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Reliability engineering (failure probabilities, …)

Queuing theory (waiting in line …)
- dimensioning of call centers 
- router queues on the internet

Chemical reactions (time-evolution …)

…

Pagerank

Epidemiology (time until threshold…)

Markov chains
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<latexit sha1_base64="LuOmASBvyFst560LjcooQOxa0JE="></latexit>

set of transition 
probabilities

Type 2 (complete independence)
Set of all stochastic processes such that

Imprecise Markov assumption

P (Xn+1|X1:n = x1:n) = P (Xn+1)|Xn = xn)

= P (X1|X0 = xn) 2 Pxn
<latexit sha1_base64="gaPSh/KdDvxasKNI67iOhKxYPV0="></latexit>

P (Xn+1|X1:n = x1:n) = P (Xn+1)|Xn = xn)

= P (X1|X0 = xn) 2 Pxn
<latexit sha1_base64="gaPSh/KdDvxasKNI67iOhKxYPV0="></latexit>

+ Markov assumption



X1
<latexit sha1_base64="VFW6y60T4BeJaUH4JnmlJKhYD5I="></latexit>

X2
<latexit sha1_base64="HADLaXmvm9wHbTMtHQhxBHjTyCA="></latexit>

X3
<latexit sha1_base64="1ON9Lo7jcDNDmqFFQijWmEPJqOg="></latexit>

Xn
<latexit sha1_base64="9euPWMvaETBXRr55NSNkM7V0ygA="></latexit>

· · ·<latexit sha1_base64="iktbjZmophkmyaLJU2ZtqOxT53o="></latexit>· · ·<latexit sha1_base64="iktbjZmophkmyaLJU2ZtqOxT53o="></latexit>

Imprecise Markov chains

Xn+1
<latexit sha1_base64="768r7ONiN2xoQdfivyyVUSTdJO0="></latexit>

X4
<latexit sha1_base64="GWlWpk02gw41TwudAyh8fgai7B0="></latexit>

=<latexit sha1_base64="Vr8eQLDDcytbw0c6dTHH+31aPKA="></latexit>

P (Xn+1|Xn = x)
<latexit sha1_base64="XUW7itjtm+AuN0IwfjCIkyT6OBo="></latexit>

Px
<latexit sha1_base64="LuOmASBvyFst560LjcooQOxa0JE="></latexit>

set of transition 
probabilities

Type 3 (repetition independence)
Set of all stochastic processes such that

P (Xn+1|X1:n = x1:n) = P (Xn+1)|Xn = xn)

= P (X1|X0 = xn) 2 Pxn
<latexit sha1_base64="gaPSh/KdDvxasKNI67iOhKxYPV0="></latexit>

Imprecise Markov assumption
+ Markov assumption



X1
<latexit sha1_base64="VFW6y60T4BeJaUH4JnmlJKhYD5I="></latexit>

X2
<latexit sha1_base64="HADLaXmvm9wHbTMtHQhxBHjTyCA="></latexit>

X3
<latexit sha1_base64="1ON9Lo7jcDNDmqFFQijWmEPJqOg="></latexit>

Xn
<latexit sha1_base64="9euPWMvaETBXRr55NSNkM7V0ygA="></latexit>

· · ·<latexit sha1_base64="iktbjZmophkmyaLJU2ZtqOxT53o="></latexit>· · ·<latexit sha1_base64="iktbjZmophkmyaLJU2ZtqOxT53o="></latexit> Xn+1
<latexit sha1_base64="768r7ONiN2xoQdfivyyVUSTdJO0="></latexit>

X4
<latexit sha1_base64="GWlWpk02gw41TwudAyh8fgai7B0="></latexit>

+ imprecise Markov assumption
set of transition probabilities      for each    inPx

<latexit sha1_base64="LuOmASBvyFst560LjcooQOxa0JE="></latexit>

x
<latexit sha1_base64="B8cqy6KjG13xRqeMHYz8Jn2yVDo="></latexit> X

<latexit sha1_base64="zk/enzg1UT7e1xzaHKI9JJJgLUs="></latexit>

?

