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Counterfactuals

<latexit sha1_base64="zwcBid5OViqKlGbEeYYYGIucWmI="></latexit>

' ! 

“If   had been true, then   would have been true, too.”
<latexit sha1_base64="y7eIcIqkG5nY5Urf/1txeYKIBTY="></latexit>'

<latexit sha1_base64="xOtEP2ER0WE9fkjiscUQwqlu41w="></latexit>
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Counterfactuals Modulo Temporal Logics

“If the car had moved straight at the first time point, 
then it would have reached its goal eventually.”

<latexit sha1_base64="GiR6+gBShXGW+Jx+CxelIZj49io="></latexit>

(straight) !(Fgoal)
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Counterfactuals = Variably Strict Conditionals

because the closest counterfactual world is:

<latexit sha1_base64="eIZ6AjEx2BmnQvLg/ePuZS8Uhi0="></latexit>

|= (straight) !(F goal)
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Counterfactuals = Variably Strict Conditionals

counterfactual worlds further away do not matter: 

<latexit sha1_base64="eIZ6AjEx2BmnQvLg/ePuZS8Uhi0="></latexit>

|= (straight) !(F goal)

<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
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Applications of Counterfactual Reasoning

? Generating explanations for, e.g., model checkers 
[Beer et al. ’09], [Wachter et al. ’18]

Analyzing causality [Halpern ’15], [Leitner-Fischer ’15], 
[Coenen et al. ’22]

Counterfactual fairness [Kusner et al. ’17]
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Applications of Counterfactual Reasoning

Analyzing causality [Halpern ’15], [Leitner-Fischer ’15], 
[Coenen et al. ’22]

[Coenen et al. ’22]

[Halpern&Pearl ’05]
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Applications of Counterfactual Reasoning

Analyzing causality [Halpern ’15], [Leitner-Fischer ’15], 
[Coenen et al. ’22]

[Coenen et al. ’22]

[Halpern ’15]

<latexit sha1_base64="L3hUQJwI3u8AqdhrBdAPldW1Pis="></latexit>

' ^  ^ (¬' !min ¬ )
<latexit sha1_base64="L3hUQJwI3u8AqdhrBdAPldW1Pis="></latexit>

' ^  ^ (¬' !min ¬ )
<latexit sha1_base64="Bt47kptnWF1ONpvnmuci0yqmGyA="></latexit>

' ^  ^
�
(¬' !min ¬ ) _ (¬' !min ¬ )

�
<latexit sha1_base64="Bt47kptnWF1ONpvnmuci0yqmGyA="></latexit>

' ^  ^
�
(¬' !min ¬ ) _ (¬' !min ¬ )

�



Specification toolbox for, e.g., temporal causality
9

Overview

Lewis’ Counterfactuals 
[Lewis ’73]

Non-total similarity 
relations

Minimal counterfactuals
Decision 

procedures for 
satisfiability and 
trace checking 

of counterfactual 
QPTL (    -regular) 

properties

<latexit sha1_base64="GugB5WC4PVldzrurFubNqr8GtNs="></latexit>!
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Similarity Relation Lewis’ Counterfactuals
<latexit sha1_base64="YS5ClsXlJp2X2bLgTkGDwHLbehk="></latexit>

far( )

<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far

Encodes the distance of a world 
from the reference world      .

Needs to be a total preorder.

is the unique minimum.
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‘Would’ Operator Lewis’ Counterfactuals

<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far

All closest worlds satisfying     
have to satisfy      . 

<latexit sha1_base64="vIq3iFXnoiNQUa4yDSLK76DZ+5Q="></latexit>

' ! 

<latexit sha1_base64="2coy9IUYNsdP1ueAe1ut5s+tErQ="></latexit>'
<latexit sha1_base64="+BJ6Fu4UwM0wQLSD+KwufVUpKD0="></latexit>

 

Worlds in spheres further 
away do not matter.
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‘Might’ Operator Lewis’ Counterfactuals

<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far

Some closest world satisfying     
has to satisfy     .

<latexit sha1_base64="2coy9IUYNsdP1ueAe1ut5s+tErQ="></latexit>'
<latexit sha1_base64="+BJ6Fu4UwM0wQLSD+KwufVUpKD0="></latexit>

 

Again, worlds in spheres 
further away do not 
matter.

