, for all x;, € Z5,, fxs1 is a gamble on Zj; that is defined by
fXJI (-xS,') = f(xsl ,xs,-) fOr all xS,' S '/67/1/;,

The rest of the computation now consists in applying the recursive expres-
sions in Section gg because Iy, | S, — ] is a product of univariate func-
tions, only one of which is non-negative. So, although the original problem—
computing Big(]l{xb,} [f — t])—-cannot be solved by means of the algorithms in
the previous sections, we see that with a little extra effort, we obtain a solution
method whose computational complexity is similar to that of the algorithms
presented before.
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As a final example, we consider the problem of state estimation in hidden
Markov models. For example, for the hidden Markov model in Figure [7.57g,
with Q = {s1,...,s7} and E = {53,514}, the problem of state estimation con-
sists in estimating the value of Xy based on the information that Xg = xg,
for some sequence of observed states xgp € ZF. If we use regular extension,
this information leads us to consider the updated model EQ”(-JxE), which, pro-
vided that xg has positive upper probability, is equal to EQ”*(-JxE). In or-
der to estimate—classify—the value of X, we can now apply an imprecise-
probabilistic decision criterion.

If we use interval dominance, I'-maximin or I'-maximax [see Sec-
tion, this requires us to compute inferences of the form Eiér* (xo)xE)
and Ry, (xg]xg), with xg € Zp. Since Q is a comparable set, we can use the
algorithm in Section [7.5.6fz7 to perform these computations efficiently. How-
ever, this does not mean that the actual classification problem can be solved
efficiently. Since the number of sequences xg € Zp for which we need to
compute the inferences above is exponential in the length of these sequences,
this approach is intractable for long hidden Markov models.

An alternative option is to use the maximality criterion [see Sec-
tion [7.5.5p3g]. In that case, we need to be able to check inequalities of the
form B*(]I{X,Q} —LixpyJxE) > 0, with %g,xp € Zp. As we know from Sec-
tion , evaluating the left-hand side of such an inequality requires us to
compute EG”([]I{); o} — Lixgy — MLy, ) for different values of i € R. Although
none of the algorithms that we have introduced is capable of doing that, it
should be clear that this problem is very similar to that in Section [7.5.6bza. It
should therefore not be surprising that it is possible to obtain recursive expres-
sions that allow us to compute Bi(r;r([ﬂ{ig} =gy — 1Ly ) efficiently. We will
not derive these expression here; it serves as nice exercise. See our paper [30]]
for more information. Again, the trick is to consider the decomposition in
Section[7.5.2pag and exploit the mathematical properties of marginal extension
and independent natural extension to simplify the resulting expressions. As
before, the fact that we can compute this single inference efficiently does not
imply that the complete classification problem can be solved easily; the num-
ber of equalities that need to be checked is still exponential in the length of
the hidden Markov model. Nevertheless, by applying a number of additional
tricks, it is possible to solve this classification problem efficiently: we have
designed an algorithm that returns all the maximal hidden sequences; it has
a computational complexity that is linear in the number of such sequences.
These ‘additional tricks’ and the resulting algorithm for state estimation in im-
precise hidden Markov models are presented in Reference [30], which also
discusses an application where we automatically detect and correct the errors
that are made by Optical Character Recognition (OCR) software. A detailed
discussion of this algorithm and its application falls beyond the scope of this
dissertation. For our present purposes, the only point that is really important
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here is that the main reason why we were able to solve this state estimation
problem efficiently is because the expressions necessary for solving it can be
obtained recursively, using methods similar to the ones derived in the previous
sections.

We trust that these additional examples, and the algorithms in the previous
sections, will inspire others to use similar techniques to solve the inference
problems relevant for their particular applications.

7.6 WHAT ABOUT OTHER TYPES OF NETWORKS?

Up to this point, we have presented two types of algorithms for computing
inferences in credal networks under epistemic irrelevance. For specific in-
ferences in recursively decomposable networks, we have developed efficient
recursive algorithms. For general inferences in general networks, we have
introduced—generally intractable—brute force methods and a number of pre-
processing tricks to make the inference problem smaller, and to reduce it to
the unconditional case. We conclude this chapter by showing that even for
general networks that are not recursively decomposable, inferences can some-
times be computed efficiently, either by exploiting the theoretical properties in
Chapter G571, by reducing the network to a recursively decomposable one, or
by applying brute force techniques only locally. Except for the result in Sec-
tion which can be regarded as the basis for an algorithm, we will not
develop generally applicable methods; in fact, we believe that recursively de-
composable networks are more or less the largest class of networks for which
this is possible. Nevertheless, as we will illustrate by means of examples, it is
still possible to devise solution methods on a case-by-case basis. As before, we
trust that these examples will inspire others to use similar techniques to solve
the inference problems relevant for their particular applications

7.6.1 A single query node with complete evidence

There is one specific inference problem that can be solved efficiently in any
credal network under epistemic irrelevance: the computation of EJ” (f|xE) or
Ry (f]xE), in the specific case where E = G\ {¢}. This means that the value
of all the non-query nodes is known; we call this complete evidence. This type
of inference is important in classifiers, where data is usually not missing. In
expert systems however, complete evidence is a rather idealistic situation.
Solving this inference problem is trivial if ¢ is a leaf node. We then
have that PN(q) = E and it therefore follows directly from Corollaries @@]

and [75igq that ' '
P (fJxe) = R (f|xe) = Py (F):

When ¢ is not a leaf node, we start by applying the tricks at the end of Sec-
tion [7.2b1g. For Q = {g}, the smallest closed subset K of G such that Q C K,
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P(K) CE and D(K)NE =0 is clearly K := K, = D(q) U{q}. Therefore, and
because ENK, = D(q) and PN(K,;) = PN(q) and E\ K, = G\ K, = PN(q), it
follows from the discussion in Section [7.2b1g that

P (fxe) = BT, (i)

and ' B
Rirr(fj xE) _ qurjrxP(Kq) (fJxD(q)) if PPN(‘]) (XPN(Q)) >0
irr .o ST .
B B oy S000) 1 P (venig) = 0.

where, because of Proposition [58zor:

Hirr
PPN( xPN H s xPM
PN(q

In this way, the original inference problem is already reduced to a simi-
lar but smaller sized inference problem in the subnetwork that corresponds
to K, and xp(g,). The remaining task is to compute PqJXp(K (f]xp(q)) or

Ei;jxp(l(q) (fJxD(q))
By applying the discussion in Section to the subnetwork that corre-

sponds to K, and Xp(K,)» We know that

Eqrjrxp(,(q) (fJxD(q)) = E;T;P (f JxD ) if qurjrx,,(,{q) (xD(q)) >0

and

R U 10000) = BT (i) 3 Pafy (0g) > 0.

If the positivity conditions are not satisfied, the equalities may fail and the
right-hand side of these equations then provides a—vacuous—Ilower approxi-
mation of the left-hand side. In the remainder of this section, we compute the
right-hand side of these equalities.