?Pointwise ergodic theorem

lim
n!1

1

n

nX

i=1

f(Xi) = E1(f)
<latexit sha1_base64="plnc89xoLWy7ZXxPoCv0G/b6QVA="></latexit>

almost surely



X1
<latexit sha1_base64="VFW6y60T4BeJaUH4JnmlJKhYD5I="></latexit>

X2
<latexit sha1_base64="HADLaXmvm9wHbTMtHQhxBHjTyCA="></latexit>

X3
<latexit sha1_base64="1ON9Lo7jcDNDmqFFQijWmEPJqOg="></latexit>

Xn
<latexit sha1_base64="9euPWMvaETBXRr55NSNkM7V0ygA="></latexit>

· · ·<latexit sha1_base64="iktbjZmophkmyaLJU2ZtqOxT53o="></latexit>· · ·<latexit sha1_base64="iktbjZmophkmyaLJU2ZtqOxT53o="></latexit>

Imprecise Markov chains

Xn+1
<latexit sha1_base64="768r7ONiN2xoQdfivyyVUSTdJO0="></latexit>

X4
<latexit sha1_base64="GWlWpk02gw41TwudAyh8fgai7B0="></latexit>

+

=<latexit sha1_base64="Vr8eQLDDcytbw0c6dTHH+31aPKA="></latexit>

P (Xn+1|Xn = x)
<latexit sha1_base64="XUW7itjtm+AuN0IwfjCIkyT6OBo="></latexit>

Px
<latexit sha1_base64="LuOmASBvyFst560LjcooQOxa0JE="></latexit>

set of transition 
probabilities

ergodicity

E1(f) := lim
n!1

E(f(Xn)|X1 = x)
<latexit sha1_base64="QQnnhesudjEzrGn9QJibqCHMr2A="></latexit>

E1(f) := lim
n!1

E(f(Xn)|X1 = x)
<latexit sha1_base64="7r7iLqbrfyP1P0EbPHRRg6z3CrA="></latexit>

E1(f) := lim
n!1

E(f(Xn)|X1 = x)
<latexit sha1_base64="hq05MEZvlhUgMeq/tKJ2iIYrcWs=">AAADyHicjVLLbtNAFD2peZTwaApLNhYRUoJQsAsSbJAqHhJCQhRE2kh1ZTnuOIzqV+0xNLKy4av4FTZsKX/BmWGCChWFsRzfOfecO/eezLRMZa0870tnxTl3/sLF1Uvdy1euXlvrrV/froumisU4LtKimkyjWqQyF2MlVS </latexit>

+ Markov assumption
Imprecise Markov assumption

limit lower/upper expectation

�E1(�f) =
<latexit sha1_base64="fGJr4EXtVj0nL7b9PDbN5JiIYaI="></latexit>



+ imprecise Markov assumption + ergodicity
set of transition probabilities      for each    in

Imprecise pointwise ergodic theorem

Px
<latexit sha1_base64="LuOmASBvyFst560LjcooQOxa0JE="></latexit>

X1
<latexit sha1_base64="VFW6y60T4BeJaUH4JnmlJKhYD5I="></latexit>

X2
<latexit sha1_base64="HADLaXmvm9wHbTMtHQhxBHjTyCA="></latexit>

X3
<latexit sha1_base64="1ON9Lo7jcDNDmqFFQijWmEPJqOg="></latexit>

Xn
<latexit sha1_base64="9euPWMvaETBXRr55NSNkM7V0ygA="></latexit>

· · ·<latexit sha1_base64="iktbjZmophkmyaLJU2ZtqOxT53o="></latexit>· · ·<latexit sha1_base64="iktbjZmophkmyaLJU2ZtqOxT53o="></latexit> Xn+1
<latexit sha1_base64="768r7ONiN2xoQdfivyyVUSTdJO0="></latexit>

X4
<latexit sha1_base64="GWlWpk02gw41TwudAyh8fgai7B0="></latexit>

x
<latexit sha1_base64="B8cqy6KjG13xRqeMHYz8Jn2yVDo="></latexit> X

<latexit sha1_base64="zk/enzg1UT7e1xzaHKI9JJJgLUs="></latexit>

De Cooman et al. (2016)
almost surely !