<latexit sha1_base64="1LwFDKwyZxrv37onZKhPtFITXWY="></latexit>

' ! 
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The Limit Assumption Lewis’ Counterfactuals

<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far

“There always exist well-defined  
closest worlds satisfying      .“

<latexit sha1_base64="2coy9IUYNsdP1ueAe1ut5s+tErQ="></latexit>'
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The Limit Assumption Lewis’ Counterfactuals

<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far

“There always exist well-defined  
closest worlds satisfying      .“

<latexit sha1_base64="2coy9IUYNsdP1ueAe1ut5s+tErQ="></latexit>'

Generally not satisfied and 
already rejected by Lewis.

<latexit sha1_base64="x5QF7nTGCIAT8ICpHa/qEfSCdx8="></latexit>

x > 3.0

<latexit sha1_base64="SwE9VUe874iqT5rxR8CEidmwIuw="></latexit>

x = 0.0

<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far

<latexit sha1_base64="zHAtqsIBzrwRhcPHZBF1KW3ruSE="></latexit>

x = 3.1
<latexit sha1_base64="INxdmTu9tgF0VHey8Do8BaRk+q8="></latexit>

x = 3.05
<latexit sha1_base64="9UiT4h9WfTOhGkcdLeEoX9AlVDc="></latexit>

x = 3.01

<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far

<latexit sha1_base64="wMsjvSF76Nuh5GSuCPsAnySvfPQ="></latexit>. . .

<latexit sha1_base64="JxwRwc23taKQD24YZCQGVnl43g8="></latexit>

x  3.0
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Semantics of ‘Would’ Lewis’ Counterfactuals

<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far

<latexit sha1_base64="wMsjvSF76Nuh5GSuCPsAnySvfPQ="></latexit>. . .

<latexit sha1_base64="M3kQvVQOSe8kUzbkcmi+9UHHzN0="></latexit>

|=  

There is a threshold world after which all closer     -worlds satisfy      . 
<latexit sha1_base64="2coy9IUYNsdP1ueAe1ut5s+tErQ="></latexit>' <latexit sha1_base64="+BJ6Fu4UwM0wQLSD+KwufVUpKD0="></latexit>

 

(1)
<latexit sha1_base64="f2j7XBoZXzK5CITK5FIDkpwBt3I="></latexit>far

<latexit sha1_base64="hydsTvy7J0qlc5kCQvZX9zUNNmU="></latexit>)
<latexit sha1_base64="DJB0N2o2BpQ3rAPJSk5M3qd5qR8="></latexit>

( |= '!  )
<latexit sha1_base64="Lph5UBqopBdj82CHfXao/vsY4GM="></latexit>

9 : |= ' ^ 8 :
<latexit sha1_base64="p1xSYbvAe2q7/16B5kx08bNt+tY="></latexit>far

<latexit sha1_base64="YNEp8Se9K8rqEE+Y7ppmnYw9nSs="></latexit>

|= ' ! iff:
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Semantics of ‘Would’ Lewis’ Counterfactuals

<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far

<latexit sha1_base64="wMsjvSF76Nuh5GSuCPsAnySvfPQ="></latexit>. . .

<latexit sha1_base64="YNEp8Se9K8rqEE+Y7ppmnYw9nSs="></latexit>

|= ' ! iff:

Or: There are no     -worlds (vacuous case).
<latexit sha1_base64="2coy9IUYNsdP1ueAe1ut5s+tErQ="></latexit>'

<latexit sha1_base64="VkKHbZNLXfp7vw/f6G2JPCH+UxA="></latexit>

9 8 :
<latexit sha1_base64="Wzs/YPC49N4xAY1RqFIa8FDcJYE="></latexit>

6|= '(1) or (2):
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Semantics of ‘Might’ Lewis’ Counterfactuals

<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far

<latexit sha1_base64="wMsjvSF76Nuh5GSuCPsAnySvfPQ="></latexit>. . .

iff:

For any     -world (and there is at least one) there exists a closer world satisfying      . 

<latexit sha1_base64="Q4VXJY3IMjS1OZCNsvLfzUwO9fE="></latexit>

|= ' ! <latexit sha1_base64="mEor9hwlO5i2wtDW5M18L128r9g="></latexit>

9

<latexit sha1_base64="mASfqHzIhnagDUha3R79VuGZJqg="></latexit>

9 : |= ' ^ 8 : |= ' ) 9 : far ^ |= '

<latexit sha1_base64="2coy9IUYNsdP1ueAe1ut5s+tErQ="></latexit>'
<latexit sha1_base64="+BJ6Fu4UwM0wQLSD+KwufVUpKD0="></latexit>

 

<latexit sha1_base64="p1xSYbvAe2q7/16B5kx08bNt+tY="></latexit>far
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The Limit Assumption Lewis’ Counterfactuals

<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far

“There always exist well-defined  
closest worlds satisfying      .“

<latexit sha1_base64="2coy9IUYNsdP1ueAe1ut5s+tErQ="></latexit>'

Also does not hold for  
temporal properties.