As we know from Section[7.3pg, all that we need in order to compute these
right-hand sides—and to check the positive conditions—is an efficient method

for evaluating the real-valued function p]iFXK Jepiky)” defined by
g q

Pk gy () = PR e ([F = 1y ) forall g€ R,
Once we can do that, a simple root-finding procedure such as the bisection

method provides us with the value of E‘"* ( flxp(g)) and Bl;j}*cp (fxp(g)
that we are after. o)
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So let us fix some u € R. Since g is not a leaf of the network, we know that

D(g) # 0. Therefore, it follows from Proposition and Equation
that

pJI‘rfoquP(Kq) ([.L) - B‘HXP(q) (g,Ll)v

.__ pirr _ :
where g, == BD(q)J(me(q))\{q}-,Xq) (If ,u]]l{xu(q)}) is a gamble on 2, that can

be easily computed because it follows from coherence [C2g]l, conjugacy and
Proposition 583 that

)~ 1) TT Py, () 16 Flxg) >
gu(xy) = seDlg) forallx, € Z,.
T e 1) TT P () i £ < e

seD(q)

The computational complexity of evaluating pI" is therefore linear in

frxgg lx
the number of nodes in D(g). fa )

7.6.2 Reducing a problem to the recursively decomposable case

As we have explained in Section m}, it is sometimes possible to reduce
an inference problem in a global network to a similar inference problem in a
subnetwork. If the subnetwork is recursively decomposable, this trick can turn
a seemingly intractable inference problem into an easier problem that can be
solved efficiently by means of the recursive algorithms in Section [7.5335. We
illustrate this by means of an example.

Consider the DAG in Figure[7.14]., which is not recursively decomposable
because s and s3 are incomparable and yet they have a common descendant
510, and similarly for s, and s5 and for s7 and sg. This can also be seen by
looking at the induced DAG, whose edges have been made thicker. Since the
induced DAG is not a forest, we know from Proposition that the original
DAG is not recursively decomposable.

Consider now a credal network under epistemic irrelevance that has this
graphical structure. Let Q := {57,512} and E = {ss,53,511,513} and choose
some £p € Zp and xg € ZE. The inference task that we consider is that of
computing the value of Biér (Ro|xE).

We will simplify this problem by means of the techniques in Sec-
tion [7.2p1g. The trick is to find a closed subset K of G such that Q C K,
P(K) CE and D(K)NE = 0. In this case, it is not hard to see that
the set K := {s»,53,54,511,512,513} meets these criteria. In fact, it is the
unique smallest set K for which this is the case. Since P(K) = {ss} and
E':=ENK = {s11,513}, it now follows from the discussion in Section [7.2bg
that

Py (fo]xe) = Bigrﬂxss (X |xgr),
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0= {52,512}

E = {s5,58,511,513 }

K = {52,53,54,511,512,513}
P(K) = {ss}

0= {52,512}
E'=ENK = {S11,S13}

Figure 7.15: Recursively decomposable sub-DAG of the DAG in Figure

where the right-hand side is computed with respect to the subnetwork that
corresponds to K and x;, ; see Figure for an illustration.

What is especially nice about this simplification of the problem is that the
sub-DAG that corresponds to K is recursively decomposable. Therefore, we
can use the algorithm in Section to compute P (xz/). If this lower
probability is positive, then as explained in Section[7.3] EQHJ’%; (%0 |xg) is equal
to E’ ‘éj’:% (%0 xg), which, since Q is clearly a comparable set, can be computed
efficiently by means of the algorithm in Section [7.5.6pza

7.6.3 Combining brute force techniques with recursion

The computational methods that we have presented so far consist of two types.
On the one hand, we have presented generally applicable brute force methods,
which are intractable for large networks. On the other hand, we have presented
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Figure 7.16: Example of a dynamic network that is not recursively decompos-
able

efficient recursive algorithms that manage to decompose the problem in such
a way that all we really ever have to evaluate are the local models. However,
these are not the only two options. For some inference problems that can-
not be fully decomposed, it may nevertheless be possible to decompose them
partially. The idea is to recursively decompose the global problem into sub-
problems that are as small as possible, and to solve these remaining problems
by means of brute force methods. We conclude this chapter with an example
that illustrates this method.

Consider a network that consists of 3n nodes, with n € N. For every
i €{l,...,n}, the variables Xy;, Xy, and X, represent domain-specific pa-
rameters at time i, whose local models depend on the value of these pa-
rameters in the previous time slot. This is a simple example of a dynamic
network, which aims to model the evolution of parameters as time evolves.
Figure depicts an example for n = 5. For n = 14, this network was
used as an example in a recent paper about dynamic credal networks [62].
It is a simplified version of a network that models various aspects of the
ripening process of Camembert cheese [S]. It represents the coupled dy-
namics of a yeast behaviour—KIluyveromyces marxianus concentration Xy, —
with their substrate consumptions—lactose concentration X, —influenced by
temperature—X;,. For our present purposes, the local models that are attached
to the variables in this network are not really important; see Reference [[62] for
examples. What we intend to show here is that inference in this network can
be performed efficiently.

We focus on one particular inference problem, which is estimating the evo-
lution of the variables X, and X;, through time, based on their value at time
1 and the evolution of the temperature—X;,—over time. In order to formalise
this problem we define

S; == {Sia,sip} foralli e {1,...,n}
and
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Tio = {tx,...,1¢} forall k,£ € {1,... ,n} such that k < ¢.

Let m € {2,...,n} be some arbitrary point in time and consider a gam-
ble f € ¥(Zs, ), an initial state x5, € Z5, and a sequence of temperatures
x7,,, € Z1,,. The generic inference problem that we intend to solve is the com-
putation of P§" (f |xs,ur;,,) or RY" (f|xs,ur;,,), which—as we will show—are
two identical problems. The example in Figure [7.16] corresponds to m = 4.
Reference [|62] considered a specific Versiorﬁ of this inference problem, for a
credal network with the same graphical structure but with other independence
assumptions The authors used an approximate Monte Carlo sampling algo-
rithm to compute their inferences because no exact algorithm was available.
As we are about to show, in our case—for a credal network under epistemic
irrelevance—these inferences can be computed efficiently and exactly, with a
recursive algorithm that has a computational complexity that is linear in m.

The first step is to simplify the inference problem by applying the tech-
niques in Section [7.2b1g. If we define

Spe = U, S; forall k,¢ € {1,...,n} such that k < ¢,
then for all k,¢ € {1,...,n} such that k < ¢:
P(Sk.0) = Sk—1 UTi—1:0-1 and D(Sg.r) = Se11:n

If we now let Q :=S,, and E := S; UTj.,, then it should be clear that K := S5.,,, is
a closed subset of G such that Q C K, P(K) C E and D(K) NE = 0. Therefore,
it follows from the discussion in Section [7.2pTg that

B\lgr:‘n (fJ'xSI UTI:n) = B}S‘ryry, (fjxsl UTI:n) = B.isl:,;j)fp(sz:m)
where the right-hand side is an inference problem in the subnetwork that cor-
responds to Sa., and xp, ). Figure depicts an example with m = 4.