Type 1  
Type 2

(with lower probability 1)

E1(f)  lim inf
n!1

1

n

nX

i=1

f(Xi)

 lim sup
n!1

1

n

nX

i=1

f(Xi)  E1(f)
<latexit sha1_base64="xsaqfcEJOJfKyC2sjVRP4Z+R4Xk="></latexit>



How to check ergodicity?

Having a top class

Being top class regular+

ergodicity

E1(f) := lim
n!1

E(f(Xn)|X1 = x)
<latexit sha1_base64="7r7iLqbrfyP1P0EbPHRRg6z3CrA="></latexit>

limit lower expectation

+ Being top class absorbing Type 1  
Type 2

Hermans & 
De Cooman 
(2012)



How to check ergodicity?

x
n�! y , x = z1

1�! z2
1�! z3

1�! · · · 1�! zn�1
1�! zn = y

<latexit sha1_base64="YhVzmbbxc2dON91KRbokEy+rFEo="></latexit>

x ! y , (9n 2 Z�0)x
n�! y

<latexit sha1_base64="XCCaEhA6l8bbU9/XYO/9KQAxhOg="></latexit>

Accessibility relation

x
<latexit sha1_base64="B8cqy6KjG13xRqeMHYz8Jn2yVDo="></latexit>

y
<latexit sha1_base64="GOkC6hix2Ka2s5rig95kqOlXN+A="></latexit>

z
<latexit sha1_base64="r/Hr3+fNYSi6QRHng3eHsAS4mZ8="></latexit>

x
1�! y , P x(y) > 0

<latexit sha1_base64="rUzbtrQSdTnqjBGCs1MyCSe3lpM="></latexit>

x
1�! y , P x(y

) >
0

<latexit sha1_base64="rUzbtrQSdTnqjBGCs1MyCSe3lpM="></latexit>



Having a top class

Being top class regular
+ R := {y 2 X : (8x 2 X )x ! y} 6= ;

<latexit sha1_base64="y2Qg4eFhlnHSrD6JBzpReZgfAH0="></latexit>

x
<latexit sha1_base64="B8cqy6KjG13xRqeMHYz8Jn2yVDo="></latexit>

y
<latexit sha1_base64="GOkC6hix2Ka2s5rig95kqOlXN+A="></latexit>

z
<latexit sha1_base64="r/Hr3+fNYSi6QRHng3eHsAS4mZ8="></latexit>

(9n 2 Z�0)(8k � n)(8x, y 2 R)x
k�! y

<latexit sha1_base64="V37eopMt5O8ZNFaaLK7izo+V/A0="></latexit>

x
1�! y , P x(y

) >
0

<latexit sha1_base64="rUzbtrQSdTnqjBGCs1MyCSe3lpM="></latexit>



Having a top class

Being top class regular
+ R := {y 2 X : (8x 2 X )x ! y} 6= ;

<latexit sha1_base64="y2Qg4eFhlnHSrD6JBzpReZgfAH0="></latexit>

(9n 2 Z�0)(8k � n)(8x, y 2 R)x
k�! y

<latexit sha1_base64="V37eopMt5O8ZNFaaLK7izo+V/A0="></latexit>+
Being top class absorbing

) Rn = X for n = |Rc|
<latexit sha1_base64="B19ODdYt3/G+6HrSF8kfVOo8+ww="></latexit>

R0 := R
Rk+1 := Rk [ {x 2 X \Rk : P x(Rk) > 0

<latexit sha1_base64="Dd+M0G0YjbmAJNMXM6GWr224820="></latexit>



How to check ergodicity?

