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Temporal Properties as Causes

<latexit sha1_base64="tNqZ0QFW6TqTdu05oMUBmaunHik="></latexit>

⇡ = ({i1, i2}{i1, i2, o1})!

Does          cause             ?
<latexit sha1_base64="6TeCXszwF3YrV4ZMBjqTT0HbGMk="></latexit> ¬o2

<latexit sha1_base64="S+YpNwLC2G3KTCxxjqmzfc/ZP8E="></latexit>

i1

<latexit sha1_base64="J2YIygaOnTny9TeTM19rk+Gesbo=">AAACDnicbVDLSgMxFM34rPVVdekmWAQXUmakqBuh6MZlBfuAtpRMmmlDM0lI7hRL6S+IO/0Sd+LWX/BD3DsznYVtPXDhcM493MvxteAWXPfbWVldW9/YzG3lt3d29/YLB4d1qyJDWY0qoUzTJ5YJLlkNOAjW1IaR0Bes4Q/vEr8xYsZyJR9hrFknJH3JA04JJFIblO4Wim7JTYGXiZeRIspQ7RZ+2j1Fo5BJoIJY2/JcDedP6TM3vRHXVpKQ2c6EGOBUsGm+HVmmCR2SPmvFNLPTwBSfxkoPB8rEIwGn6t/EhITWjkM/3gwJDOyil4j/ea0IguvOhEsdAZN0diiIBAaFkypwjxtGQYxjQqjh8a+YDoghFOLC5q4IENN83JO32MoyqV+UvMtS+aFcrNxmjeXQMTpBZ8hDV6iC7lEV1RBFA/SMXtGb8+K8Ox/O52x1xckyR2gOztcvtBedKQ==</latexit>>

<latexit sha1_base64="isFa9DjaCZ5sapwdrqkNGU+Y9D4=">AAACD3icbVDLSsNAFL3xWeur6tLNYBFcSEmkqBuh6MZlBdMWmlImk0k7dPJgZlIsId8g7vRL3IlbP8EPce80zcK2HrhwOOce7uW4MWdSmea3sbK6tr6xWdoqb+/s7u1XDg5bMkoEoTaJeCQ6LpaUs5DaiilOO7GgOHA5bbuju6nfHlMhWRQ+qklMewEehMxnBCst2U6KnKxfqZo1MwdaJlZBqlCg2a/8OF5EkoCGinAsZdcyY3X+lH9z441ZLEMcUNlLsVCMcJqVnUTSGJMRHtCupoWdBzJ0qhUP+ZHQEyqUq38TKQ6knASu3gywGspFbyr+53UT5V/3UhbGiaIhmR3yE45UhKZdII8JShSfaIKJYPpXRIZYYKJ0Y3NXuOJZWfdkLbayTFoXNeuyVn+oVxu3RWMlOIYTOAMLrqAB99AEGwgweIZXeDNejHfjw/icra4YReYI5mB8/QIQzJ1U</latexit>

{}
<latexit sha1_base64="J2YIygaOnTny9TeTM19rk+Gesbo=">AAACDnicbVDLSgMxFM34rPVVdekmWAQXUmakqBuh6MZlBfuAtpRMmmlDM0lI7hRL6S+IO/0Sd+LWX/BD3DsznYVtPXDhcM493MvxteAWXPfbWVldW9/YzG3lt3d29/YLB4d1qyJDWY0qoUzTJ5YJLlkNOAjW1IaR0Bes4Q/vEr8xYsZyJR9hrFknJH3JA04JJFIblO4Wim7JTYGXiZeRIspQ7RZ+2j1Fo5BJoIJY2/JcDedP6TM3vRHXVpKQ2c6EGOBUsGm+HVmmCR2SPmvFNLPTwBSfxkoPB8rEIwGn6t/EhITWjkM/3gwJDOyil4j/ea0IguvOhEsdAZN0diiIBAaFkypwjxtGQYxjQqjh8a+YDoghFOLC5q4IENN83JO32MoyqV+UvMtS+aFcrNxmjeXQMTpBZ8hDV6iC7lEV1RBFA/SMXtGb8+K8Ox/O52x1xckyR2gOztcvtBedKQ==</latexit>>

<latexit sha1_base64="I+7Tf1OeniXtbvmoDzcjtL5r8bM="></latexit>

{o1}
<latexit sha1_base64="ew1njKin3oU6PnY20oZYRp0v2dc="></latexit>

{o2}

<latexit sha1_base64="s+LnRKaDJE6rO/h/HcDMUqmzjvo="></latexit>

i1
<latexit sha1_base64="0phsAX+Db5yljohcUNHA4WT1bo0="></latexit>¬i1 ^ i2

<latexit sha1_base64="Rxvex7rT4+hFI5r9M7T8rzt+c0M="></latexit>¬i1 ^ ¬i2

System:

Trace:
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Causes as Explanations for Model Checking

Model 
checker

System model

Specification

<latexit sha1_base64="pkitBjk7nZElcGzDXUZQvcwO3/A="></latexit>' Counterexample
<latexit sha1_base64="5HS+JQBlQOTxZ2HWvBGxixNq8L4="></latexit>

{a, b}{a}({a, b})!

The causes for        can explain the counterexample. 
<latexit sha1_base64="6DCfzwVSXjgprJjSCiboCKmTsTI="></latexit>¬'

<latexit sha1_base64="5HS+JQBlQOTxZ2HWvBGxixNq8L4="></latexit>

{a, b}{a}({a, b})!