<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far

<latexit sha1_base64="wMsjvSF76Nuh5GSuCPsAnySvfPQ="></latexit>. . .
<latexit sha1_base64="Q2MiS//KeFbgDOjkNOo9PGTmebo="></latexit>

{a}!
<latexit sha1_base64="wM/nlemMOj0JXqfqhIzrfNZMQp4="></latexit>

{a}{}!
<latexit sha1_base64="+RKOBkLHNk4sYWH5J/Jmu4I77Zs="></latexit>

{a}{a}{}!
<latexit sha1_base64="tasGyKAhOFbcNwXfKlDmuBp53tE="></latexit>

{}!

<latexit sha1_base64="kzQuXbkEKwxcPcmJHNkK2fxLC8A="></latexit>

F G¬a<latexit sha1_base64="USoTzd63TRv1QtzOPm58A+PoSFw="></latexit>

G F a
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The Problem with Linearity Lewis’ Counterfactuals

<latexit sha1_base64="RMdc9DIrzPQLU9rMsrLiMlNipBQ="></latexit>

x = 0
<latexit sha1_base64="HKhqcCFDrx27TBFZJHYBQgR+v8o="></latexit>

y = 0

<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="DDRKpsCj2dkAh9EUr9bUR185IiU="></latexit>

x = 1
<latexit sha1_base64="HKhqcCFDrx27TBFZJHYBQgR+v8o="></latexit>

y = 0
<latexit sha1_base64="uce/fUdwWy/Vnv4P2he646rXH3k="></latexit>

y = 1

<latexit sha1_base64="RMdc9DIrzPQLU9rMsrLiMlNipBQ="></latexit>

x = 0

<latexit sha1_base64="SGzajge8W7ngVUoJLJyt72gBwXg="></latexit>

>far

<latexit sha1_base64="SGzajge8W7ngVUoJLJyt72gBwXg="></latexit>>
far<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit> < fa

r

<latexit sha1_base64="DDRKpsCj2dkAh9EUr9bUR185IiU="></latexit>

x = 1
<latexit sha1_base64="uce/fUdwWy/Vnv4P2he646rXH3k="></latexit>

y = 1

<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit> <
fa
r

In practice, counterfactual worlds are often incomparable.

?
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The Problem with Linearity

Applying Lewis’ semantics 
to non-total orders leads 
to unintuitive judgements. 

<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far

Lewis’ Counterfactuals

<latexit sha1_base64="YNEp8Se9K8rqEE+Y7ppmnYw9nSs="></latexit>

|= ' ! iff:

(1)
<latexit sha1_base64="f2j7XBoZXzK5CITK5FIDkpwBt3I="></latexit>far

<latexit sha1_base64="hydsTvy7J0qlc5kCQvZX9zUNNmU="></latexit>)
<latexit sha1_base64="DJB0N2o2BpQ3rAPJSk5M3qd5qR8="></latexit>

( |= '!  )
<latexit sha1_base64="Lph5UBqopBdj82CHfXao/vsY4GM="></latexit>

9 : |= ' ^ 8 :
<latexit sha1_base64="p1xSYbvAe2q7/16B5kx08bNt+tY="></latexit>far
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The Problem with Linearity

Applying Lewis’ semantics 
to non-total orders leads 
to unintuitive judgements. 

<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far

Lewis’ Counterfactuals

iff:
<latexit sha1_base64="Q4VXJY3IMjS1OZCNsvLfzUwO9fE="></latexit>

|= ' ! 

<latexit sha1_base64="mASfqHzIhnagDUha3R79VuGZJqg="></latexit>

9 : |= ' ^ 8 : |= ' ) 9 : far ^ |= '
<latexit sha1_base64="p1xSYbvAe2q7/16B5kx08bNt+tY="></latexit>far
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The Problem with Linearity

Applying Lewis’ semantics 
to non-total orders leads 
to unintuitive judgements. 