Having a top class

Being top class regular+
+ Being top class absorbing

ergodicity of P•<latexit sha1_base64="vKfpSPsmTKP0mPMuvztlh9cs4nM="></latexit>

ergodicity

E1(f) := lim
n!1

E(f(Xn)|X1 = x)
<latexit sha1_base64="7r7iLqbrfyP1P0EbPHRRg6z3CrA="></latexit>

limit lower expectation

Type 1  
Type 2



How to find the limit lower expectation?

Lower transition operator

=<latexit sha1_base64="eMzVkS73Cki2r+lCQAOcRuRkUWw="></latexit>

E1(f) := lim
n!1

E(f(Xn)|X1 = x)
<latexit sha1_base64="7r7iLqbrfyP1P0EbPHRRg6z3CrA="></latexit>

EP•
1 (f) := lim

n!1
Tnf(x)

<latexit sha1_base64="iQNukAZEjp+QoENAd+K+eYbVVVc="></latexit>

T
<latexit sha1_base64="cmwqg4JrUoHelvwH0hNf7N7ZwaE="></latexit>

Type 1  
Type 2

Tg(x) := inf
Px2Px

X

y2X
Px(y)g(y)

<latexit sha1_base64="YQGTOu8RfEz2HIUF/PM3+3N/NTY="></latexit>



+ imprecise Markov assumption + ergodicity of 
set of transition probabilities      for each    in

Imprecise pointwise ergodic theorem

Px
<latexit sha1_base64="LuOmASBvyFst560LjcooQOxa0JE="></latexit>

X1
<latexit sha1_base64="VFW6y60T4BeJaUH4JnmlJKhYD5I="></latexit>

X2
<latexit sha1_base64="HADLaXmvm9wHbTMtHQhxBHjTyCA="></latexit>

X3
<latexit sha1_base64="1ON9Lo7jcDNDmqFFQijWmEPJqOg="></latexit>

Xn
<latexit sha1_base64="9euPWMvaETBXRr55NSNkM7V0ygA="></latexit>

· · ·<latexit sha1_base64="iktbjZmophkmyaLJU2ZtqOxT53o="></latexit>· · ·<latexit sha1_base64="iktbjZmophkmyaLJU2ZtqOxT53o="></latexit> Xn+1
<latexit sha1_base64="768r7ONiN2xoQdfivyyVUSTdJO0="></latexit>

X4
<latexit sha1_base64="GWlWpk02gw41TwudAyh8fgai7B0="></latexit>

x
<latexit sha1_base64="B8cqy6KjG13xRqeMHYz8Jn2yVDo="></latexit> X

<latexit sha1_base64="zk/enzg1UT7e1xzaHKI9JJJgLUs="></latexit>

almost surely

Type 1  
Type 2
Type 3

(with lower probability 1)

P•<latexit sha1_base64="vKfpSPsmTKP0mPMuvztlh9cs4nM="></latexit>

EP•
1 (f)  lim inf

n!1

1

n

nX

i=1

f(Xi)

 lim sup
n!1

1

n

nX

i=1

f(Xi)  E
P•
1 (f)

<latexit sha1_base64="Yk2R3ddRhFoV8M/uCauJIQ1odBs="></latexit>



+ imprecise Markov assumption + weak ergodicity 
set of transition probabilities      for each    in