One solution: Highlighting

<latexit sha1_base64="asizXWRyOaW5qJ0aEcTD8BZ4hXo="></latexit>

b ?

<latexit sha1_base64="UkxLQyzULx+9/RKGamC8wKtV3rU="></latexit>

b ?

<latexit sha1_base64="edwlwQnCwNbe63U/jvDhSGa+8Oc="></latexit>

b ^ b ?
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Causes as Explanations for Model Checking

Model 
checker

System model

Specification

<latexit sha1_base64="pkitBjk7nZElcGzDXUZQvcwO3/A="></latexit>' Counterexample
<latexit sha1_base64="5HS+JQBlQOTxZ2HWvBGxixNq8L4="></latexit>

{a, b}{a}({a, b})!

Our Solution: Property causes

The causes for        can explain the counterexample. 
<latexit sha1_base64="6DCfzwVSXjgprJjSCiboCKmTsTI="></latexit>¬'

<latexit sha1_base64="5HS+JQBlQOTxZ2HWvBGxixNq8L4="></latexit>

{a, b}{a}({a, b})!

One solution: Highlighting

<latexit sha1_base64="asizXWRyOaW5qJ0aEcTD8BZ4hXo="></latexit>

b

<latexit sha1_base64="edwlwQnCwNbe63U/jvDhSGa+8Oc="></latexit>

b ^ b

<latexit sha1_base64="UkxLQyzULx+9/RKGamC8wKtV3rU="></latexit>

b
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Outline

Define causality for 
trace properties

Algorithm for 
checking causality

Infinitely 
many 

variables

Infinitely 
many 
traces
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Actual Causality1,2

SAT: Cause and Effect have happened.

MIN: There is no subset that satisfies the above.


CF: If the cause had not happened (but everything else stayed the same), 

the effect would not have happened either.

¹Causes and Explanations: A Structural-Model Approach. Halpern and Pearl (2005).  
²A Modification of the Halpern-Pearl Definition of Causality. Halpern (2015).

For finite sets of events                                (proposition and time-point).
<latexit sha1_base64="8Vf3X+yRV3RZsodf4HIcNXaZjp4="></latexit>

(a, n) 2 AP ⇥ N
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 is a Cause for  iff…
<latexit sha1_base64="mjXDJepvCWibQYIJa0skn7XiPIs="></latexit>

C
<latexit sha1_base64="mqxkHNJ2nNsJydYexQ0KRribANA="></latexit>

E

SAT:     satisfies     and     . <latexit sha1_base64="hQMQYJTp5QE6NdQtBV0sBzVlfiM="></latexit>⇡
<latexit sha1_base64="mjXDJepvCWibQYIJa0skn7XiPIs="></latexit>

C
<latexit sha1_base64="mqxkHNJ2nNsJydYexQ0KRribANA="></latexit>

E

MIN: There is no smaller cause candidate that satisfies the above.


CF: If the cause had not happened (but everything else stayed the same), 

the effect would not have happened either.
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Distance Metrics

<latexit sha1_base64="tNqZ0QFW6TqTdu05oMUBmaunHik="></latexit>

⇡ = ({i1, i2}{i1, i2, o1})!

A distance metric       orders traces w.r.t. their similarity to     . 
<latexit sha1_base64="9ejT/E/mc8UxmatrOwZCHvylt/k="></latexit>

<C
⇡

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

<latexit sha1_base64="eLikVViwp/XI1zfhJqzxxNnMaTk="></latexit> ^

i2I

�
(i⇡ 6$ i⇡1) ! (i⇡ 6$ i⇡2)

�
^

_

i2I

(i⇡1 6$ i⇡2)

<latexit sha1_base64="LAFLXCSi+NRgWi3AGFoREDij4Jw="></latexit>

⇡1 <C
⇡ ⇡2 iff

<latexit sha1_base64="/UczaR68pqZEmTQbFjqOPPiU57A="></latexit>

zip(⇡,⇡1,⇡2) |=

<latexit sha1_base64="VZm4RQDsRCAapBcog+8+Fv90ttA="></latexit>)Causality is a hyperproperty.

3A Theory of Counterfactuals. Stalnaker (1968).  
4Counterfactuals. Lewis (1973).

An adaption of similarity relations3,4.
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Counterfactual Input Sequences

<latexit sha1_base64="4SBpFVUIr6M3mpA8m5ofWU1vAGg="></latexit>

C1 = i1 _ i1
<latexit sha1_base64="+39QkoIl1ksbpZi7ZeK/ZGfENWE="></latexit>

�¬C1 = {i2}{i2}{i1, i2}!

<latexit sha1_base64="tNqZ0QFW6TqTdu05oMUBmaunHik="></latexit>

⇡ = ({i1, i2}{i1, i2, o1})!

