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The basic idea behind model checking

Theorem. There exists an algorithm that takes an LTL formula, �, and
returns a Büchi automaton A such that

Words(�) = L!(A)

Given: 
• Transition system 
• LTL formula

TS
�

Question: Does         satisfy    , i.e.,  

                                       ?        TS |= �

TS �

Trace(TS )
(all possible  
executions)

(all invalid  
executions)

Words(¬�)

executions that 
are possible 
and invalid

Trace(TS ) ✓Words(�)

Trace(TS ) \Words(¬�) = ;

Answer (conceptual):

TS |= �
m

m

[TS satisfies    ]�

[All executions of TS satisfy    ]�

[No execution of TS violates    ]�

How to determine whether                                                      ?  Trace(TS ) \Words(¬�) = ;
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Preliminaries: LTL → Buchi automata

A tool for constructing Buchi automata from LTL formulas: LTL2BA   
[http://www.lsv.ens-cachan.fr/~gastin/ltl2ba/index.php]

Theorem. There exists an algorithm that takes an LTL
formula � and returns a Büchi automaton A such that

Words(�) = L!(A)

A

q0 q1

true ¬g

¬g

� = ¬⇤⌃g

A

q1q0

true¬g � h

h

true

� = ⇤(g ! ⌃h)

A

� = a U b

<latexit sha1_base64="kNO9wy5aiiqdK6Pfh7uLreUCatI=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJVECroRim5cVjBtoQnlZjpph04ezEyEElvwV9y4UMStv+HOv3HSZqGtBwYO59zLPXP8hDOpLOvbKK2srq1vlDcrW9s7u3vm/kFLxqkg1CExj0XHB0k5i6ijmOK0kwgKoc9p2x/d5H77gQrJ4uhejRPqhTCIWMAIKC31zCO3OWT4CsPUDUENCfDMmUz9nlm1atYMeJnYBamiAs2e+eX2Y5KGNFKEg5Rd20qUl4FQjHA6qbippAmQEQxoV9MIQiq9bJZ/gk+10sdBLPSLFJ6pvzcyCKUch76ezEPKRS8X//O6qQouvYxFSapoROaHgpRjFeO8DNxnghLFx5oAEUxnxWQIAojSlVV0Cfbil5dJ67xm12v1u3q1cV3UUUbH6ASdIRtdoAa6RU3kIIIe0TN6RW/Gk/FivBsf89GSUewcoj8wPn8Af2aVyg==</latexit>

true

q0 q1

a

<latexit sha1_base64="zKqIodd/81gJLnKL2KDE9ukdNyQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6perVpr1ir12zyOIpzBOVyCB9dQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AxaOM7A==</latexit>

b

<latexit sha1_base64="IhKIKn8tQDy0haQlV9a86/QQmT0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQzKFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WrXWrFXqt3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBxyeM7Q==</latexit>
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Preliminaries: transition system ⊗ Buchi automaton

Theorem. There exists an algorithm that takes an LTL formula, �, and
returns a Büchi automaton A such that

Words(�) = L!(A)

TS = (S, Act,!, I,AP, L) A = (Q, 2AP, �, Q0, F )

Transition system: Nondeterministic Buchi automaton:

Define the product automaton:                                                      , where 
•   
•                              with             and                 , there exists 
•    
•   
•                             and 

TS ⌦A = (S0,Act,!0, I 0,AP0, L0)
S0 = S ⇥Q

8s, t 2 S, q, p 2 Q s
↵! t

I 0 = {hs0, qi : s0 2 I and 9q0 2 Q0 s.t. q0
L(s0)! q}

AP 0 = Q

L0 : S ⇥Q! 2Q L0(hs, qi) = {q}

↵hs, qi !0 ht, pi

TS
s0: red s1: green

; {g}

A
q0 q1

true ¬g

¬g

TS ⌦A

s0, q0

s1, q0

s0, q1

{q0} {q1}

{q0}
s1, q1
{q1}

q
L(t)���! p

4
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Preliminaries

Theorem. There exists an algorithm that takes an LTL formula, �, and
returns a Büchi automaton A such that

