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Overview

Temporal causes are 
downward-closed sets 

>> >> > >

Cause synthesis algorithm for 
omega-regular effects

𝗘

∩

∩

∩

∃

¬

¬

∃

T≤π

What causes         on the trace               ?
<latexit sha1_base64="+Mria0TMToozVk9itX+xtBBBP5U="></latexit>

o
<latexit sha1_base64="I1UAQmW4kVQz8RaP6u2BOtGmMFM="></latexit>

{y, o}!

Temporal Causality in Reactive Systems [Coenen et al., ATVA 22]

<latexit sha1_base64="WeLcH7GVQSW9+hBbxGxteX1yJrI="></latexit>

¬y | {o}

<latexit sha1_base64="a15+sOOv1i7dmoG1M6Sk8btOyyo="></latexit>

¬x ^ y | {o}<latexit sha1_base64="qzjoa1kNjzFlydLI+TN1HrXm6ck="></latexit>

> | ;

<latexit sha1_base64="dykOnwtwzO2GrKJA0Z5oH6PkxcY="></latexit>

x ^ y | ;

<latexit sha1_base64="Rp1rHfcwt5T7zGopNlxCto55rbE="></latexit>

> | {o}



What causes         on the trace               ?
<latexit sha1_base64="+Mria0TMToozVk9itX+xtBBBP5U="></latexit>

o
<latexit sha1_base64="I1UAQmW4kVQz8RaP6u2BOtGmMFM="></latexit>

{y, o}!

Temporal Causality in Reactive Systems [Coenen et al., ATVA 22]

<latexit sha1_base64="WeLcH7GVQSW9+hBbxGxteX1yJrI="></latexit>

¬y | {o}

<latexit sha1_base64="a15+sOOv1i7dmoG1M6Sk8btOyyo="></latexit>

¬x ^ y | {o}<latexit sha1_base64="qzjoa1kNjzFlydLI+TN1HrXm6ck="></latexit>

> | ;

<latexit sha1_base64="dykOnwtwzO2GrKJA0Z5oH6PkxcY="></latexit>

x ^ y | ;

<latexit sha1_base64="Rp1rHfcwt5T7zGopNlxCto55rbE="></latexit>

> | {o}

<latexit sha1_base64="nsGyuhqRTXFVo6snEkvONiV5xf4="></latexit>

{o}{y, o}!, . . .
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Temporal Causality

SAT: Cause and effect hold on the given trace.

CF: All closest traces that do not satisfy the cause, also do not satisfy the effect.

MIN: No strict subset of the cause satisfies SAT and CF.
<latexit sha1_base64="2VtEBwRjzEbNOmqFyC/JQDAl1+o="></latexit>

L(i1 ^ ¬i0) ⇢ L( ¬i0) ⇢ L(¬i1 R¬i0)
<latexit sha1_base64="2VtEBwRjzEbNOmqFyC/JQDAl1+o="></latexit>

L(i1 ^ ¬i0) ⇢ L( ¬i0) ⇢ L(¬i1 R¬i0)

Causes are temporal 
properties of the 
input sequence.

<latexit sha1_base64="JMVQV8WMYJ/GHtrJ+EMmEVVc5KY="></latexit>

{x, y}{y}!, . . .

<latexit sha1_base64="8kA+5X9PbiVqj582rpDKwcW4oZ8="></latexit>¬yR¬x<latexit sha1_base64="rfwgAj+h1WPeugt8t6Bwl7gcHRk="></latexit> ¬x<latexit sha1_base64="uc45WMKFQeME8WvnCt2SXHqcdWE="></latexit>

y ^ ¬x

<latexit sha1_base64="lEGX/stcRDCJNLnRKQbOm8uiuhE="></latexit>

L( ¬x)
<latexit sha1_base64="SzqFsR+d1vZyskmHTM+N6DwsedE="></latexit>

L(y ^ ¬x)
<latexit sha1_base64="DfgKCjDjLUrDBGDWjVPFFTn6y5k="></latexit>

L(¬yR¬x)