. . 11T
The remaining task is to compute P [P (f).

We now consider two cases: m =2 and m > 2.
If m =2, then Sy.;, = Sy = {524,525 }- This implies that the subnetwork that
corresponds to S, and xp(s,, ) consists of two disconnected nodes. There-

fore, and because P(S2.,) = P(s24) = P(s2p), it follows from the discussion in

Section [6.6rry that

irr __ pirr —
BSmJXP(SZ:m) (f) = BSZJXP(SZ) (f) = Eyzapr(%) ®B‘92[7JXP(s2b) (f)-

Instead of general inferences about X, s,,» they computed lower and upper expected values of
X, and X, ., which corresponds to choosing specific gambles f € 4(Zs,, ).

Sma Smb >

27Strong independence and a notion of independence which they call repetitive independence.
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Figure 7.17: Subnetwork of the network in Figure [7.16573)

Since this computation involves only two local models, it can easily be dealt
with by means of brute force techniques. If X,, and X, are binary, we can
use the extreme points in Theorem 9233 Otherwise, we need to solve a linear
program; see Equation[7.15p7g and Corollary [89%7g;. In any case, the important
point here is that this computation is local in nature because it involves only
two local models. Therefore, if the local models are finitely generated and
are based on a reasonable number of assessments, this computation can be
expected to be tractable.

If m > 2, it follows from Corollary [72zg [with K = Sy.,,, T = S» and
S = S3.,] that

irT __ pirr . irT .
BSz:mesz:m) ()= BSzJXP(sz)( ) @£S3:mj(xP(S3:m)\527X52)( )
Therefore, if we define g» € 4 (Zs,) by
g2(xs,) = Bisr:anP(S} )(f) for all x5, € Zs,, (7.52)
where the right-hand side is an inference problem in the subnetwork that cor-

responds to S3., and xp(s, ), it follows from Equation (6.14)r7g that
irr __ pirr —

BSmJXP(sM) (f) = BSzJXP(sz) (82) = BszaJXp(.YZa) ®£ﬁ'zbep<s2b) (82)-

As before, this independent natural extension can be computed by means of
brute force techniques because it only involves two local models. The remain-
ing problem is now to evaluate g». As we can see from Equation (7.32), this
inference problem is of the same type as the one that we have considered above.
The solution is completely analogous. For all x5, € Z5,, we find that

82(xs,) =Py 1, o (f) = Blsfjxl,(ss) (83) = Py by ) @ Py, (83);

(SS:m)
where g3 is a gamble on 2, that is equal to f if m = 3 and defined by

g3(xs,) = ESI’TanP(SA:m) (f) forall xg, € Zs,
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if m > 3. By continuing in this way, we obtain the following recursive solution
method. We start by defining g, := f. Next, for all i € {3,...,m}, we define
8i-1 € g(%i—l) by

8i-1(xs; 1) = Py O Py, 1y (81) forallxs, € 2,
The value of the final inference that we are after is then given by
Py, (flxs,um,,) = Ry, (f]xs,ur,,) = szaJXPma) ®£"2hJXP(szb) (82)-

Assuming that the independent natural extension of two local models can be
computed in a reasonable—constant—amount of time, this recursive proce-
dure has a computational complexity that is linear in m.

7.A°  PROOF OF THEOREM [88]

Proof of Theorem[8&zg If G = {s}, the constraints in this theorem reduce to
Equations (7.10)pzg and and, therefore, they are equivalent to impos-
ing that pg € %, which implies that p¢ is a probability mass function. The
result then follows trivially from Corollary 877

Since the theorem holds for |G| = 1, we can now provide a proof by induc-
tion. Consider a credal network with n := |G| > 1 nodes and assume that the
theorem is true for networks with n — 1 nodes.

Due to Corollary , any pg € flG”J Z ¢ clearly satisfies the constraints
in this theorem. The hard part is the other implication. So, consider any real-
valued function pg on Z¢ for which ¥, ¢ 4. pG(zg) =1 and, for all s € G
and XPN(S) S ‘%VPN(S):

(V}/ S F‘\'pr(_v)) Z Z pG(xPN(s)aZS»ZD(s))Y(ZS) > 0. (753)

7€ Zs Zp(s) E%D(s)

We need to prove that pg € ﬁ&“] Z¢. In order to do so, it suffices to show
that p is a probability mass function, because it then follows from Corol-
lary that pg € 9‘G”J Z¢. Since we already know that pg satisfies the
unitary constraint, we are left to prove that pg(zg) > 0 for all zg € 2.

Consider any ¢ € G that is a leaf of the network; this is always possible
because every DAG has at least one leaf. Define K := G\ {¢} and let gk be the
real-valued function on Zk that is defined by

qx(zx) =Y, pc(zx.z¢) forall zx € Z.
€2y

Since Y, .c 2, P(z6) = 1, we find that ¥ ¢ 2, gk (zx) = 1. Since K is clearly
an ancestral set, we can consider the irrelevant natural extension ﬁ}(” of
the corresponding subnetwork. We now prove that gx € Z{"| Zk. Since
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|K| = n— 1, we can use the induction hypothesis for this purpose. It suffices to
prove that, for any s € K and xpy,.(5) € Zpny(s

(V7 € Ljay,) ) ) QK(xPNK(s)aZS7ZDK(s))Y(ZS) > 0.
ZSe‘%'ZDK(s)G‘%fDK(.V)
So fix any s € K, xpy () € ,%”pNK( and y € Iy, Py We consider two cases:

D (s) = D(s) and Dg(s) U{¢} = D(s). It follows from Lemma [JJ()jg that
these two cases are exhaustive. If Dk (s) = D(s), then PNk (s) U{¢} = PN(s)
and therefore

Y Y axCepng(s)s 2 2 (5)) Y(3s)

&€ L5 py () € 2D (5)

= Z Z Z pG(xPNK(S)aZS7ZDK(S)axf)}/(Z.Y)

ZSe%ZDK(S)e%DK(S) X €2y

Y Y Y pe(xenis)zszne)Y(zs) =0,

X0 €EZp2s€ s Zp(s) e’%fD(,r)

where the final inequality is a consequence of Equation (7.53)~. In case
Dk (s)U{¢} = D(s), we have that PNk (s) = PN(s) and therefore

Z Z C]K(XPNK(s) 7Z~Y7ZDK(S>)}/(ZAY)

HEL5 2Dy ()€ XDk ()
Y Y Y P (epng(s) 252Dk (520 V(zs)
€252y ()€ LDy (s) U E Lt

Y Y penis)zsiane)Y(zs) 20,
ZXE%ZD<S)E%D(S)

where the final inequality again follows from Equation (7.33) . Hence, by
the induction hypothesis, it follows that gx € .Z}" | 2k, which implies that gk
is a probability mass function. We still need to prove that pg(zg) > 0 for all
26 € Z¢.