<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far

Lewis’ Counterfactuals

iff:
<latexit sha1_base64="Q4VXJY3IMjS1OZCNsvLfzUwO9fE="></latexit>

|= ' ! 

<latexit sha1_base64="mASfqHzIhnagDUha3R79VuGZJqg="></latexit>

9 : |= ' ^ 8 : |= ' ) 9 : far ^ |= '
<latexit sha1_base64="p1xSYbvAe2q7/16B5kx08bNt+tY="></latexit>far
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Fixing Lewis’ Semantics Non-total similarity relations

The semantics of           is too weak and of            too strong to 
capture the intended meaning on non-total relations.

<latexit sha1_base64="Hd9U2GY/2j4UQ9sxn73v4nEcjgE="></latexit> ! <latexit sha1_base64="O4gd4DN0BP4IizQihfHw0F3ESxg="></latexit> !

We introduce operators with an additional level of quantification: 

‘Universal Would’ 
“If […], under all circumstances,  would have been true 
as well.” 

‘Existential Might’ 
“If […], under some circumstance,  might have been 
true, too.” 

<latexit sha1_base64="xOtEP2ER0WE9fkjiscUQwqlu41w="></latexit>

 

<latexit sha1_base64="xOtEP2ER0WE9fkjiscUQwqlu41w="></latexit>

 

<latexit sha1_base64="sfZzBV/F+8IFmIhmcTLrRq4OqOU="></latexit> !

<latexit sha1_base64="rWExHm52IqnSodh+lAaE4LHDLWY="></latexit> !



<latexit sha1_base64="f2j7XBoZXzK5CITK5FIDkpwBt3I="></latexit>far
<latexit sha1_base64="hydsTvy7J0qlc5kCQvZX9zUNNmU="></latexit>)

<latexit sha1_base64="DJB0N2o2BpQ3rAPJSk5M3qd5qR8="></latexit>

( |= '!  )
<latexit sha1_base64="YB/4UbnRYbYxUHuHCsjPBz4Cfpg="></latexit>

8 : |= ' ) 9 : far ^ |= ' ^ 8 :

<latexit sha1_base64="f2j7XBoZXzK5CITK5FIDkpwBt3I="></latexit>far
<latexit sha1_base64="hydsTvy7J0qlc5kCQvZX9zUNNmU="></latexit>)

<latexit sha1_base64="DJB0N2o2BpQ3rAPJSk5M3qd5qR8="></latexit>

( |= '!  )
<latexit sha1_base64="YB/4UbnRYbYxUHuHCsjPBz4Cfpg="></latexit>

8 : |= ' ) 9 : far ^ |= ' ^ 8 :

<latexit sha1_base64="f2j7XBoZXzK5CITK5FIDkpwBt3I="></latexit>far
<latexit sha1_base64="YB/4UbnRYbYxUHuHCsjPBz4Cfpg="></latexit>

8 : |= ' ) 9 : far ^ |= ' ^ 8 :

24

Semantics of ‘Universal Would’

We quantify universally 
over     -worlds and require 
a closer threshold world 
for all of them.

<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far

iff:

<latexit sha1_base64="p1xSYbvAe2q7/16B5kx08bNt+tY="></latexit>far

<latexit sha1_base64="2coy9IUYNsdP1ueAe1ut5s+tErQ="></latexit>'

Non-total similarity relations

<latexit sha1_base64="oMOBmBq1kbGrcdIfErq3j1nsaVM="></latexit>

|= ' ! 



<latexit sha1_base64="f2j7XBoZXzK5CITK5FIDkpwBt3I="></latexit>far
<latexit sha1_base64="hydsTvy7J0qlc5kCQvZX9zUNNmU="></latexit>)

<latexit sha1_base64="DJB0N2o2BpQ3rAPJSk5M3qd5qR8="></latexit>

( |= '!  )
<latexit sha1_base64="YB/4UbnRYbYxUHuHCsjPBz4Cfpg="></latexit>

8 : |= ' ) 9 : far ^ |= ' ^ 8 :

<latexit sha1_base64="f2j7XBoZXzK5CITK5FIDkpwBt3I="></latexit>far
<latexit sha1_base64="hydsTvy7J0qlc5kCQvZX9zUNNmU="></latexit>)

<latexit sha1_base64="DJB0N2o2BpQ3rAPJSk5M3qd5qR8="></latexit>

( |= '!  )
<latexit sha1_base64="YB/4UbnRYbYxUHuHCsjPBz4Cfpg="></latexit>

8 : |= ' ) 9 : far ^ |= ' ^ 8 :

<latexit sha1_base64="f2j7XBoZXzK5CITK5FIDkpwBt3I="></latexit>far
<latexit sha1_base64="YB/4UbnRYbYxUHuHCsjPBz4Cfpg="></latexit>

8 : |= ' ) 9 : far ^ |= ' ^ 8 :
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Semantics of ‘Universal Would’

We quantify universally 
over     -worlds and require 
a closer threshold world 
for all of them.