Words(�) = L!(A)

TS = (S, Act,!, I,AP, L)
A = (Q, 2AP, �, Q0, F )

Transition system:
Nondeterministic Buchi automaton:

TS �A ⇥|= “eventually forever ”¬FTrace(TS) ⇤ L!(A) �= ⇥Theorem:                                                ,

not in F

s0: red s1: green

; {g}
TS

s0, q0

s1, q0

s0, q1

{q0} {q1}

{q0}
s1, q1
{q1}

hs1, q1i not reachable

L0(hs0, q0i 6✓ F

L0(hs1, q0i 6✓ F

hs0, q1i not on cycle

q0 q1

true ¬g

¬g
F = {q1}

A

TS �A¬� ⇥|= “eventually forever”¬F

m
There exists a state x in  

• x is reachable  
• L’(x) ⊆F 
• x is on a directed cycle

TS �A¬�

}    graph search, e.g., 
    (nested) depth-first  
    search

TS �A

TS �A

Proof idea (⇐): Pick a path π‘ in                s.t.  
                                                , and let π be its  
projection to TS. Then,           

• trace(π) ∈ Trace(TS) -- by definition of product    
• trace(π) ∈             -- by hypothesis and by 
definition of product (L’(‹s,q›) = {q})        

TS �A
�0 �|= “eventually forever”¬F

L!(A)

5
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Putting together

Theorem. There exists an algorithm that takes an LTL formula, �, and
returns a Büchi automaton A such that

Words(�) = L!(A)

TS �|= �

Trace(TS) 6✓ Words(�)

m

Trace(TS) ⇤Words(¬�) �= ⇥
m

Trace(TS) ⇤ L!(A¬�) �= ⇥
m

TS �A¬� ⇥|= “eventually forever”¬F
m

Given: 
• Transition system 
• LTL formula 
• NBA          accepting        with the set F of accepting states

TS
�

A¬� ¬�

6
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The process flow of model checking

Efficient model checking tools automate the process: SPIN, nuSMV, TLC,...

7
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Computational complexity of model checking

Transition system:                                           . Specification:TS = (S, Act,!, I,AP, L) �

Potential reductions:
• Restrict the ranges of variables 
• Use abstraction, separation of 
concerns, generalization 

• Use compressed representation 
of the state space (e.g. BDD) 
‣Used in symbolic model 
checkers, e.g., SMV, NuSMV 

• Partial order reduction (avoid 
computing equivalent paths)

Problem size:

⇥ ⇥
✓

size of one
state in bytes

◆✓
# of states

in A¬�

◆✓
# of reachable
states in TS

◆

• Use separable properties, 
instead of large, combined 
ones

• Lossy compression, e.g., hash-
compact and bitstate hashing 
‣May result in 
incompleteness 

• Lossless compression and 
alternate state representation 
methods 
‣May increase time while 
reduce memory

O(|S|)

Time complexity of DFS: O(# of states + # of transitions in TS ⌦A¬�)

“On-the-fly” construction of TS,        and the product automaton 
(while searching the automaton) to avoid constructing the complete 
state space

A¬�

“length” of      , e.g., # of operators in¬�¬�2O(|¬�|)

8
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Closed system synthesis

Closed system: behaviors are generated 
purely by the system itself without any 
external influence

Given: 
• A transition system P 
• An LTL formula �

⇡Compute: A path    of P such that

⇡ |= �

� = ⇤¬(g1 ^ g2) ^⇤⌃g1 ^⇤⌃g2

Sample paths of P:

⇡1 = (hs0s0ihs1s0ihs1s1ihs0s1i)!

⇡2 = (hs0s0ihs0s1i)!