Imprecise pointwise ergodic theorem

Px
<latexit sha1_base64="LuOmASBvyFst560LjcooQOxa0JE="></latexit>

X1
<latexit sha1_base64="VFW6y60T4BeJaUH4JnmlJKhYD5I="></latexit>

X2
<latexit sha1_base64="HADLaXmvm9wHbTMtHQhxBHjTyCA="></latexit>

X3
<latexit sha1_base64="1ON9Lo7jcDNDmqFFQijWmEPJqOg="></latexit>

Xn
<latexit sha1_base64="9euPWMvaETBXRr55NSNkM7V0ygA="></latexit>

· · ·<latexit sha1_base64="iktbjZmophkmyaLJU2ZtqOxT53o="></latexit>· · ·<latexit sha1_base64="iktbjZmophkmyaLJU2ZtqOxT53o="></latexit> Xn+1
<latexit sha1_base64="768r7ONiN2xoQdfivyyVUSTdJO0="></latexit>

X4
<latexit sha1_base64="GWlWpk02gw41TwudAyh8fgai7B0="></latexit>

x
<latexit sha1_base64="B8cqy6KjG13xRqeMHYz8Jn2yVDo="></latexit> X

<latexit sha1_base64="zk/enzg1UT7e1xzaHKI9JJJgLUs="></latexit>

almost surely

Type 1  
Type 2
Type 3

(with lower probability 1)

P•<latexit sha1_base64="vKfpSPsmTKP0mPMuvztlh9cs4nM="></latexit>

(of     )

De Bock & T’Joens (2021)

Eav,1(f)  lim inf
n!1

1

n

nX

i=1

f(Xi)

 lim sup
n!1

1

n

nX

i=1

f(Xi)  Eav,1(f)
<latexit sha1_base64="OFFNRgjBcV2oCCidV79rGEXYJ9E="></latexit>



Eav,1(f) := lim
n!1

E(1/n
Pn

i=1 f(Xi)|X1 = x)
<latexit sha1_base64="xpO97lzPV67SOYwCM15/2bE+MqM="></latexit>

Weak ergodicity

Having a top class

Being top class regular+
+ Being top class absorbing

weak ergodicity of P•<latexit sha1_base64="vKfpSPsmTKP0mPMuvztlh9cs4nM="></latexit>

weak ergodicitylimit lower expected average

Type 1  
Type 2  
Type 3

Less stringent than ergodicity!



Weak ergodicity

Having a top class

Being top class regular+
+ Being top class absorbing

weak ergodicity of P•<latexit sha1_base64="vKfpSPsmTKP0mPMuvztlh9cs4nM="></latexit>

Less stringent than ergodicity!

Px = {Px}
<latexit sha1_base64="D+YU/CtEHkTACrv7PMoDLkdiJXY="></latexit>

X = {a, b}
<latexit sha1_base64="xI3MEkAyjl9jr1//oZhYkQL0KdM="></latexit>

a
<latexit sha1_base64="bYrt3UlEnC9XLzx+M/Ifgxn8B/Y="></latexit>

b
<latexit sha1_base64="SRoby/TnSNTNMasvK4ntkScQjr8="></latexit>

Pa(b) = 1
<latexit sha1_base64="5kmDUc8fgDMfVidZ+3pdOZN+Z7A="></latexit>

Pb(a) = 1
<latexit sha1_base64="VfbViJIv4N11VaHwhEJCI9xUVe4="></latexit>

Eav,1(f) = Eav,1(f) =
1

2
(f(a) + f(b))

<latexit sha1_base64="+RMqhVh1YgjikPCf25SRRuLTgTc="></latexit>



Limit lower expected average

Operator

=<latexit sha1_base64="eMzVkS73Cki2r+lCQAOcRuRkUWw="></latexit>

Type 1  
Type 2  
Type 3

T f
<latexit sha1_base64="opx4uh1qG9sFM4WEZo4FsaddMiY="></latexit>

T fg(x) := f + Tg = f + inf
Px2Px

X

y2X
Px(y)g(y)