The counterfactual input sequences are the closest sequences that negate    : 
<latexit sha1_base64="mjXDJepvCWibQYIJa0skn7XiPIs="></latexit>

C

<latexit sha1_base64="lordderK1NwXzIxCTvCTOTiqtXY="></latexit>

{i2}{i2}{i2}!and not, e.g.:
<latexit sha1_base64="dIsvahuGluYSlNz/GFP9trBJYws="></latexit>

C2 = i1 ^ i1
<latexit sha1_base64="T61yZvWxQ3pd8Qwgtx2rwiFUlzQ="></latexit>

�1
¬C2

= {i2}{i1, i2}{i1, i2}!
<latexit sha1_base64="CqBlHDmWy1h4+iwlCkAI9t3C3x0="></latexit>

�2
¬C2

= {i1, i2}{i2}{i1, i2}!
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Limit Assumption

<latexit sha1_base64="tNqZ0QFW6TqTdu05oMUBmaunHik="></latexit>

⇡ = ({i1, i2}{i1, i2, o1})!

The naive distance metric could be vacuously satisfied:
<latexit sha1_base64="vSHXtE9aukC8UlXVQr41F7DRDLM="></latexit>

�1
¬C3

= {i2}!
<latexit sha1_base64="uFyQMIwCyLL0m8pwkOI9Q/lPqsM="></latexit>

C3 = i1

…

<latexit sha1_base64="DuFcbkvs+UFbsYkwQZe6i9OdZNw="></latexit>

�k
¬C3

= {i1, i2}k{i2}!
… is closer than

<latexit sha1_base64="Z/+sKqbDMxPScKYo9BRBiPJCJpY="></latexit>

�2
¬C3

= {i1, i2}{i2}!
is closer than

We propose an extension that satisfies the limit assumption.
(See our recent work5 on how to accommodate more general metrics).

5Counterfactuals Modulo Temporal Logics. Finkbeiner and Siber (2023).  
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Contingencies on Traces

Consider:                           and                              . 
<latexit sha1_base64="mrZr2zOpcNuspuzO1BtOL/8wsbI="></latexit>

E = (o1 _ o2)
<latexit sha1_base64="u550BwwaIM/JCN8sqQ13LnFJ/nU="></latexit>

⇡ = {i1, i2}{o1}{}!

Counterfactuals alone are often imprecise.

<latexit sha1_base64="J2YIygaOnTny9TeTM19rk+Gesbo=">AAACDnicbVDLSgMxFM34rPVVdekmWAQXUmakqBuh6MZlBfuAtpRMmmlDM0lI7hRL6S+IO/0Sd+LWX/BD3DsznYVtPXDhcM493MvxteAWXPfbWVldW9/YzG3lt3d29/YLB4d1qyJDWY0qoUzTJ5YJLlkNOAjW1IaR0Bes4Q/vEr8xYsZyJR9hrFknJH3JA04JJFIblO4Wim7JTYGXiZeRIspQ7RZ+2j1Fo5BJoIJY2/JcDedP6TM3vRHXVpKQ2c6EGOBUsGm+HVmmCR2SPmvFNLPTwBSfxkoPB8rEIwGn6t/EhITWjkM/3gwJDOyil4j/ea0IguvOhEsdAZN0diiIBAaFkypwjxtGQYxjQqjh8a+YDoghFOLC5q4IENN83JO32MoyqV+UvMtS+aFcrNxmjeXQMTpBZ8hDV6iC7lEV1RBFA/SMXtGb8+K8Ox/O52x1xckyR2gOztcvtBedKQ==</latexit>>

<latexit sha1_base64="isFa9DjaCZ5sapwdrqkNGU+Y9D4=">AAACD3icbVDLSsNAFL3xWeur6tLNYBFcSEmkqBuh6MZlBdMWmlImk0k7dPJgZlIsId8g7vRL3IlbP8EPce80zcK2HrhwOOce7uW4MWdSmea3sbK6tr6xWdoqb+/s7u1XDg5bMkoEoTaJeCQ6LpaUs5DaiilOO7GgOHA5bbuju6nfHlMhWRQ+qklMewEehMxnBCst2U6KnKxfqZo1MwdaJlZBqlCg2a/8OF5EkoCGinAsZdcyY3X+lH9z441ZLEMcUNlLsVCMcJqVnUTSGJMRHtCupoWdBzJ0qhUP+ZHQEyqUq38TKQ6knASu3gywGspFbyr+53UT5V/3UhbGiaIhmR3yE45UhKZdII8JShSfaIKJYPpXRIZYYKJ0Y3NXuOJZWfdkLbayTFoXNeuyVn+oVxu3RWMlOIYTOAMLrqAB99AEGwgweIZXeDNejHfjw/icra4YReYI5mB8/QIQzJ1U</latexit>

{}
<latexit sha1_base64="J2YIygaOnTny9TeTM19rk+Gesbo=">AAACDnicbVDLSgMxFM34rPVVdekmWAQXUmakqBuh6MZlBfuAtpRMmmlDM0lI7hRL6S+IO/0Sd+LWX/BD3DsznYVtPXDhcM493MvxteAWXPfbWVldW9/YzG3lt3d29/YLB4d1qyJDWY0qoUzTJ5YJLlkNOAjW1IaR0Bes4Q/vEr8xYsZyJR9hrFknJH3JA04JJFIblO4Wim7JTYGXiZeRIspQ7RZ+2j1Fo5BJoIJY2/JcDedP6TM3vRHXVpKQ2c6EGOBUsGm+HVmmCR2SPmvFNLPTwBSfxkoPB8rEIwGn6t/EhITWjkM/3gwJDOyil4j/ea0IguvOhEsdAZN0diiIBAaFkypwjxtGQYxjQqjh8a+YDoghFOLC5q4IENN83JO32MoyqV+UvMtS+aFcrNxmjeXQMTpBZ8hDV6iC7lEV1RBFA/SMXtGb8+K8Ox/O52x1xckyR2gOztcvtBedKQ==</latexit>>