<latexit sha1_base64="tfE6hKPxkzjlD4Y4N4kp9YGLAf8="></latexit>⇡

<latexit sha1_base64="tfE6hKPxkzjlD4Y4N4kp9YGLAf8="></latexit>⇡

<latexit sha1_base64="tfE6hKPxkzjlD4Y4N4kp9YGLAf8="></latexit>⇡

<latexit sha1_base64="EFr5cjRvjMoGBDzfb9wNgQMes44="></latexit>�

<latexit sha1_base64="EFr5cjRvjMoGBDzfb9wNgQMes44="></latexit>�

<latexit sha1_base64="EFr5cjRvjMoGBDzfb9wNgQMes44="></latexit>�

<latexit sha1_base64="CRkFJo9ehtitgnpzl5HnKf3NuhA="></latexit>⇢

<latexit sha1_base64="CRkFJo9ehtitgnpzl5HnKf3NuhA="></latexit>⇢

<latexit sha1_base64="CRkFJo9ehtitgnpzl5HnKf3NuhA="></latexit>⇢

Zipped trace needs to 
satisfy relational formula.
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Similarity Relations

The closeness of traces is modeled by a similarity relation.

<latexit sha1_base64="+el84W3V54RVOQrqT7OVT46pPWg="></latexit>. . . <latexit sha1_base64="+el84W3V54RVOQrqT7OVT46pPWg="></latexit>. . .

<latexit sha1_base64="tfE6hKPxkzjlD4Y4N4kp9YGLAf8="></latexit>⇡ <latexit sha1_base64="EFr5cjRvjMoGBDzfb9wNgQMes44="></latexit>� <latexit sha1_base64="CRkFJo9ehtitgnpzl5HnKf3NuhA="></latexit>⇢
<latexit sha1_base64="jUdXHmJK8WAKYIgzMsX4dSuwIwo="></latexit>

<subset
⇡

<latexit sha1_base64="jUdXHmJK8WAKYIgzMsX4dSuwIwo="></latexit>

<subset
⇡

<latexit sha1_base64="jUdXHmJK8WAKYIgzMsX4dSuwIwo="></latexit>

<subset
⇡

<latexit sha1_base64="WdoKoO9ufHTIQvcHVaIbLeo5NgI="></latexit>

>subset
⇡

<latexit sha1_base64="WdoKoO9ufHTIQvcHVaIbLeo5NgI="></latexit>

>subset
⇡

<latexit sha1_base64="WdoKoO9ufHTIQvcHVaIbLeo5NgI="></latexit>

>subset
⇡

E.g.                           iff 
<latexit sha1_base64="GOElWZIO2k8Qt4D7Y9m57d/8lXs="></latexit>

zip(⇡,�, ⇢) |=
^

i2I

(i� 6$ i⇡) ! (i⇢ 6$ i⇡)
<latexit sha1_base64="clL70rGdAx5jUUztG658gwV6Oto="></latexit>

� subset
⇡ ⇢
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Causes are Downward Closed Sets 

<latexit sha1_base64="tfE6hKPxkzjlD4Y4N4kp9YGLAf8="></latexit>⇡
<latexit sha1_base64="nlu4oF5Q8HFyOH1E4L4SYszk58c="></latexit>