Assume ex absurdo that there is some zj; € 2 such that pg(zf;) < 0. Since
¢ is a leaf of the network, we know that D(¢) = @ and PN(¢) = K. It therefore
follows from Equation (7.33) ~ that

(VreTug,) X poltk.2)¥(z) 2 0. (7.54)
Z/;E%

Choose some arbitrary py ) €% (9 Since pg(zg;) < 0, it is then pos-
sible to choose € > 0 such that p(zf;) + €py % (zj) < 0. Let 6 be the real-
valued function on 2 that is defined by 6(z¢) = pg(zk,z¢) +€py) % (z¢) for
all zp € Z;. Then 6(z;) < 0 and

Z 0(z¢) Z pc(Zg,20) +€ Z De ZP(“(Zz) qk(zx) +e>€>0,
€LY WEZXY 2E€Zy
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where the first inequality follows from the fact that gk is a probability mass
function. Therefore, we can define the real-valued function & = 6/1 on 2,
for which it should be clear that Y, c 5, #(z¢) = 1 and, because of Equa-

tions (7.54) ~ and (7.1T)zzg, that for all ¥ € Ty, G’

1 N £
Y @) =5 Y pk)v@)+5 L Pug, (@) = 0.
ey ey ey
Since 35“1;([) is by assumption completely characterised by Equa-

tions (7.10)zzg and (7.1T)gzg, we infer that © € Z S’ which implies that
7t(z;) > 0 and therefore also that 6(z;) > 0, a contradiction. O

7B PROOF OF THEOREM

Proof of Theorem[92%b13 Consider four parameters 7,7,7, 7 € R such that
0<1<7T<land0< 7w <7T<1andleta,b,c,d € R be four unknowns that
satisfy the following constraints:

a+b+c+d=1 (7.55)
and

(1-1)a> 1 GQn

Tc>(1-T)a (i2)

(1-7)b>1d (i3)

Td > (1-7)b (i4)

(1-ma> b i5)

b > (1—T)a (i6)

(1—-m)c>nd i7)

wd > (1-7)c (i8)

If the inequalities in Equations ({I)—(i8) are replaced by equalities, we refer to
the resulting expressions as (€1) ~—(e8)
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(I-1)a=zc (el)
Tc=(1-T)a (€2)
(1-7)b=1d (e3)
Td=(1-7)b (e4)
(1—m)a=mb (e5)
b= (1-T)a (e6)
(1-m)c=mnd (e7)
7id = (1-T)c (e8)

It is a matter of straightforward verification that by replacing the param-
eters and unknowns in the constraints (7.55) ~ and ({I) ~—(i8).~ by the ones
given in column T1 of Table (7.6)) ~ , we obtain Equations and
(T8)zz A perhaps more surprising result is that due to the symmetry of this set
of constraints, the substitutions in columns T2-T8 of Table (7.6)~, also yield
Equations (7.1 7)z3g and ((zzr-(I8)p3T:

As explained in Section , the extreme points of . %] ® %, can be
found by considering every possible subset of three equalities from (El)p3p-
(E8)p37- For every such combination of three equalities, we need to combine
them with the unitary constraint and check whether this results in a unique
solution. If this is the case, we need to check whether this unique solution
satisfies the inequalities in ([I)p3-(I8)z3y. If yes, then that unique solution is
an extreme point of %) ® .%;.

For ease of notation, we will use (E123) to denote the system of con-

straints consisting of Equations (El)pzy, (E2)p3m, (E3)psy and (717)p3m and

similarly for other combinations of Equation (7.17)p3y with a ternary subset
of (EI)pz-(E8)pzm In the same way, the combination of Equations (eI)), (€2),
(e3) and (7.33) ~ is denoted by (e123) and similarly for other combinations of
Equation (7.53) ~ with a ternary subset of (eI)—(e8).

We start by considering the following systems of equalities: (E135),
(E136), (E247), (E248), (E157), (E368), (E257) and (E468). By applying
the substitutions in Table [7.6]., these eight problems all become equivalent
to (e135). If this system provides a unique solution, we need to check whether
it satisfies ({1) ~—(i8).~ and if it does, applying each of the substitutions T1-T8
to that solution yields a (possibly different) extreme point.

Equation (eI) tells us that (1 — T)a = zc, which is equivalent to
a=1(a+c). Equation tells us that (1 — )b = td, which is equivalent
to b = 7(b+d). By combining them, we find that

at+b=1(a+b+c+d) =1, (7.56)
where the last equality follows from Equation (7.33)~. Equation (€3) tells us

that (1 — m)a = &b, which is equivalent to ¢ = (a+b). By combining this
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(e135)
e137)
(e123)
(e125)
(e126)
(e167)
(e145)

(E135) (E136) (E247) (E248) (E157) (E368) (E257) (E468)
(E137) (E138) (E245) (E246) (E357) (E168) (E457) (E268)
(E123) (E134) (EI24) (E234) (ES67) (E568) (ES78) (E678)
(E125) (E346) (E127) (E348) (E156) (E356) (E278) (E478)
(E126) (E345) (E128) (E347) (E256) (E456) (E178) (E378)
(E167) (E358) (E258) (E467) (E235) (E146) (E147) (E238)
(E145) (E236) (E237) (E148) (EIS8) (E367) (E267) (E458)

Table 7.6: The symmetry in Equations (7.17)p3y and ((D)p3-(I8)zzn
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with Equation (7.56)zgq we find that a = 7 &, which, when we plug it back into
Equation (7.56)pg, in turn implies that b = 7(1 — x). If T = 0, then clearly
the system (e135) does not define a unique solution. If T > 0, then plugging
the result for a in Equation yields ¢ = (1 — 1)z and plugging the result
for b in Equation yields d = (1 —7)(1 — ). We can summarise our
findings as follows: if T = 0, then (e135) does not lead to a unique solution
and if 7 > 0, then the unique solution is

a=tm,b=1(l-7),c=(1-1)x,d=(1-17)(1-7). (7.57)

It is a matter of straightforward verification that this solution satisfies the in-
equalities in ({1)pgo-(8)ps0;

By applying each of the substitutions in Table[7.6)- to Equation (7.57), we
obtain the following probability mass functions: columns T1 and T5 yield psj,
columns T2 and T6 yield ps», columns T3 and T7 yield ps3 and columns T4
and T8 yield ps4. For each of these substitutions, the corresponding probability
mass function is an extreme point of %] ® .%; if and only if the parameter that
was used to substitute T with differs from zero.

Next, we consider the following systems of equalities: (E137), (E138),
(E245), (E246), (E357), (E168), (E457) and (E268). By applying the substi-
tutions in Table (7.6) ~, these eight problems all become equivalent to (e137).
If this system provides a unique solution, we need to check whether it satisfies
((Tpzo-(8)pzg and if it does, applying each of the substitutions T1-T8 to that
solution yields a (possibly different) extreme point.