<latexit sha1_base64="I+7Tf1OeniXtbvmoDzcjtL5r8bM="></latexit>

{o1}
<latexit sha1_base64="ew1njKin3oU6PnY20oZYRp0v2dc="></latexit>

{o2}

<latexit sha1_base64="s+LnRKaDJE6rO/h/HcDMUqmzjvo="></latexit>

i1
<latexit sha1_base64="0phsAX+Db5yljohcUNHA4WT1bo0="></latexit>¬i1 ^ i2

<latexit sha1_base64="Rxvex7rT4+hFI5r9M7T8rzt+c0M="></latexit>¬i1 ^ ¬i2

<latexit sha1_base64="WHDh7n3iEdy9g2GPgM1d/yAeUjk="></latexit>

=) C = i1 alone does not negate the effect.

<latexit sha1_base64="AZnEw786acWmXY/KxLP7GcnHm2U="></latexit>

⇡¬i1 = {i1, i2}{o2}{}!
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Contingencies on Traces

Consider:                           and                              . 
<latexit sha1_base64="mrZr2zOpcNuspuzO1BtOL/8wsbI="></latexit>

E = (o1 _ o2)
<latexit sha1_base64="u550BwwaIM/JCN8sqQ13LnFJ/nU="></latexit>

⇡ = {i1, i2}{o1}{}!

Counterfactuals alone are often imprecise.

<latexit sha1_base64="J2YIygaOnTny9TeTM19rk+Gesbo=">AAACDnicbVDLSgMxFM34rPVVdekmWAQXUmakqBuh6MZlBfuAtpRMmmlDM0lI7hRL6S+IO/0Sd+LWX/BD3DsznYVtPXDhcM493MvxteAWXPfbWVldW9/YzG3lt3d29/YLB4d1qyJDWY0qoUzTJ5YJLlkNOAjW1IaR0Bes4Q/vEr8xYsZyJR9hrFknJH3JA04JJFIblO4Wim7JTYGXiZeRIspQ7RZ+2j1Fo5BJoIJY2/JcDedP6TM3vRHXVpKQ2c6EGOBUsGm+HVmmCR2SPmvFNLPTwBSfxkoPB8rEIwGn6t/EhITWjkM/3gwJDOyil4j/ea0IguvOhEsdAZN0diiIBAaFkypwjxtGQYxjQqjh8a+YDoghFOLC5q4IENN83JO32MoyqV+UvMtS+aFcrNxmjeXQMTpBZ8hDV6iC7lEV1RBFA/SMXtGb8+K8Ox/O52x1xckyR2gOztcvtBedKQ==</latexit>>

<latexit sha1_base64="isFa9DjaCZ5sapwdrqkNGU+Y9D4=">AAACD3icbVDLSsNAFL3xWeur6tLNYBFcSEmkqBuh6MZlBdMWmlImk0k7dPJgZlIsId8g7vRL3IlbP8EPce80zcK2HrhwOOce7uW4MWdSmea3sbK6tr6xWdoqb+/s7u1XDg5bMkoEoTaJeCQ6LpaUs5DaiilOO7GgOHA5bbuju6nfHlMhWRQ+qklMewEehMxnBCst2U6KnKxfqZo1MwdaJlZBqlCg2a/8OF5EkoCGinAsZdcyY3X+lH9z441ZLEMcUNlLsVCMcJqVnUTSGJMRHtCupoWdBzJ0qhUP+ZHQEyqUq38TKQ6knASu3gywGspFbyr+53UT5V/3UhbGiaIhmR3yE45UhKZdII8JShSfaIKJYPpXRIZYYKJ0Y3NXuOJZWfdkLbayTFoXNeuyVn+oVxu3RWMlOIYTOAMLrqAB99AEGwgweIZXeDNejHfjw/icra4YReYI5mB8/QIQzJ1U</latexit>

{}
<latexit sha1_base64="J2YIygaOnTny9TeTM19rk+Gesbo=">AAACDnicbVDLSgMxFM34rPVVdekmWAQXUmakqBuh6MZlBfuAtpRMmmlDM0lI7hRL6S+IO/0Sd+LWX/BD3DsznYVtPXDhcM493MvxteAWXPfbWVldW9/YzG3lt3d29/YLB4d1qyJDWY0qoUzTJ5YJLlkNOAjW1IaR0Bes4Q/vEr8xYsZyJR9hrFknJH3JA04JJFIblO4Wim7JTYGXiZeRIspQ7RZ+2j1Fo5BJoIJY2/JcDedP6TM3vRHXVpKQ2c6EGOBUsGm+HVmmCR2SPmvFNLPTwBSfxkoPB8rEIwGn6t/EhITWjkM/3gwJDOyil4j/ea0IguvOhEsdAZN0diiIBAaFkypwjxtGQYxjQqjh8a+YDoghFOLC5q4IENN83JO32MoyqV+UvMtS+aFcrNxmjeXQMTpBZ8hDV6iC7lEV1RBFA/SMXtGb8+K8Ox/O52x1xckyR2gOztcvtBedKQ==</latexit>>