>⇡
<latexit sha1_base64="nlu4oF5Q8HFyOH1E4L4SYszk58c="></latexit>

>⇡
<latexit sha1_base64="nlu4oF5Q8HFyOH1E4L4SYszk58c="></latexit>

>⇡
<latexit sha1_base64="OTqmF7E96TXNv+jqYLq+qU9qNwI="></latexit>

<⇡
<latexit sha1_base64="OTqmF7E96TXNv+jqYLq+qU9qNwI="></latexit>

<⇡
<latexit sha1_base64="OTqmF7E96TXNv+jqYLq+qU9qNwI="></latexit>

<⇡
<latexit sha1_base64="OTqmF7E96TXNv+jqYLq+qU9qNwI="></latexit>

<⇡
<latexit sha1_base64="nlu4oF5Q8HFyOH1E4L4SYszk58c="></latexit>

>⇡

<latexit sha1_base64="8sHntSMiO/71JKbTBU4FTr5YBZI="></latexit>

Cause = {⇢ 2 E↵ect | 8� 2 T.� ⇡ ⇢ ! � 2 Cause }

Must be excluded 
because of MIN.

Must be included 
because of CF.

= the largest subset of the effect that is downward closed in
<latexit sha1_base64="RNXIZQz52OzvWMU3wf1voZqM4XE="></latexit>

(T,⇡)
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Causes are Downward Closed Sets 

<latexit sha1_base64="tfE6hKPxkzjlD4Y4N4kp9YGLAf8="></latexit>⇡
<latexit sha1_base64="nlu4oF5Q8HFyOH1E4L4SYszk58c="></latexit>

>⇡
<latexit sha1_base64="nlu4oF5Q8HFyOH1E4L4SYszk58c="></latexit>

>⇡
<latexit sha1_base64="nlu4oF5Q8HFyOH1E4L4SYszk58c="></latexit>

>⇡
<latexit sha1_base64="OTqmF7E96TXNv+jqYLq+qU9qNwI="></latexit>

<⇡
<latexit sha1_base64="OTqmF7E96TXNv+jqYLq+qU9qNwI="></latexit>

<⇡
<latexit sha1_base64="OTqmF7E96TXNv+jqYLq+qU9qNwI="></latexit>

<⇡
<latexit sha1_base64="OTqmF7E96TXNv+jqYLq+qU9qNwI="></latexit>

<⇡
<latexit sha1_base64="nlu4oF5Q8HFyOH1E4L4SYszk58c="></latexit>

>⇡

<latexit sha1_base64="Fru7AaOb3lKd86+2RntAPFsygxM="></latexit>

Cause = {⇢ 2 T | 8� 2 T.� ⇡ ⇢ ! � 2 E↵ect }

Must be excluded 
because of MIN.

Must be included 
because of CF.

Can be rewritten to:
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Cause Complements are Upward Closures

<latexit sha1_base64="tfE6hKPxkzjlD4Y4N4kp9YGLAf8="></latexit>⇡
<latexit sha1_base64="nlu4oF5Q8HFyOH1E4L4SYszk58c="></latexit>

>⇡
<latexit sha1_base64="nlu4oF5Q8HFyOH1E4L4SYszk58c="></latexit>

>⇡
<latexit sha1_base64="nlu4oF5Q8HFyOH1E4L4SYszk58c="></latexit>

>⇡
<latexit sha1_base64="OTqmF7E96TXNv+jqYLq+qU9qNwI="></latexit>

<⇡
<latexit sha1_base64="OTqmF7E96TXNv+jqYLq+qU9qNwI="></latexit>

<⇡
<latexit sha1_base64="OTqmF7E96TXNv+jqYLq+qU9qNwI="></latexit>

<⇡
<latexit sha1_base64="OTqmF7E96TXNv+jqYLq+qU9qNwI="></latexit>

<⇡
<latexit sha1_base64="nlu4oF5Q8HFyOH1E4L4SYszk58c="></latexit>

>⇡

<latexit sha1_base64="Fru7AaOb3lKd86+2RntAPFsygxM="></latexit>

Cause = {⇢ 2 T | 8� 2 T.� ⇡ ⇢ ! � 2 E↵ect }

<latexit sha1_base64="8d7BV6uv437RbF7ZAqMx11mvvxY="></latexit>

Cause = {⇢ 2 T | 9� 2 T.� ⇡ ⇢ ^ � 2 E↵ect}



Similarity Relation   <latexit sha1_base64="juIUP7hJ4YisW2e3JgbUw2pW5s4="></latexit>�
<latexit sha1_base64="IDGXoMfRMHvxwHtTsIVSBVnTQiA="></latexit>⇡