⇡3 = (hs0s0ihs1s0ihs0s0ihs0s1i)!

s1,s1

s0,s0

s1,s0 s0,s1

P
↵1

�1

�1

↵1

↵2

↵2

�2

�2

{g1} {g2}

{g1, g2}

;

P: composition of two traffic lights

✓

✗

✗

9
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Closed system synthesis--a “controls” interpretation

The controller C is a function 
• The controller keeps some history of states 
• It picks the next action for P such that the resulting path satisfies 
the specification      (i.e., C constrains the paths system can take.

C : M ⇥ S ! Act

memory 
domain

�

output y

C

P

s1,s1

s0,s0

s1,s0 s0,s1

P
↵1

�1

�1

↵1

↵2

↵2

�2

�2

{g1} {g2}

{g1, g2}

;

C

s0,s0

s0,s0

s1,s0 s0,s1

�1

↵1

↵2

�2

⇡ = (hs0s0ihs1s0ihs0s0ihs0s1i)!

C(;, hs0s0i) = �1

C(hs0s1i, hs0s0i) = �1

C(hs1s0i, hs0s0i) = �2

C(hs0s0i, hs1s0i) = ↵1

C(hs0s0i, hs0s1i) = ↵2

Let M be a sequence of length 1, i.e., the controller 
keeps only the previous state

⇒
� = ⇤¬(g1 ^ g2) ^⇤⌃g1 ^⇤⌃g2⇡ |=and

10
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• Closed system synthesis can be 
formulated as a non-emptiness of the 
specification or satisfiability problem

A solution approach

9y · �(y)
(all possible 
executions)

(all valid 
executions)executions that

are possible and 
valid

Trace(P)

Words(�)• For synthesis problems, “interesting” 
behaviors are “good” behaviors (as 
opposed to verification problems where 
“interesting behaviors are “bad” behaviors)

• A counterexample provided in case of negative result is a path    of P that satisfies 
• Positive result means                                             , i.e., a path    of P that satisfies     
does not exist 

�⇡
Trace(P) \Words(�) = ; �⇡

• Construct a verification model and claim that

Trace(P) \Words(�) = ;

11
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Example 1: unprotected left turn

c8 c4 c9
acc acc

brake brake brake

{a8} {a4} {a9}

c3 c4 c5 c6

{h3} {h4} {h5} {h6}TSh

<latexit sha1_base64="bx0JvldtyXdmLD7Qfwt9ZKBLByo=">AAACEHicbVDLTsJAFJ3iC+sLdemmEUxcENISosQV0YUuUQFJAMl0egsj00dmpiak6T8Yd/ol7oxb/8APce9QWCh4kklOzrk398yxQ0aFNM0vLbO0vLK6ll3XNza3tndyu3stEUScQJMELOBtGwtg1IempJJBO+SAPZvBnT26mPh3j8AFDfyGHIfQ8/DApy4lWCqpVWjc3g8L/VzeLJkpjEVizUgezVDv5767TkAiD3xJGBaiY5mh7MWYS0oYJHo3EhBiMsID6CjqYw9EL07TJsaRUhzDDbh6vjRS9fdGjD0hxp6tJj0sh2Lem4j/eZ1IutVeTP0wkuCT6SE3YoYMjMnXDYdyIJKNFcGEU5XVIEPMMZGqIL3rgKtKTOPEDgiSxDeX50lsVa1i+aRoJrquerLmW1kkrXLJqpQq1+V87WzWWBYdoEN0jCx0imroCtVRExH0gJ7QC3rVnrU37V37mI5mtNnOPvoD7fMHunObIA==</latexit>