<latexit sha1_base64="I+7Tf1OeniXtbvmoDzcjtL5r8bM="></latexit>

{o1}
<latexit sha1_base64="ew1njKin3oU6PnY20oZYRp0v2dc="></latexit>

{o2}

<latexit sha1_base64="s+LnRKaDJE6rO/h/HcDMUqmzjvo="></latexit>

i1
<latexit sha1_base64="0phsAX+Db5yljohcUNHA4WT1bo0="></latexit>¬i1 ^ i2

<latexit sha1_base64="Rxvex7rT4+hFI5r9M7T8rzt+c0M="></latexit>¬i1 ^ ¬i2

<latexit sha1_base64="016BDYZPWpMYe2EHKQVRBX4iMhI="></latexit>

⇡¬(i1_i2) = {i1, i2}{}{}!

works but is too imprecise.
<latexit sha1_base64="yto4MChnp9s03t1ygp3dx4rYa2U="></latexit>

=) C = i1 _ i2
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Contingencies on Traces

Consider:                           and                              . 
<latexit sha1_base64="mrZr2zOpcNuspuzO1BtOL/8wsbI="></latexit>

E = (o1 _ o2)
<latexit sha1_base64="u550BwwaIM/JCN8sqQ13LnFJ/nU="></latexit>

⇡ = {i1, i2}{o1}{}!

Counterfactuals alone are often imprecise.

<latexit sha1_base64="J2YIygaOnTny9TeTM19rk+Gesbo=">AAACDnicbVDLSgMxFM34rPVVdekmWAQXUmakqBuh6MZlBfuAtpRMmmlDM0lI7hRL6S+IO/0Sd+LWX/BD3DsznYVtPXDhcM493MvxteAWXPfbWVldW9/YzG3lt3d29/YLB4d1qyJDWY0qoUzTJ5YJLlkNOAjW1IaR0Bes4Q/vEr8xYsZyJR9hrFknJH3JA04JJFIblO4Wim7JTYGXiZeRIspQ7RZ+2j1Fo5BJoIJY2/JcDedP6TM3vRHXVpKQ2c6EGOBUsGm+HVmmCR2SPmvFNLPTwBSfxkoPB8rEIwGn6t/EhITWjkM/3gwJDOyil4j/ea0IguvOhEsdAZN0diiIBAaFkypwjxtGQYxjQqjh8a+YDoghFOLC5q4IENN83JO32MoyqV+UvMtS+aFcrNxmjeXQMTpBZ8hDV6iC7lEV1RBFA/SMXtGb8+K8Ox/O52x1xckyR2gOztcvtBedKQ==</latexit>>

<latexit sha1_base64="isFa9DjaCZ5sapwdrqkNGU+Y9D4=">AAACD3icbVDLSsNAFL3xWeur6tLNYBFcSEmkqBuh6MZlBdMWmlImk0k7dPJgZlIsId8g7vRL3IlbP8EPce80zcK2HrhwOOce7uW4MWdSmea3sbK6tr6xWdoqb+/s7u1XDg5bMkoEoTaJeCQ6LpaUs5DaiilOO7GgOHA5bbuju6nfHlMhWRQ+qklMewEehMxnBCst2U6KnKxfqZo1MwdaJlZBqlCg2a/8OF5EkoCGinAsZdcyY3X+lH9z441ZLEMcUNlLsVCMcJqVnUTSGJMRHtCupoWdBzJ0qhUP+ZHQEyqUq38TKQ6knASu3gywGspFbyr+53UT5V/3UhbGiaIhmR3yE45UhKZdII8JShSfaIKJYPpXRIZYYKJ0Y3NXuOJZWfdkLbayTFoXNeuyVn+oVxu3RWMlOIYTOAMLrqAB99AEGwgweIZXeDNejHfjw/icra4YReYI5mB8/QIQzJ1U</latexit>

{}
<latexit sha1_base64="J2YIygaOnTny9TeTM19rk+Gesbo=">AAACDnicbVDLSgMxFM34rPVVdekmWAQXUmakqBuh6MZlBfuAtpRMmmlDM0lI7hRL6S+IO/0Sd+LWX/BD3DsznYVtPXDhcM493MvxteAWXPfbWVldW9/YzG3lt3d29/YLB4d1qyJDWY0qoUzTJ5YJLlkNOAjW1IaR0Bes4Q/vEr8xYsZyJR9hrFknJH3JA04JJFIblO4Wim7JTYGXiZeRIspQ7RZ+2j1Fo5BJoIJY2/JcDedP6TM3vRHXVpKQ2c6EGOBUsGm+HVmmCR2SPmvFNLPTwBSfxkoPB8rEIwGn6t/EhITWjkM/3gwJDOyil4j/ea0IguvOhEsdAZN0diiIBAaFkypwjxtGQYxjQqjh8a+YDoghFOLC5q4IENN83JO32MoyqV+UvMtS+aFcrNxmjeXQMTpBZ8hDV6iC7lEV1RBFA/SMXtGb8+K8Ox/O52x1xckyR2gOztcvtBedKQ==</latexit>>

<latexit sha1_base64="I+7Tf1OeniXtbvmoDzcjtL5r8bM="></latexit>

{o1}
<latexit sha1_base64="ew1njKin3oU6PnY20oZYRp0v2dc="></latexit>

{o2}

<latexit sha1_base64="s+LnRKaDJE6rO/h/HcDMUqmzjvo="></latexit>

i1
<latexit sha1_base64="0phsAX+Db5yljohcUNHA4WT1bo0="></latexit>¬i1 ^ i2

<latexit sha1_base64="Rxvex7rT4+hFI5r9M7T8rzt+c0M="></latexit>¬i1 ^ ¬i2

with the contingency           works.<latexit sha1_base64="WHDh7n3iEdy9g2GPgM1d/yAeUjk="></latexit>

=) C = i1
<latexit sha1_base64="Nh9Y5MUGauIqHELSzO/A1TBiGpg="></latexit> ¬o2

<latexit sha1_base64="0LC1pv3jjjxmh9jsfnnawsg9scE="></latexit>

⇡cont.
¬i1 = {i1, i2}{o2}{}!