8

Automata-based Cause Synthesis

System 
<latexit sha1_base64="xRORlbqyxISpAssshpA+ih38H+I="></latexit>

T   Effect       Trace <latexit sha1_base64="p6gFCx9g9KI3FcyZGDy0e+P+sKw="></latexit>⇡

¬
∩

<latexit sha1_base64="wzPMJ3Q0r492PEEe9UAipO3NFtw="></latexit>⇢ <latexit sha1_base64="wGySGE4HFYpHGdZwtXY2oNQV2Us="></latexit>'

<latexit sha1_base64="yFFuSMGisj9gvYmnaxa/ObEiDQc="></latexit>

9�

<latexit sha1_base64="TyBLIniNGCNbooylfdz+pcuM5NU="></latexit>

9⇡ Causal NBA  iff
<latexit sha1_base64="PJr3w90ck9d0ZBGBwZcoicZ/qFU="></latexit>3 ⇢

<latexit sha1_base64="L2rLYU5MMO6wr7jag64qYcNZowU="></latexit>

8�.� ⇡ ⇢ ! '(�)

iff
<latexit sha1_base64="Uu3frnP0JTW3Zdyr5TpGePJT4bg="></latexit>

3 (⇡, ⇢)
<latexit sha1_base64="WnjTyq8ZF5srug4jhkxwOUneU/I="></latexit>

9�.� ⇡ ⇢ ^ ¬'(�)

∩

∩

¬
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Experiments: Arbiters
Reusable

CAV
Evaluation
Artifact

Round-robin 
strategy

Prioritizes
<latexit sha1_base64="75QCH7DL4oDfb8/unKoLRbVHGjQ="></latexit>

prio

<latexit sha1_base64="PimBI36vsaUdwute1cliaTgoekM="></latexit>

Instance |T | 'E t(subset) |Asubset
C | 'C

Full 2 4
g0
g0

0.11
0.11

2
4

r0
r0

Full 3 11
g0
g0

0.11
0.16

2
24

r0
r0

Full 4 46
g0
g0

0.11
33.22

2
214

r0
r0

Spurious 2 2 g0 0.11 1 true

Spurious 3 3 g0 0.11 1 true

Spurious 4 4 g0 0.11 1 true

Unfair 2 2 ¬g0 0.11 1 rprio

Unfair 3 4 ¬g0 0.11 1 rprio

Unfair 4 6 ¬g0 0.11 1 rprio

We always consider 
the input sequence 
where all clients 
send requests 
continuously, e.g.:                 

Arbiters grant 
mutually 
exclusive access 
to a resource 
(e.g., grant       ).

<latexit sha1_base64="gmijrtLJL8kr+v++vgCgqS8xU98="></latexit>

({r0, r1, g0}{r0, r1, g1})!

<latexit sha1_base64="sCTLcv0/JaTx+ri3q0AmW6D31oc="></latexit>g0
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Experiments: Neural Synthesis1 

Reusable

CAV
Evaluation
Artifact

(Negated Specification)

<latexit sha1_base64="YlGmv0o5pAnOzWUGTW2K3wmQsW8="></latexit>

¬i0 | ;

<latexit sha1_base64="rZ1Ad1DHKQXusFgHcC32qslAVEo="></latexit>

i0 | ;

(Mispredicted System)
<latexit sha1_base64="DA38ReC867UCl26/pOzPA+McdYs="></latexit>

> | {o}

<latexit sha1_base64="1kZXGG3+2EgY6F1mouK+xfeaHKU="></latexit>

⇡ = {i2}{}{i0, o4}({i2, o4})!
<latexit sha1_base64="1kZXGG3+2EgY6F1mouK+xfeaHKU="></latexit>

⇡ = {i2}{}{i0, o4}({i2, o4})!