<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far

iff:

<latexit sha1_base64="p1xSYbvAe2q7/16B5kx08bNt+tY="></latexit>far

<latexit sha1_base64="2coy9IUYNsdP1ueAe1ut5s+tErQ="></latexit>'

Non-total similarity relations

<latexit sha1_base64="oMOBmBq1kbGrcdIfErq3j1nsaVM="></latexit>

|= ' ! 



<latexit sha1_base64="1IijDEBArTqgWc8nvoi66IJ13wY="></latexit>

9 : |= ' ^ 8 : far ^ |= ' ) 9 : far ^ |= '
<latexit sha1_base64="OreOu/2z+IQP8jIcyLGfIHECsnk="></latexit>

9 : |= ' ^ 8 : far ^ ' ) 9 : far ^ |= '

<latexit sha1_base64="OreOu/2z+IQP8jIcyLGfIHECsnk="></latexit>

9 : |= ' ^ 8 : far ^ ' ) 9 : far ^ |= '
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Semantics of ‘Existential Might’

We quantify existentially 
over     -worlds and require 
ever-closer worlds      for 
one world only.

<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far

iff:

<latexit sha1_base64="2coy9IUYNsdP1ueAe1ut5s+tErQ="></latexit>'

Non-total similarity relations

<latexit sha1_base64="E/LIHzj1Hk6S6e3Ggwz/FwrfCDo="></latexit>

|= ' ! 



27

Minimality Minimal counterfactuals

For causality, causes are counterfactuals that describe the 
minimal changes necessary to avoid the effect.

Ball is thrown and 
bottle breaks.

<latexit sha1_base64="Hd9U2GY/2j4UQ9sxn73v4nEcjgE="></latexit> !
<latexit sha1_base64="8kZhgcsu5FUKnvEvbfWjcEuyGOA="></latexit>

¬( )
<latexit sha1_base64="Hd9U2GY/2j4UQ9sxn73v4nEcjgE="></latexit> !

<latexit sha1_base64="WVnrElZk7yGaiO8zij+74u5A7nM="></latexit>

¬( )^

Ball is not thrown.

<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far

Ball is not thrown 
and is red.

<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far

Antecedent is not minimal.
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Minimal Counterfactuals

A counterfactual is 
minimal if its antecedent 
describes the largest set 
that qualifies, e.g.,

<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far

iff:

Minimal counterfactuals

<latexit sha1_base64="uZwlmPxzB6/hWkLFyWbbvgZepm0="></latexit>

¬9✓ : ✓ � ' ^ ( |= ✓ ! )

<latexit sha1_base64="h3T25gZYvcREIIPpJsRPpcN1y+g="></latexit>

|= ' !min  

<latexit sha1_base64="RZjDwdoEHpFL3vdef94BixQn3yw="></latexit>

|= ' ! ^
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Minimal Counterfactuals

A counterfactual is 
minimal if its antecedent 
describes the largest set 
that qualifies, e.g.,

<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far

iff:

Minimal counterfactuals

<latexit sha1_base64="uZwlmPxzB6/hWkLFyWbbvgZepm0="></latexit>

¬9✓ : ✓ � ' ^ ( |= ✓ ! )

<latexit sha1_base64="h3T25gZYvcREIIPpJsRPpcN1y+g="></latexit>

|= ' !min  

<latexit sha1_base64="RZjDwdoEHpFL3vdef94BixQn3yw="></latexit>

|= ' ! ^
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Minimal Counterfactuals

A counterfactual is 
minimal if its antecedent 
describes the largest set 
that qualifies, e.g.,

<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far

iff:

Minimal counterfactuals

<latexit sha1_base64="uZwlmPxzB6/hWkLFyWbbvgZepm0="></latexit>

¬9✓ : ✓ � ' ^ ( |= ✓ ! )

<latexit sha1_base64="h3T25gZYvcREIIPpJsRPpcN1y+g="></latexit>

|= ' !min  

<latexit sha1_base64="RZjDwdoEHpFL3vdef94BixQn3yw="></latexit>

|= ' ! ^
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Minimal Counterfactuals

The SO quantification can 
be avoided by searching 
for worlds        that could 
be added to     . 