Contingency 
resets value.
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 is a Cause for  iff…
<latexit sha1_base64="mjXDJepvCWibQYIJa0skn7XiPIs="></latexit>

C
<latexit sha1_base64="mqxkHNJ2nNsJydYexQ0KRribANA="></latexit>

E

SAT:     satisfies     and     . <latexit sha1_base64="hQMQYJTp5QE6NdQtBV0sBzVlfiM="></latexit>⇡
<latexit sha1_base64="mjXDJepvCWibQYIJa0skn7XiPIs="></latexit>

C
<latexit sha1_base64="mqxkHNJ2nNsJydYexQ0KRribANA="></latexit>

E

CF: For every counterfactual input sequence     , there exists a contingency 
trace      such that                         and       does not satisfy     .

<latexit sha1_base64="H89waewrztSkEKQN8lFSAlYoc+g="></latexit>�
<latexit sha1_base64="UO+YOtoeLyLDv5y/8dctlavy8eg="></latexit>

⇡0<latexit sha1_base64="086QTBeDv3BAX7e9CPCaMrH9NrE="></latexit>

� =inputs ⇡
0<latexit sha1_base64="UO+YOtoeLyLDv5y/8dctlavy8eg="></latexit>

⇡0 <latexit sha1_base64="mqxkHNJ2nNsJydYexQ0KRribANA="></latexit>

E

MIN: There is no smaller cause candidate that satisfies the above.
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Minimality

<latexit sha1_base64="0LC1pv3jjjxmh9jsfnnawsg9scE="></latexit>

⇡cont.
¬i1 = {i1, i2}{o2}{}! with the contingency           works.<latexit sha1_base64="WHDh7n3iEdy9g2GPgM1d/yAeUjk="></latexit>

=) C = i1
<latexit sha1_base64="Nh9Y5MUGauIqHELSzO/A1TBiGpg="></latexit> ¬o2

<latexit sha1_base64="016BDYZPWpMYe2EHKQVRBX4iMhI="></latexit>

⇡¬(i1_i2) = {i1, i2}{}{}! works but is too imprecise.
<latexit sha1_base64="yto4MChnp9s03t1ygp3dx4rYa2U="></latexit>

=) C = i1 _ i2

SAT and CF define a lot of potential causes.

Solution: prefer semantically minimal properties as causes, i.e., check:
<latexit sha1_base64="+2NPREAAOEQwFb3AgW7HLI1r8Js="></latexit>

i1 ! (i1 _ i2)
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 is a Cause for  iff…
<latexit sha1_base64="mjXDJepvCWibQYIJa0skn7XiPIs="></latexit>

C
<latexit sha1_base64="mqxkHNJ2nNsJydYexQ0KRribANA="></latexit>

E

SAT:     satisfies     and     . <latexit sha1_base64="hQMQYJTp5QE6NdQtBV0sBzVlfiM="></latexit>⇡
<latexit sha1_base64="mjXDJepvCWibQYIJa0skn7XiPIs="></latexit>

C
<latexit sha1_base64="mqxkHNJ2nNsJydYexQ0KRribANA="></latexit>

E

MIN: There does not exist a      such that                and       satisfies SAT 
and CF.

<latexit sha1_base64="Rwg28lY9gxdHU5VXhW1svtddmp0="></latexit>

C 0 <latexit sha1_base64="0MVbENgGzt8t4V1zaUAn1tUDSw0="></latexit>

C ! C 0 <latexit sha1_base64="Rwg28lY9gxdHU5VXhW1svtddmp0="></latexit>

C 0

CF: For every counterfactual input sequence     , there exists a contingency 
trace      such that                         and       does not satisfy     .

<latexit sha1_base64="H89waewrztSkEKQN8lFSAlYoc+g="></latexit>�
<latexit sha1_base64="UO+YOtoeLyLDv5y/8dctlavy8eg="></latexit>

⇡0<latexit sha1_base64="086QTBeDv3BAX7e9CPCaMrH9NrE="></latexit>

� =inputs ⇡
0<latexit sha1_base64="UO+YOtoeLyLDv5y/8dctlavy8eg="></latexit>

⇡0 <latexit sha1_base64="mqxkHNJ2nNsJydYexQ0KRribANA="></latexit>

E
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Temporal Properties as Causes

<latexit sha1_base64="tNqZ0QFW6TqTdu05oMUBmaunHik="></latexit>

⇡ = ({i1, i2}{i1, i2, o1})!