Equation tells us that (1 — T)a = Tc¢, which is equivalent to,
¢ = (1—1)(a+c). Equation (e3)pgy tells us that (1 — )b = zd, which is equiv-
alentto d = (1 —17)(b+d). By combining them, we find that

ctd=(1-1)(at+b+c+d)=1-r1, (7.58)

where the last equality follows from Equation (7.33)pgg. Equation tells
us that (1 — m)c = d, which is equivalent to ¢ = &(c +d). By combining
this with Equation (7.38), we find that ¢ = (1 — 7)zx, which, when we plug it
back into Equation (7.38), in turn implies thatd = (1 —1)(1 —z). If T =1,
then clearly the system (e137) does not define a unique solution. If T < 1, then
plugging the result for ¢ in Equation yields a = T 7 and plugging the
result for d in Equation yields b = (1 — m). We can summarise our
findings as follows: if T = 1, then (e137) does not lead to a unique solution
and if T < 1, then the unique solution is

a=ztn,b=1(l1-x),c=(1-1)n,d=(1-1)(1—x). (7.59)

Since this solution is identical to the solution found in Equation (7.37), we
already know that it satisfies the inequalities in ((T)pzg—(8)zzn-

By applying each of the substitutions in Table[7.6] to Equation (7.59), we
obtain the same probability mass functions that we found when solving (e135):
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Psi, Ps2, ps3 and pss. However, this time, these probability mass functions
are extreme points of 7| ® %, if and only if the parameter used to substitute
7 for differs from 1, whereas for the system (e135), they were extreme points
of #1 ®.%, if and only if that same parameter differed from 0. Since that
parameter cannot be 1 and O at the same time, we conclude that the probability
mass functions psi, ps2, ps3 and ps4 are always extreme points of .| ® %,
regardless of the particular values of the parameters p(h), p(h1), p(t1), (1),

p(h2), B(h2), p(12) and p(t2). These probability mass functions have a special
status: they are the extreme points of the strong product #; x .%, of .%; and
F, as defined by Equation (7.18)p3z.

Consider now the special case where (at least) one of the local mod-
els %, i € {1,2} is precise—p(h;) = p(h;) and p(t;) = p(t;)—or vacuous—
[p(hi), p(hi)] = [p(1;),P(1;)] = [0,1]. In that case, the strong product .Z| x .7,
and independent natural extension .#| ® %, coincide [46, Section 5.5] and
therefore have the same extreme points, which implies that ps;, ps2, ps3 and
Ps4 are then the only extreme points of .% ® .%,. This already explains the di-
agram in Figure[7.2p33). It is a matter of straightforward verification to see that
as soon as (at least) one of the local models is precise, then some of the extreme
points psi, ps2, ps3 and pss4 coincide; it suffices to compare the formulas in
Table[7.Tp73. If both local models are precise, then all four extreme points even
reduce to a single probability mass function, which is just the product of the
two local ones.

So, from now on, without loss of generality, we can exclude the cases where
(at least) one of the local models is precise or vacuous. Whatever the substitu-
tion that is chosen in Table[7.6pg7, this always implies—among other things—
that T # 7 and & # 7, which in turn implies that T# 0, 1 — 7 # 0, T # 0 and
1—xm#0.

With that in mind, let us take a closer look at the systems of equations
(e123), (e125) and (e126). Each of these systems corresponds to eight dif-
ferent combinations of the unitary constraint with three equalities
out of (ET)zzm(E8)p3r; see Table [7.6bgy. The solution of each of these three
systems needs to satisfy Equations and (e2)pgg, which implies that
(1—1)a=tc and Tc = (1 — T)a. By multiplying the first equation with T,
multiplying the second one with 7 and combining the resulting equations,
we get T(1 — 7)a = (1 — 7)a, or equivalently, (T — T)a = 0, which is in turn
equivalent with @ = 0 since we already excluded the case T = 7. By plugging
this into Equation (e2)pgy, we find that Tc = 0, which implies that ¢ = 0 be-
cause we have already excluded the case T = 0. So, for each of the systems of
equalities (e123), (e125) and (e126), we have that a = ¢ = 0.

For the system of equatlons (6123) Equatlons pz7and (e2] h are com-
bined with Equations (e3)pgy and ( Equatlon tells us that
(1 —1)b = 1d, which is equlvalent w1th b =1(b+d). Combined with the
unitary constraint (7.53)gy, this implies that b = T because a = ¢ = 0. By
plugging this back into the unitary constraint (7.53)gg, we find thatd = 1 — 1.
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The unique solution of (e123) is therefore
a=0,b=1,¢c=0,d=1—-1. (7.60)

This solution always satisfies Equations ({(I)zsn, ((2)ps0, ([Besos (@)zso. (6)ps0
and (i8)zgg. It satisfies Equations (B)jzgg and if and only if 0 > 7 7 and
0 > n(1 — 1), or equivalently, if # = 0. The probability mass functions that
are obtained by applying the substitutions in Table [7.65g7 to Equation
will therefore be an extreme point of .7 ® .%, if and only if the parameter that
is used to substitute £ with is equal to zero. However, these extreme points
are already included in the ones that correspond to Equation (7.39)pg3, because
7 = 0 makes Equations (7.60) and (7.39)pgy identical. We conclude that the
system of equations (e123) does not provide us with additional extreme points
of 71 ® .%,.

For the system of equations (e125), Equations and (e2)pgy are com-
bined with Equations and (733)pgg. Equation tells us that
(1 —m)a = mb, which implies that £b = 0 because a = 0. If & = 0, this sys-
tem has no unique solution. If & > 0, then we find that » =0 and d =1,
where the last equality follows from the unitary constraint (7.55)pgg. However,
this solution does not satisfy Equation because that would require that
(1 —x)c > md, or equivalently, since ¢ = 0 and d = 1, that 0 > x, a contra-
diction. We conclude that the system of equations (e125) does not provide us
with additional extreme points of .#; ® %,.

For the system of equations (e126), Equations and are com-
bined with Equations and (7.33)pgg. Equation tells us that

7b = (1 — T)a, which implies that 7o = 0 because a = 0. Since we already
excluded 7T = 0, we find that » = 0 and d = 1, where the last equality fol-
lows from the unitary constraint [7.55pgg By plugging this solution into Equa-
tions ((I)zgo-(8)pgy, we find that these inequalities are satisfied if and only if
T = m = 0, which implies that only in that case, the solution

a=0,b=0,c=0,d=1, (7.61)

yields extreme points of .#| ® F#,, by applying the substitutions in Ta-
ble[7.6b%7. However, since T = &t = 0, these extreme points are clearly already
included in the extreme points that correspond to Equation (7:59)pg3, because
7 = 1 = 0 makes Equations and (7.59)pgy identical. We conclude that
the system of equations (e126) does not provide us with additional extreme
points of .#| ® F.

Next, we consider the system of equations (e167). The corresponding eight
different combinations of the unitary constraint (7.17)pz with three equalities
out of (El)z3r-(E8)z37 can be found in Table [7.6bg7,

Equation tells us that (1 — 7)a = tc, Equation tells us that
b = (1 — )a and Equation tells us that (1 — )c = xd. By combining
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these three equations, we find that
(1-m)7(1-2)b=n(1-7)zd. (7.62)

Since Equation (B3)pgy must be satisfied, we know that (1 — )b > 1d,
which turns into (1 — z)7(1 — 7)b > (1 — x)Ttd by multiplying both sides
with (1—m)7. In combination with Equation (7.62), this implies that
(1 —7)zd > (1 — m)7td, or equivalently, that (x — T)td > 0. Since we have
already excluded the case & = 7, it must be that 7d < 0, which implies that
d<0orz=0.