<latexit sha1_base64="QIinlcPoa6/LdO4XrliKyZBg6BU="></latexit>

Eav,1(f) := lim
n!1

E(1/n
Pn

i=1 f(Xi)|X1 = x)
<latexit sha1_base64="xpO97lzPV67SOYwCM15/2bE+MqM="></latexit>

EP•
av,1(f) := lim

n!1
1/nTn

f 0(x)
<latexit sha1_base64="fxbMAdWB5Ogg0VXmK79wb/Q15kU="></latexit>



+ imprecise Markov assumption + weak ergodicity 
set of transition probabilities      for each    in

Imprecise pointwise ergodic theorem

Px
<latexit sha1_base64="LuOmASBvyFst560LjcooQOxa0JE="></latexit>

X1
<latexit sha1_base64="VFW6y60T4BeJaUH4JnmlJKhYD5I="></latexit>

X2
<latexit sha1_base64="HADLaXmvm9wHbTMtHQhxBHjTyCA="></latexit>

X3
<latexit sha1_base64="1ON9Lo7jcDNDmqFFQijWmEPJqOg="></latexit>

Xn
<latexit sha1_base64="9euPWMvaETBXRr55NSNkM7V0ygA="></latexit>

· · ·<latexit sha1_base64="iktbjZmophkmyaLJU2ZtqOxT53o="></latexit>· · ·<latexit sha1_base64="iktbjZmophkmyaLJU2ZtqOxT53o="></latexit> Xn+1
<latexit sha1_base64="768r7ONiN2xoQdfivyyVUSTdJO0="></latexit>

X4
<latexit sha1_base64="GWlWpk02gw41TwudAyh8fgai7B0="></latexit>

x
<latexit sha1_base64="B8cqy6KjG13xRqeMHYz8Jn2yVDo="></latexit> X

<latexit sha1_base64="zk/enzg1UT7e1xzaHKI9JJJgLUs="></latexit>

almost surely

Type 1  
Type 2
Type 3

(with lower probability 1)

P•<latexit sha1_base64="vKfpSPsmTKP0mPMuvztlh9cs4nM="></latexit>

(of     )
EP•

av,1(f)  lim inf
n!1

1

n

nX

i=1

f(Xi)

 lim sup
n!1

1

n

nX

i=1

f(Xi)  E
P•
av,1(f)

<latexit sha1_base64="x+hz/uYIUroNkcOX6YQSakVwkKI="></latexit>

De Bock & T’Joens (2021)



Advantages of the new version

1 ergodicity        weak ergodicity)
<latexit sha1_base64="EVWqH8RX5dOf3kNuHg7aNtFsXOg="></latexit>

the new bounds are tighter !

EP•
1 (f)  EP•

av,1(f)  E
P•
av,1(f)  E

P•
1 (f)

<latexit sha1_base64="GaIGfdxHALjoX/Ui3cqupt4s/Zo="></latexit>

the new bounds have an interpretation  
as limits of lower/upper expectations,  
also for Type 3

2

3



EP•
1 (f)  EP•

av,1(f)  E
P•
av,1(f)  E

P•
1 (f)

<latexit sha1_base64="GaIGfdxHALjoX/Ui3cqupt4s/Zo="></latexit>

X = {a, b}
<latexit sha1_base64="xI3MEkAyjl9jr1//oZhYkQL0KdM="></latexit> a

<latexit sha1_base64="bYrt3UlEnC9XLzx+M/Ifgxn8B/Y="></latexit>

b
<latexit sha1_base64="SRoby/TnSNTNMasvK4ntkScQjr8="></latexit>Pb(a) = 1

<latexit sha1_base64="VfbViJIv4N11VaHwhEJCI9xUVe4="></latexit>

Pa(b) 2 [0, 1]
<latexit sha1_base64="uujNCgUYENwGq/jGcrQqFgDZeGQ="></latexit>

Pa = {Pa : Pa(b) = 1}
Pb = {Pb : Pb(a) 2 [0, 1]}

<latexit sha1_base64="7wswqOxKI6ZsE9zWZvSNQDYEjtU="></latexit>

EP•
av,1(f) = min

(
f(a),

f(a) + f(b)