Does          cause              on     in     ?
<latexit sha1_base64="6TeCXszwF3YrV4ZMBjqTT0HbGMk="></latexit> ¬o2 <latexit sha1_base64="hQMQYJTp5QE6NdQtBV0sBzVlfiM="></latexit>⇡

<latexit sha1_base64="S+YpNwLC2G3KTCxxjqmzfc/ZP8E="></latexit>

i1
<latexit sha1_base64="LvlKae1igfIZv/wa+vuikxbbuCk="></latexit>

T

<latexit sha1_base64="J2YIygaOnTny9TeTM19rk+Gesbo=">AAACDnicbVDLSgMxFM34rPVVdekmWAQXUmakqBuh6MZlBfuAtpRMmmlDM0lI7hRL6S+IO/0Sd+LWX/BD3DsznYVtPXDhcM493MvxteAWXPfbWVldW9/YzG3lt3d29/YLB4d1qyJDWY0qoUzTJ5YJLlkNOAjW1IaR0Bes4Q/vEr8xYsZyJR9hrFknJH3JA04JJFIblO4Wim7JTYGXiZeRIspQ7RZ+2j1Fo5BJoIJY2/JcDedP6TM3vRHXVpKQ2c6EGOBUsGm+HVmmCR2SPmvFNLPTwBSfxkoPB8rEIwGn6t/EhITWjkM/3gwJDOyil4j/ea0IguvOhEsdAZN0diiIBAaFkypwjxtGQYxjQqjh8a+YDoghFOLC5q4IENN83JO32MoyqV+UvMtS+aFcrNxmjeXQMTpBZ8hDV6iC7lEV1RBFA/SMXtGb8+K8Ox/O52x1xckyR2gOztcvtBedKQ==</latexit>>

<latexit sha1_base64="isFa9DjaCZ5sapwdrqkNGU+Y9D4=">AAACD3icbVDLSsNAFL3xWeur6tLNYBFcSEmkqBuh6MZlBdMWmlImk0k7dPJgZlIsId8g7vRL3IlbP8EPce80zcK2HrhwOOce7uW4MWdSmea3sbK6tr6xWdoqb+/s7u1XDg5bMkoEoTaJeCQ6LpaUs5DaiilOO7GgOHA5bbuju6nfHlMhWRQ+qklMewEehMxnBCst2U6KnKxfqZo1MwdaJlZBqlCg2a/8OF5EkoCGinAsZdcyY3X+lH9z441ZLEMcUNlLsVCMcJqVnUTSGJMRHtCupoWdBzJ0qhUP+ZHQEyqUq38TKQ6knASu3gywGspFbyr+53UT5V/3UhbGiaIhmR3yE45UhKZdII8JShSfaIKJYPpXRIZYYKJ0Y3NXuOJZWfdkLbayTFoXNeuyVn+oVxu3RWMlOIYTOAMLrqAB99AEGwgweIZXeDNejHfjw/icra4YReYI5mB8/QIQzJ1U</latexit>

{}
<latexit sha1_base64="J2YIygaOnTny9TeTM19rk+Gesbo=">AAACDnicbVDLSgMxFM34rPVVdekmWAQXUmakqBuh6MZlBfuAtpRMmmlDM0lI7hRL6S+IO/0Sd+LWX/BD3DsznYVtPXDhcM493MvxteAWXPfbWVldW9/YzG3lt3d29/YLB4d1qyJDWY0qoUzTJ5YJLlkNOAjW1IaR0Bes4Q/vEr8xYsZyJR9hrFknJH3JA04JJFIblO4Wim7JTYGXiZeRIspQ7RZ+2j1Fo5BJoIJY2/JcDedP6TM3vRHXVpKQ2c6EGOBUsGm+HVmmCR2SPmvFNLPTwBSfxkoPB8rEIwGn6t/EhITWjkM/3gwJDOyil4j/ea0IguvOhEsdAZN0diiIBAaFkypwjxtGQYxjQqjh8a+YDoghFOLC5q4IENN83JO32MoyqV+UvMtS+aFcrNxmjeXQMTpBZ8hDV6iC7lEV1RBFA/SMXtGb8+K8Ox/O52x1xckyR2gOztcvtBedKQ==</latexit>>

<latexit sha1_base64="I+7Tf1OeniXtbvmoDzcjtL5r8bM="></latexit>

{o1}
<latexit sha1_base64="ew1njKin3oU6PnY20oZYRp0v2dc="></latexit>

{o2}

<latexit sha1_base64="s+LnRKaDJE6rO/h/HcDMUqmzjvo="></latexit>

i1
<latexit sha1_base64="0phsAX+Db5yljohcUNHA4WT1bo0="></latexit>¬i1 ^ i2

<latexit sha1_base64="Rxvex7rT4+hFI5r9M7T8rzt+c0M="></latexit>¬i1 ^ ¬i2

:
<latexit sha1_base64="LvlKae1igfIZv/wa+vuikxbbuCk="></latexit>

T

<latexit sha1_base64="hryVA7bVx702Oj8dwJLZNjORt0g="></latexit>

⇡0 = ({i2}{i2, o2})! is the only counterfactual trace.

SAT:

CF:

MIN:
<latexit sha1_base64="FMHQNppOs55BLP1WEYMz1SICt5k="></latexit>

9q. q ^ ( q $ ¬q) ^ (q ! i1) is more minimal (and the cause).
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Checking Temporal Causality

Is a cause

Not a cause

<latexit sha1_base64="tNqZ0QFW6TqTdu05oMUBmaunHik="></latexit>

⇡ = ({i1, i2}{i1, i2, o1})!