TSa

<latexit sha1_base64="TKabwpY0IhabDLnBAUyKP6moBWc=">AAACEHicbVDLTsJAFJ3iC+sLdemmEUxcENISosQV0YUuUQFJAMl0egsj00dmpiak6T8Yd/ol7oxb/8APce9QWCh4kklOzrk398yxQ0aFNM0vLbO0vLK6ll3XNza3tndyu3stEUScQJMELOBtGwtg1IempJJBO+SAPZvBnT26mPh3j8AFDfyGHIfQ8/DApy4lWCqpVWjc3uNCP5c3S2YKY5FYM5JHM9T7ue+uE5DIA18ShoXoWGYoezHmkhIGid6NBISYjPAAOor62APRi9O0iXGkFMdwA66eL41U/b0RY0+IsWerSQ/LoZj3JuJ/XieSbrUXUz+MJPhkesiNmCEDY/J1w6EciGRjRTDhVGU1yBBzTKQqSO864KoS0zixA4Ik8c3leRJbVatYPimaia6rnqz5VhZJq1yyKqXKdTlfO5s1lkUH6BAdIwudohq6QnXURAQ9oCf0gl61Z+1Ne9c+pqMZbbazj/5A+/wBrtubGQ==</latexit>

TSl

<latexit sha1_base64="HnjaF0qRpQiDmnFDj/V+VQ7Es6w=">AAACEHicbVDLTsJAFJ3iC+sLdemmEUxcENISosQV0YUuUQFJAMl0egsj00dmpiak6T8Yd/ol7oxb/8APce9QWCh4kklOzrk398yxQ0aFNM0vLbO0vLK6ll3XNza3tndyu3stEUScQJMELOBtGwtg1IempJJBO+SAPZvBnT26mPh3j8AFDfyGHIfQ8/DApy4lWCqpVWjc3rNCP5c3S2YKY5FYM5JHM9T7ue+uE5DIA18ShoXoWGYoezHmkhIGid6NBISYjPAAOor62APRi9O0iXGkFMdwA66eL41U/b0RY0+IsWerSQ/LoZj3JuJ/XieSbrUXUz+MJPhkesiNmCEDY/J1w6EciGRjRTDhVGU1yBBzTKQqSO864KoS0zixA4Ik8c3leRJbVatYPimaia6rnqz5VhZJq1yyKqXKdTlfO5s1lkUH6BAdIwudohq6QnXURAQ9oCf0gl61Z+1Ne9c+pqMZbbazj/5A+/wBwRObJA==</latexit>

s1 s2

{green} {red}

c8,c3,s1

acc

brake
{a8}

c8,c4,s2

c4,c4,s2

c8,c5,s2

c4,c5,s2

c9,c5,s2

brake

brake

acc

acc

c8,c6,s2

c4,c6,s2

c9,c6,s2

brake

acc

brake

acc

brake

acc

acc

TSakTShkTSl

<latexit sha1_base64="Qv90B3SsudXgsQgdciAo5Hz/scE="></latexit>

brake

brake

brake

c6

<latexit sha1_base64="RndEc0zCZs2Rqz2jU8qHW028bek=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CbaCp7JbioqnghePFdy20C4lm2bb0CS7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXphwpo3rfjuFjc2t7Z3ibmlv/+DwqHx80tZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ3dzv/NElWaxfDTThAYCjySLGMHGSn6VDK6qg3LFrbkLoHXi5aQCOVqD8ld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaELqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmnXa16j1nioV5q3eRxFOINzuAQPrqEJ99ACHwgweIZXeHOk8+K8Ox/L1oKTz5zCHzifP6r+jek=</latexit>

c9

<latexit sha1_base64="IdEbJpZbmAq9GsQdsqt50xk1SDo=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CbaCp7JbCn6cCl48VnDbQruUbJptQ5PskmSFsvQ3ePGgiFd/kDf/jWm7B219MPB4b4aZeWHCmTau++0UNja3tneKu6W9/YPDo/LxSVvHqSLUJzGPVTfEmnImqW+Y4bSbKIpFyGknnNzN/c4TVZrF8tFMExoIPJIsYgQbK/lVMripDsoVt+YugNaJl5MK5GgNyl/9YUxSQaUhHGvd89zEBBlWhhFOZ6V+qmmCyQSPaM9SiQXVQbY4doYurDJEUaxsSYMW6u+JDAutpyK0nQKbsV715uJ/Xi810XWQMZmkhkqyXBSlHJkYzT9HQ6YoMXxqCSaK2VsRGWOFibH5lGwI3urL66Rdr3mNWuOhXmne5nEU4QzO4RI8uIIm3EMLfCDA4Ble4c2Rzovz7nwsWwtOPnMKf+B8/gCvjY3s</latexit>