If d <0, it follows from Equation that (1 —z)c < 0. Since we have
already excluded the case 1 — & = 0, this implies that ¢ < 0. Due to Equa-
tion (eI)pgn, ¢ < 0 in turn implies that @ < 0 because we have already excluded
the case 1 — 7 = 0. Finally, due to Equation (e6)pgy, a < 0 in turn implies that
b < 0 because we have already excluded the case T = 0. We conclude that
a-+b+c+d <0, which contradicts the unitary constraint (7.53)pgg-

If T = 0, it follows from Equation that a = 0. Therefore, it follows
from Equation that b = 0 because we have already excluded the case
7T = 0. From Equation (€7)pgy, we now derive that ¢ = m(c +d) = &, where
the last equality is due to the unitary constraint (7.33)zgg, which also tells us
that d = 1 — . Therefore, we have found that

a=0,b=0,c=x,d=1—-1. (7.63)

However, this solution cannot yield additional extreme points of . %] ® %, be-
cause, since T = 0, Equations (7.63) and (7.39)zg3 are identical.

At this point, we have already considered 48 of the 56 possible ternary
subsets of (EI)pzr—(E8)z3r So far, our conclusions are that, regardless of the
particular values of the parameters p(h;), p(h1), p(t1), p(t1), p(h2), p(h2),
p(t2) and B(t,), the probability mass functions psy, psa, ps3 and ps4 are always
(possibly coinciding) extreme points of .%| ®.%, and, as soon as (at least) one
of the local models is either precise or vacuous, these are the only extreme
points of .#] ® %,.

Finally, we consider the system of equations (e145). The correspond-
ing eight different combinations of the unitary constraint with three
equalities out of (El)z3-(E8)p3y are (E145), (E236), (E237), (E148), (E158),
(E367), (E267) and (E458); see Table [7.6bg

Equation says that (1 — T)a = Tc¢, which is equivalent to
a=1(a+c). Equation says that Td = (1 — T)b, which is equivalent
to b = T(b+d). Equation tells us that (1 — &)a = &b. Combined with
the unitary constraint (7.33)pgg, this implies that

1Tn =1tn(a+b+c+d)
=1ta(b+d)+1tx(a+c) =zab+7Tra=1(1 —T)a+7Txa
=(z(l1-x)+7r)a. (7.64)
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Since we have already excluded the cases 1 —7 =0 and 1 — & = 0, the system
(e145) clearly does not lead to a unique solution if 7=z = 0. If we assume that
T+ 7z > 0, then since we have already excluded the cases | — 7 =0and T =0,
we find that T(1 — ) + Tz > 0, which allows us to infer from Equation (7.:64) ~
that -

“Crl—m+rm (7.65)

If £ > 0, we can combine this with Equation to find that

po TU=T) (7.66)
(1-m)+7n
If £ =0, then T > 0 [because T+ 7 > 0] and @ = 0 [because of Equation (7.63))]
and therefore, we infer from Equation that ¢ = 0. Since the unitary
constraint (7.55)pgg then tells us that b+d = 0, it follows from Equation
that b = T, which, with £ = 0 and 7 > 0, is a special case of Equation (7.66).
Since the cases £ > 0 and & = 0 are exhaustive, it follows that—under the
assumption that T+ & > 0—Equation (7.66) always holds.
If 7 > 0, we can combine Equation (7.63)) and to find that

_ (I-7)71
= -zt (7.67)

If =0, then > 0 [because T+ 7 > 0] and @ = 0 [because of Equation (7.63))]
and therefore, we infer from Equation that » = 0. Since we have already
excluded the case 7 = 0, Equation now tells us that d = 0. By applying
the unitary constraint (7.33)pgg, it follows that ¢ = 1, which, with =0, 7 > 0
and T > 0, is a special case of Equation (7.67). Since the cases T > 0 and
T = 0 are exhaustive, it follows that—under the assumption that T+ 7 > 0—
Equation (7.67) always holds.

Finally, since we have already excluded the case 7 = 0, it follows from

Equations and that

(-9 -x)

d= .
(l-nm)+7x

(7.68)

We can summarise our findings as follows. If T =z = 0, then (e145) does
not lead to a unique solution. If T+ > 0 (T > 0 and/or & > 0), the unique
solution of (e145) is given by Equations (7.63)), (7.66), (7.66) and (7.63)). Fur-
thermore, in that case, by substituting this solution into Equations
(i8)psg. one can see that Equations are all satisfied and that
Equation (i8)pgg is satisfied if and only if

t(1-7)7(1-x) >7(1 -7)n(1 - 7). (7.69)
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Therefore, if this inequality holds and if T+ z > 0, then by applying the sub-
stitutions in Table[7.6bg3 to Equations (7.65) ~, (7.66) ~, (7.66) .~ and (7.68) -,

we obtain eight new extreme points of .#| ® .%;.
Using the substitutions in columns T1, T2, T3 and T4, we find that if

p(h1)p(t)p(h2)p(t2) = p(h1)p(t1) p(h2) p(t2) (7.70)

then
m pa1 is an extreme point of .| ®.%, unless p(h1) = 0 and p(hy) = 0;
m pa2 is an extreme point of .| ®.%; unless p(h1) = 0 and p(12) = 0;
m pa3 is an extreme point of .| ®.%; unless p(t) = 0 and p(hy) = 0;
m pa4 is an extreme point of .| ®.%; unless p(t;) = 0 and p(t) = 0.

Similarly, using the substitution in column T5, T6, T7 and T8, we find that
if
p(h)p(t)p(h2)p(t2) < p(m)p(t)p(ha)p(t2) (7.71)
then

= pg) is an extreme point of .7 ® .7, unless p(h;) =0 and p(hy) =0;
= pp2 is an extreme point of 7| ® ., unless p(h;) =0 and p(t) = 0;

(
= pg3 is an extreme point of .7 ® .7, unless p(t;) = 0 and p(h2) = 0;
(

p
m ppa is an extreme point of %] ® %, unless p(t;) =0 and p(r,) = 0.

We can now explain the second part of the diagram, which is depicted
in Figures and [7.4bxn. As we have already explained, for this second
part, we already know that ps;, ps2, ps3 and ps4 are extreme points .#| ® ;.
Furthermore, we may assume that neither of the local models is precise or
vacuous. For each i € {1,2}, this implies that p(k;) > 0 and p(#;) > 0 and that
p(h;) and p(t;) cannot both be zero.