Counterexample

<latexit sha1_base64="J2YIygaOnTny9TeTM19rk+Gesbo=">AAACDnicbVDLSgMxFM34rPVVdekmWAQXUmakqBuh6MZlBfuAtpRMmmlDM0lI7hRL6S+IO/0Sd+LWX/BD3DsznYVtPXDhcM493MvxteAWXPfbWVldW9/YzG3lt3d29/YLB4d1qyJDWY0qoUzTJ5YJLlkNOAjW1IaR0Bes4Q/vEr8xYsZyJR9hrFknJH3JA04JJFIblO4Wim7JTYGXiZeRIspQ7RZ+2j1Fo5BJoIJY2/JcDedP6TM3vRHXVpKQ2c6EGOBUsGm+HVmmCR2SPmvFNLPTwBSfxkoPB8rEIwGn6t/EhITWjkM/3gwJDOyil4j/ea0IguvOhEsdAZN0diiIBAaFkypwjxtGQYxjQqjh8a+YDoghFOLC5q4IENN83JO32MoyqV+UvMtS+aFcrNxmjeXQMTpBZ8hDV6iC7lEV1RBFA/SMXtGb8+K8Ox/O52x1xckyR2gOztcvtBedKQ==</latexit>>

<latexit sha1_base64="isFa9DjaCZ5sapwdrqkNGU+Y9D4=">AAACD3icbVDLSsNAFL3xWeur6tLNYBFcSEmkqBuh6MZlBdMWmlImk0k7dPJgZlIsId8g7vRL3IlbP8EPce80zcK2HrhwOOce7uW4MWdSmea3sbK6tr6xWdoqb+/s7u1XDg5bMkoEoTaJeCQ6LpaUs5DaiilOO7GgOHA5bbuju6nfHlMhWRQ+qklMewEehMxnBCst2U6KnKxfqZo1MwdaJlZBqlCg2a/8OF5EkoCGinAsZdcyY3X+lH9z441ZLEMcUNlLsVCMcJqVnUTSGJMRHtCupoWdBzJ0qhUP+ZHQEyqUq38TKQ6knASu3gywGspFbyr+53UT5V/3UhbGiaIhmR3yE45UhKZdII8JShSfaIKJYPpXRIZYYKJ0Y3NXuOJZWfdkLbayTFoXNeuyVn+oVxu3RWMlOIYTOAMLrqAB99AEGwgweIZXeDNejHfjw/icra4YReYI5mB8/QIQzJ1U</latexit>

{}
<latexit sha1_base64="J2YIygaOnTny9TeTM19rk+Gesbo=">AAACDnicbVDLSgMxFM34rPVVdekmWAQXUmakqBuh6MZlBfuAtpRMmmlDM0lI7hRL6S+IO/0Sd+LWX/BD3DsznYVtPXDhcM493MvxteAWXPfbWVldW9/YzG3lt3d29/YLB4d1qyJDWY0qoUzTJ5YJLlkNOAjW1IaR0Bes4Q/vEr8xYsZyJR9hrFknJH3JA04JJFIblO4Wim7JTYGXiZeRIspQ7RZ+2j1Fo5BJoIJY2/JcDedP6TM3vRHXVpKQ2c6EGOBUsGm+HVmmCR2SPmvFNLPTwBSfxkoPB8rEIwGn6t/EhITWjkM/3gwJDOyil4j/ea0IguvOhEsdAZN0diiIBAaFkypwjxtGQYxjQqjh8a+YDoghFOLC5q4IENN83JO32MoyqV+UvMtS+aFcrNxmjeXQMTpBZ8hDV6iC7lEV1RBFA/SMXtGb8+K8Ox/O52x1xckyR2gOztcvtBedKQ==</latexit>>

<latexit sha1_base64="I+7Tf1OeniXtbvmoDzcjtL5r8bM="></latexit>

{o1}
<latexit sha1_base64="ew1njKin3oU6PnY20oZYRp0v2dc="></latexit>

{o2}

<latexit sha1_base64="s+LnRKaDJE6rO/h/HcDMUqmzjvo="></latexit>

i1
<latexit sha1_base64="0phsAX+Db5yljohcUNHA4WT1bo0="></latexit>¬i1 ^ i2

<latexit sha1_base64="Rxvex7rT4+hFI5r9M7T8rzt+c0M="></latexit>¬i1 ^ ¬i2

System

Cause
<latexit sha1_base64="mjXDJepvCWibQYIJa0skn7XiPIs="></latexit>

C

<latexit sha1_base64="mqxkHNJ2nNsJydYexQ0KRribANA="></latexit>

EEffect

Counterfactual 
automaton (for 
contingencies)

HyperQPTL 
model 

checking

HyperQPTL 
encoding

<latexit sha1_base64="F+z4V+z8rE99qinfTayrhFRtdnY="></latexit>

8⇡.9⇡0.'(C,E,⇡)

Distance metric 
<latexit sha1_base64="9ejT/E/mc8UxmatrOwZCHvylt/k="></latexit>

<C
⇡
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Conclusion

Define causality for 
trace properties

Algorithm for 
checking causality

Infinitely 
many 

variables

Infinitely 
many 
traces

Similarity 
relations Hyperproperties