(Counterexample to Specification)

<latexit sha1_base64="jihl6rJtYB4rMZSLqEMcasB0Mzc="></latexit>

{i1}
<latexit sha1_base64="M51HR4cm+hf7ALk3ZCQU20BwzCo="></latexit>

{i0, o}
<latexit sha1_base64="KXkauXN3IENHqExoi+FOSTbJ8Mo="></latexit>

({i1, o})!

<latexit sha1_base64="qMFO7T7SgUVLESSpLFW/28CJ2gM="></latexit>¬i0
<latexit sha1_base64="3G7VzA1K2KeHLKpl/9Ya58ZxnP4="></latexit>

i0
<latexit sha1_base64="uVOVnVTUWl8WKlDYM7yBU7sPOUk="></latexit>>

(Causal NBA)

<latexit sha1_base64="Y1omDJnx3I9VFptPiE1kfYIt4Co="></latexit>¬i0 ^ ¬i1

1 Neural circuit synthesis from specification patterns. Schmitt, Hahn, Rabe, and Finkbeiner. NeurIPS 2021.

<latexit sha1_base64="tjC0WUamyNxtKf4ekOO9HHQ8JNQ="></latexit>

E↵ect = ¬
�
(i1 U i0) $ ( o)

�
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Experiments: Cause Sketching1

Reusable

CAV
Evaluation
Artifact

Effect:

(Randomized)

<latexit sha1_base64="/DxlOiUoRzJsPI7zmwpbQvZeGLo="></latexit>

2/10 e

1 Checking and Sketching Causes on Temporal Sequences. Beutner, Finkbeiner, Frenkel, and Siber. ATVA 2023.
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Experiments: Cause Checking
<latexit sha1_base64="HEJLVgSM+gYozUVO+3SbCrGi7og="></latexit>

Instance CATS CORP

Spurious Arbiter 0.72 0.11
Simple Arbiter 0.97 0.11
Arbiter 22.84 0.11
Instance 6, odd 1.81 0.11
Instance 8 0.92 0.11
TP Right 0.87 0.11

Reusable

CAV
Evaluation
Artifact

E

NBA

NBA

NBA

NBA

C=SYN

<latexit sha1_base64="tfE6hKPxkzjlD4Y4N4kp9YGLAf8="></latexit>⇡

<latexit sha1_base64="xRORlbqyxISpAssshpA+ih38H+I="></latexit>

T

<latexit sha1_base64="4/Wq6cqA81WKKw9JJvEaROmKPKY="></latexit>

E

C

MC
<latexit sha1_base64="aI4fujljVfvzGH3hkRXULOJ4L28="></latexit>

 

<latexit sha1_base64="tfE6hKPxkzjlD4Y4N4kp9YGLAf8="></latexit>⇡

<latexit sha1_base64="xRORlbqyxISpAssshpA+ih38H+I="></latexit>

T

<latexit sha1_base64="4/Wq6cqA81WKKw9JJvEaROmKPKY="></latexit><latexit sha1_base64="4/Wq6cqA81WKKw9JJvEaROmKPKY="></latexit>

<latexit sha1_base64="4/Wq6cqA81WKKw9JJvEaROmKPKY="></latexit> NBA

(HyperQPTL)
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Conclusion

Minimal counterfactual causes 
are downward-closed sets 

>> >> > >

Causes can be synthesized under 
omega-regular assumptions

𝗘

∩

∩

∩

∃

¬

¬

∃

T≤π

Are there always 
closest traces? 
What about 
nondeterminism? 
See our arXiv version!

Want to know what 
caused the violation on 
your counterexample? 
Check out our artifact!Reusable

CAV
Evaluation
Artifact