If B(h])g(tl )ﬁ(/’lz)f)(l‘z) > ﬁ(/’n)ﬁ(h )B(hg)g(lz), then Equation is
satisfied and Equation ((7.71)) is not. The left-hand side of this inequality can
not be zero since this would force it to be equal to the right-hand side. There-
fore we have that p(h;) > 0 and p(r;) > 0. This implies that .#; ® .%; has
four additional extreme points: pAT, Pa2, a3 and paa. If p(hy) = 0, then one
can check in Tables [7.1py3 and [7. 237 that pa; coincides with ps3 and that pas
coincides with ps;, which leaves only pas and pa4 as actual additional ex-
treme points. If p(r,) = 0, then pa» coincides with ps4 and pa4 coincides with
ps2, which leaves only pa; and pas as actual additional extreme points. p(hy)
and p(t2) cannot both be zero because this would imply that .%; is a vacuous
model, which is a case that was already excluded earlier on in the diagram.
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If p(hy)p(t1)P(h2)p(t2) < B(h1)p(t1)p(h2)p(t2), then Equation (7.71).- is
satisfied and Equation (7.70)~ is not. The right-hand side of this inequality
can not be zero since this would force it to be equal to the left-hand side.
Therefore we have that p(hy) > 0 and p(r2) > 0. This implies that .#| @ %,
has four additional extreme points: pgy, pg2, p3 and ppy. If p(hy) =0, then
one can check in Tables 7,133 and [7.2h3g that pp; coincides with ps; and that
pB2 coincides with pgj, which leaves only pgs and pps as actual additional
extreme points. If p(¢;) = 0, then pg3 coincides with pss4 and pp4 coincides
with ps3, which leaves only pp| and pp; as actual additional extreme points.

p(h1) and p(r;) cannot both be zero because this would imply that .7 is a
vacuous model, which is a case that was already excluded earlier on in the
diagram.

" p()p(t) P P(t2) = BB (1) plh) plt2), .72

then Equations (7.70),~ and (7.71),~ are both satisfied. The diagram distin-
guishes between three cases: p(h;) = 0 or p(¢;) = 0 or neither of them equal
to zero. The case p(h1) = p(t;) = 0 is excluded because this would imply that
Z| is a vacuous model.

If p(h1) # 0 and p(t;) # 0, then since we already excluded p(h2) = 0 and
P(t2) = 0, it must hold that p(h2) # 0 and p(t2) # O because otherwise the
right-hand side of Equatlon (7.72) would be zero whereas the left-hand side
is not. We find that .%| ® %, has eight additional extreme points: paj, paz,
DPA3> PA4» PB1»> PB2, PR3 and pgs. However, some of them coincide: it follows
from Equation that pa1 = pas4, PA2 = PA3» PB1 = PB4 and ppr = pp3. If
we also have that #| = .7, then p(h1) = p(h2), p(h1) = p(h2). p(t1) = p(t2)
and p(t;) = p(t2). It is a matter of straightforward verification to see that then
DAl = Pa4 = pB1 = pB4 and pa2 = pa3 = pp2 = PB3.

If p(h1) =0 or p(t;) = 0, then in order for Equation (7.72) to hold, the
right-hand side of that equality must be zero. Since we already excluded

P(h1) =0 and p(t;) = 0, this means that p(h2) = 0 or p(t2) = 0. They cannot
both be zero because this would imply that .%, is a vacuous model, which is a
case that was already excluded earlier on in the diagram. There are now four
options left.

If p(h1) = 0 and p(hy) = 0, we find that .%| ® .%, has six additional ex-
treme points: pa2, Pa3, PA4s PB2, PB3 and ppy. However, some of them coin-
cide with each other and/or with the extreme points that we already know. It
follows from p(l’ll) =0and p(hz) =0 that ps1 = pa2 = pa3 = ps2 = pB3 and
PA4 = DB4.

If p(h1) =0 and p(r;) =0, then F#; ® F, has the following six additional
extreme points: pA1,?7A3, PA4, PB1, PB3 and pp4. Again, some of them coin-
cide with each other and/or with the extreme points that we already know. It
follows from p(/’ll) =0and p(l‘z) = (0 that PSs2 = PA1 = PA4 = PB1 = PB4 and
PA3 = PB3.
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If p(r1) = 0 and p(hy) = 0, then .%; ® .%, has the following six additional
extreme points: PAleAZ, PA4, PB1, pB2 and pps. Again, some of them coin-
cide with each other and/or with the extreme points that we already know. It
follows from p(t;) = 0 and p(hy) = O that ps3 = pa1 = pasa = pB1 = ppa and
PA2 = PB2-

If p(t;) =0 and p(t2) = 0, then .%| ® .%, has the following six additional
extreme points: pAlf PA2, PA3, PB1, PB2 and pps. Again, some of them coin-
cide with each other and/or with the extreme points that we already know. It
follows from p(¢;) = 0 and p(f,) = 0 that psa = pa2 = pa3 = p2 = pp3 and
DAl = PBI1. O
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3

CONCLUSIONS

“The only relevant thing is uncertainty—the extent of our
knowledge and ignorance. The actual fact of whether or not the
events considered are in some sense determined, or known by
other people, and so on, is of no consequence.”

Bruno de Finetti

The main conclusion of this dissertation is that credal networks under epis-
temic irrelevance satisfy surprisingly many powerful theoretical properties,
and that these properties can be exploited to develop efficient exact inference
algorithms, for large classes of inference problems that were previously pre-
sumed to be intractable. Since many of these inference problems are NP-hard
in credal networks under strong independence, our results turn credal networks
under epistemic irrelevance into a serious, practically feasible alternative that
should enable practitioners to solve real-life problems for which the corre-
sponding necessary inferences were hitherto regarded as intractable.

More generally, there are also some interesting lessons to be drawn from
how we obtained our results. The most important lesson is that there is much
to be gained from considering different imprecise probability frameworks si-
multaneously. Each of these frameworks has its own specific features and,
by combining them, we can take advantage of their respective merits within a
single theory.

The framework of sets of desirable gambles has been our theoretical and
philosophical workhorse. On the one hand, it endows lower previsions with
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a clear behavioural interpretation that does not require an assumption of ideal
precision. As explained in Chapter [3g, this interpretation can be used to jus-
tify the use of regular and natural extension as conservative updating rules. On
the other hand, sets of desirable gambles have proved to be an extremely pow-
erful theoretical tool that excels both in elegance and mathematical generality.
Perhaps most importantly: the usual issues with conditioning on events with
probability zero are completely non-existing in this framework. It should there-
fore not be surprising that all of our main technical results were first proved in
terms of sets of desirable gambles, only to be—often trivially—translated to
other frameworks afterwards. Working the other way around would, in all
likelihood, have been much more difficult.

Sets of probabilities—credal sets—reside at the other end of the spectrum.
Centuries of probability theory have endowed us with an instinctive intuition
about them that is hard to compete with. Given that practically everyone grasps
the concept of probability—or at least some primitive notion of it—the edu-
cational purpose of this framework should clearly not be underestimated. Al-
though I have done my very best to promote various alternatives that have clear
advantages, I must admit that at the end of the day, I often think in terms of
probabilities. They provide many of the concepts in this dissertation with a
valuable intuition and will most likely remain the most important tool for elic-
itation for a long time to come. On a more technical side, in our specific case,
they have enabled us to reformulate inference as a linear optimisation task
and to characterise the independent natural extension of two binary models by
means of the extreme points of its credal set.