2

)

<latexit sha1_base64="Va3UqJv5roYZ8DpZIOwLR/QE8Qo="></latexit>

EP•
1 (f) = min f

<latexit sha1_base64="HuwDEg+LkuFVVSO2tIeYxQ3168U="></latexit>

EP•
av,1(f) =

1

2
<latexit sha1_base64="fBBBFsLk3GmA2KA4karebBxkVb0="></latexit>

EP•
1 (f) = 0 <

<latexit sha1_base64="TE9/Wny8vBdqzVYciSLRmDQGYeg="></latexit>

f = Ia )
<latexit sha1_base64="O1P7/8Evje2VBltUesKlhjY1qHU="></latexit>

Advantages of the new version

the new bounds are tighter !3



Imprecise continuous time  
Markov chains

please… 
not all over  

again



Imprecise continuous time  
Markov chains

· · ·<latexit sha1_base64="iktbjZmophkmyaLJU2ZtqOxT53o="></latexit>· · ·<latexit sha1_base64="iktbjZmophkmyaLJU2ZtqOxT53o="></latexit>

=<latexit sha1_base64="Vr8eQLDDcytbw0c6dTHH+31aPKA="></latexit>

set of transition 
rates

P (Xn+1|Xn = x)
<latexit sha1_base64="XUW7itjtm+AuN0IwfjCIkyT6OBo="></latexit>

Xt+�
<latexit sha1_base64="RGf8EC0aHU7Iz14a5X70IEFmjaE="></latexit>

Xt
<latexit sha1_base64="7cEHtfWReW/Y4p5NOlT9MV4PRG4="></latexit>

X0
<latexit sha1_base64="3yO+RujEsWgdVgKL9Z7LbnJBx9g="></latexit>

Qx
<latexit sha1_base64="d3+5O5BYhLCsYTIDMZk6ISKsmro="></latexit>

Type 1 (epistemic irrelevance)

Type 2 (complete independence)

Type 3 (repetition independence)

All compatible processes

All compatible Markov chains

All compatible time-homogenous Markov chains



Ergodicity versus weak ergodicity

Having a top class

+ Being top class absorbing

(weak) ergodicity of 

Eav,1(f) := lim
t!1

E(1/t
R t
0 f(Xs)ds|X0 = x)
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limit lower expectation
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Type  
1, 2 & 3

Type  
1 & 2

De Bock 
(2016)

pretty 
sure



Computing limit lower expectations
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etQ(f)

<latexit sha1_base64="PTsf6xKEN+fJpvfoYIJZpEVpRQE="></latexit>

Type  
1 & 2

Type  
1, 2 & 3

Q
f
g := f +Qg
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f (0)
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+ imprecise Markov assumption + ergodicity of  
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Imprecise pointwise ergodic theorem
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(of     )
+ imprecise Markov assumption + weak ergodicity 
set of transition rates      for each    in

Imprecise pointwise ergodic theorem
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This is great, 
tell me more!

I didn’t tell you…

…that this leads to a  
recursive method for solving 
particular kinds of nonlinear 
optimisation problems

…what happens if we allow  
dependence on the initial state

… that we’re using a whole bunch of 
supermartingales under the hood



This sounds good, 
but I work in Robust 
Finance. How is this 

useful to me?



This sounds good, 
but I work in Robust 
Finance. How is this 

useful to me?

Discussion

Our models are similar, 
so how about our results?

Do you study (weak) 
ergodicity in robust finance?

Are pointwise ergodic theorems  
of interest in your community?
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I couldn’t care  
less about imprecise 

Markov chains, let 
alone their limit 

behaviour…

We also work on…
More general imprecise 
stochastic processes

Credal networks

Imprecise randomness

Choice functions

Quantum mechanics and IP

Dealing with the curse of 
dimensionality in precise Markov chains
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