<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far
<latexit sha1_base64="nG8Mbi/qEqox4VPF2tXyV7QcNS0="></latexit>

<far

iff:

Minimal counterfactuals

<latexit sha1_base64="h3T25gZYvcREIIPpJsRPpcN1y+g="></latexit>

|= ' !min  

<latexit sha1_base64="2coy9IUYNsdP1ueAe1ut5s+tErQ="></latexit>'
?

?
?

?

Large FO-formula (              ) 
See our paper!

<latexit sha1_base64="vRJYeQWTdLm8sRgpHMtgXjqYxlY="></latexit>

8/9
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Moving to Temporal Logics Counterfactual TL

<latexit sha1_base64="mJzugh6Moxn6m2FY9YzTbbDLJ+A="></latexit>

⇡ = {a, b}{}({a, b})!

<latexit sha1_base64="r9QCwPMN+uskV+HnIwo9uecePj8="></latexit>

⇡0 = {a, b}{a, b} . . .
<latexit sha1_base64="eB1P84Ky/9pyrMx2mZsLO77kU74="></latexit> ^

a2AP

(a� 6$ a⇡) ! (a⇢ 6$ a⇡)QPTL formula, e.g.

infinite traces, e.g.

lasso trace, e.g.

<latexit sha1_base64="gXSKTSdxbjUrO/cOgNBNmLnmPKs="></latexit>⇡
<latexit sha1_base64="vRJYeQWTdLm8sRgpHMtgXjqYxlY="></latexit>

8/9 (hyperproperty)

<latexit sha1_base64="1XGg6A4aVRlPYczSM1A0HzhMHCA="></latexit>

� far(⇡) ⇢

<latexit sha1_base64="vRJYeQWTdLm8sRgpHMtgXjqYxlY="></latexit>

8/9

<latexit sha1_base64="eIZ6AjEx2BmnQvLg/ePuZS8Uhi0="></latexit>

|= (straight) !(F goal)
<latexit sha1_base64="zwcBid5OViqKlGbEeYYYGIucWmI="></latexit>

' ! 



33

Satisfiability Counterfactual TL

Counterfactuals Modulo QPTL

<latexit sha1_base64="7cftdGYDhVWTwh+YQ0Aka6+vr6Q="></latexit>

(X a !min G b) ^ . . .
<latexit sha1_base64="vRJYeQWTdLm8sRgpHMtgXjqYxlY="></latexit>

8/9
FO formula

<latexit sha1_base64="gXSKTSdxbjUrO/cOgNBNmLnmPKs="></latexit>⇡
<latexit sha1_base64="vRJYeQWTdLm8sRgpHMtgXjqYxlY="></latexit>

8/9
Prenex HyperQPTLHyperQPTL Model Checking 

[Beutner&Finkbeiner, LPAR ’23]

<latexit sha1_base64="aafULRDLeoEX2b9vkFf/4uxQiww="></latexit>>
<latexit sha1_base64="Z+/nAtYenrbWJBotmVQyCBt/moI="></latexit>^
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Trace Checking Counterfactual TL

<latexit sha1_base64="vRJYeQWTdLm8sRgpHMtgXjqYxlY="></latexit>

8/9
FO formula

<latexit sha1_base64="gXSKTSdxbjUrO/cOgNBNmLnmPKs="></latexit>⇡
<latexit sha1_base64="vRJYeQWTdLm8sRgpHMtgXjqYxlY="></latexit>

8/9
Prenex HyperQPTL

<latexit sha1_base64="aafULRDLeoEX2b9vkFf/4uxQiww="></latexit>>
<latexit sha1_base64="Z+/nAtYenrbWJBotmVQyCBt/moI="></latexit>^

Counterfactuals Modulo QPTL

<latexit sha1_base64="7cftdGYDhVWTwh+YQ0Aka6+vr6Q="></latexit>

(X a !min G b) ^ . . .

HyperQPTL Model Checking 
[Beutner&Finkbeiner, LPAR ’23]



35

Conclusion

Uniform specification language for counterfactual reasoning 
in, e.g., causality, fairness etc.

Automatic decision procedures for the resulting theory 
modulo QPTL.

? System-Level Counterfactuals 
@LPAR: Counterfactuals Modulo Theories?