Sets of linear previsions are the least important framework in this disserta-
tion and, with hindsight, perhaps redundant. Their main advantage is that they
allow us to clarify—intuitively—and simplify—mathematically—the link be-
tween credal sets and lower previsions, by serving as an intermediate step.

Lower previsions have been our main algorithmic tool. Given that infer-
ence is all about computing bounds, having a language that has these bounds
as its primitive concepts is clearly beneficial in order to develop and present
inference algorithms. It is therefore no coincidence that the efficient recur-
sive algorithms in this dissertation are all expressed in terms of lower previ-
sions. On the philosophical side, the main advantage of this framework is that
these ‘bounds’—lower and upper previsions—can be interpreted in two dif-
ferent ways. On the one hand, they are lower and upper expectations—Ilower
and upper bounds on precise expectations. On the other hand, they are supre-
mum buying prices and infimum selling prices. In this way, lower and upper
previsions provide a unifying language that connects the framework of sets of
desirable gambles to that of credal sets.

The features of these four different frameworks are not specific to our par-
ticular context. We are convinced that combining their respective advantages
within a single theory could prove beneficial in other contexts as well, such as,
for example, statistics with imprecise probabilities.
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We conclude this dissertation by briefly discussing some avenues for fur-
ther research that we consider to be promising, ranging from applications of
our results, over possible extensions of the ideas in this dissertation, to funda-
mentally new concepts.

As far as applications of our results are concerned, we see plenty of direc-
tions for further research. The inference algorithms in this dissertation should
already allow practitioners to solve large classes of inference problems that
are relevant to their applications. To give but one example: the algorithms in
Sections and can be directly applied to solve classification
problems. However, this requires two additional steps. First of all, it would
be necessary to implement our algorithms and to develop user-friendly soft-
ware that computes inferences with them; no such software currently exists.
Secondly, it should be thoroughly tested whether the inferences that are com-
puted by our algorithms are informative enough to be useful in practice. Since
epistemic irrelevance imposes less stringent constraints than complete, strong,
or epistemic independence, the inferences of a credal network under epistemic
irrelevance will be more conservative than those that correspond to other types
of credal networks, and possibly too conservative to be of practical use. Al-
though we did not observe such behaviour in the OCR application that was
mentioned in Section [30]], it remains to be seen whether this will be
the case in other applications as well.

Besides applying the algorithms in this dissertation to real-life problems,
another important avenue for future research would be to develop new algo-
rithms, for inference problems that were not yet considered here. The theoret-
ical tools in Chapter g3}, together with the examples in Chapter [Jpr7, should
enable theoretically oriented researchers to develop such algorithms. However,
given that general inference in credal networks under epistemic irrelevance is
NPPP-hard [[67], there will be inference problems for which it is not possible to
develop efficient exact algorithms. In order to be able to deal with these infer-
ence problems anyway, the development of approximate algorithms is crucial.
A first idea could be to add additional arrows to a network until it becomes
recursively decomposable. It is not hard to see that this is always possible. In
the case of Figure|l.lpg, we could for example add an arrow from ‘Hayfever’
to ‘Flu’, thereby making this simple network recursively decomposable. This
arrow should be virtual, in the sense that it does not affect the local models.
Its only purpose is to remove some of the assessments of irrelevance that are
imposed by the graph. For example, although the local model for ‘Flu” would
then formally depend on the value of ‘Hayfever’ and ‘Season’, it would in
practice only depend on the value of ‘Season’—would remain constant if the
value of ‘Hayfever’ is changed. The resulting irrelevant natural extension will
produce inferences that provide lower bounds for those of the original model
and, since the network is now recursively decomposable, this approximation
can be computed recursively. By reversing the direction of this new virtual ar-
row, we obtain a second approximation. For every inference, the best of these
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two approximations—the highest lower bound—can then be considered. This
idea can be extended beyond this simple example and, in this way, it is possi-
ble to develop approximate algorithms. The main bottlenecks are that (a) there
might be exponentially many different ways in which these virtual arrows can
be added and (b) the number of virtual arrows that needs to be added could
be large, which would increase the value of the parameter maxe|P(K;)| and,
therefore, decrease the computational efficiency of this approximation method.
Nevertheless, I believe that this idea is worth exploring.

Instead of developing additional—exact or approximate—inference algo-
rithms for the notion of irrelevant natural extension that we considered here, it
would also be interesting to try and generalise this notion itself, for example
by relaxing the assumption that the variables in the network can only take a
finite number of values. Since variables that can take infinitely many values—
for example natural- or real-valued variables—are frequently used in real-life
applications, being able to deal with them would clearly be beneficial. One
way of doing so could be to focus on some finite partition of the state space.
However, it would be more elegant to deal with infinite state spaces directly.
I believe that investigating whether or not this is possible and, if yes, to what
extent, could be a very interesting line of future research. I do not expect ma-
jor problems in defining the irrelevant natural extension. I believe that in the
infinite case, the choices that we have made here, which are using epistemic
h-irrelevance instead of epistemic value-irrelevance, and (a slightly adapted
version of) W-coherence (Williams-coherence) instead of Walley-coherence,
will enable us to avoid the typical problems with Walley-coherence (most im-
portantly the fact that the natural extension might not exist [[106, Appendix K])
as well as the problem that the notion of natural extension that corresponds to
W-coherence is sometimes too weak; see Footnote [% Extending some of
the theoretical properties in Chapter [Gs3—for example Theorem [53za—will
most likely be much harder. Defining conditioning rules and justifying them as
updating rules could also be tricky, especially if the state space is uncountably
infinite and the conditioning event is a singleton; in that case, I expect this to
require a limit argument, as it does in standard measure-theoretic probability.
The most challenging task would be the development of inference algorithms
for the infinite case; this seems far from trivial and I expect this to require sig-
nificant amounts of additional research. Nevertheless, if successful, it would
be well worth the effort.

A final avenue for future research, which I believe most promising, is to
develop a new type of credal networks, called mixed credal networks. Instead
of adopting a single notion of independence, as current theories of credal net-
works do, the basic idea is to use a mix of different notions of independence.
By allowing assessments of different notions of independence to be combined
within a single model, we obtain a richer theory that is able to represent a wider
range of structural assessments. At first sight, this might come across as a nice
but nevertheless completely unrealistic idea. Given that mixed credal networks
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include conventional credal networks as special cases, it would seem obvious
that inference is bound to become even harder than it already is for the types of
credal networks that have been considered so far. However, I believe that this is
not the case. In fact, I am convinced that the standard types of credal networks
that are currently being used are among the hard instances, and that there are
specific types of mixed credal networks for which inference will turn out to
be a much simpler problem, to the point that it will be possible to develop in-
ference algorithms whose computational complexity is comparable to that of
inference algorithms for Bayesian networks. The use of the specific types of
mixed credal networks for which I believe this to be possible can even be jus-
tified on philosophical grounds. I hope that I will be given the opportunity to
further explore this idea in the context of postdoctoral research.
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