c0

<latexit sha1_base64="ffti427A7bcqunaSWyNRIeKRtUE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5KUguKp4MVjBVMLbSib7aZdutmE3YlQSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6ZSGHTdb6ewsbm1vVPcLe3tHxwelY9P2ibJNOM+S2SiOyE1XArFfRQoeSfVnMah5I/h+HbuPz5xbUSiHnCS8iCmQyUiwShaya+yvlvtlytuzV2ArBMvJxXI0eqXv3qDhGUxV8gkNabruSkGU6pRMMlnpV5meErZmA5511JFY26C6eLYGbmwyoBEibalkCzU3xNTGhsziUPbGVMcmVVvLv7ndTOMroOpUGmGXLHloiiTBBMy/5wMhOYM5cQSyrSwtxI2opoytPmUbAje6svrpF2veY1a475ead7kcRThDM7hEjy4gibcQQt8YCDgGV7hzVHOi/PufCxbC04+cwp/4Hz+AKHgjeM=</latexit>

c1

<latexit sha1_base64="/BbwT+a9i+3Pht/Osuym/xaHPZg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5KUguKp4MVjBVMLbSib7aZdutmE3YlQSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6ZSGHTdb6ewsbm1vVPcLe3tHxwelY9P2ibJNOM+S2SiOyE1XArFfRQoeSfVnMah5I/h+HbuPz5xbUSiHnCS8iCmQyUiwShaya+yvlftlytuzV2ArBMvJxXI0eqXv3qDhGUxV8gkNabruSkGU6pRMMlnpV5meErZmA5511JFY26C6eLYGbmwyoBEibalkCzU3xNTGhsziUPbGVMcmVVvLv7ndTOMroOpUGmGXLHloiiTBBMy/5wMhOYM5cQSyrSwtxI2opoytPmUbAje6svrpF2veY1a475ead7kcRThDM7hEjy4gibcQQt8YCDgGV7hzVHOi/PufCxbC04+cwp/4Hz+AKNljeQ=</latexit>

c2

<latexit sha1_base64="zQ/4ZNx2qzw33lfMngt4rGZ0dg4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5KUguKp4MVjBVMLbSib7bZdutmE3YlQQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZFyZSGHTdb6ewsbm1vVPcLe3tHxwelY9P2iZONeM+i2WsOyE1XArFfRQoeSfRnEah5I/h5HbuPz5xbUSsHnCa8CCiIyWGglG0kl9l/Xq1X664NXcBsk68nFQgR6tf/uoNYpZGXCGT1Jiu5yYYZFSjYJLPSr3U8ISyCR3xrqWKRtwE2eLYGbmwyoAMY21LIVmovycyGhkzjULbGVEcm1VvLv7ndVMcXgeZUEmKXLHlomEqCcZk/jkZCM0ZyqkllGlhbyVsTDVlaPMp2RC81ZfXSbte8xq1xn290rzJ4yjCGZzDJXhwBU24gxb4wEDAM7zCm6OcF+fd+Vi2Fpx85hT+wPn8AaTqjeU=</latexit>

c3

<latexit sha1_base64="BpqgjRkeHv+iQY7dUeBsX6dD1YU=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CbaCp7JbC4qnghePFdy20C4lm2bb0CS7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXphwpo3rfjuFjc2t7Z3ibmlv/+DwqHx80tZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ3dzv/NElWaxfDTThAYCjySLGMHGSn6VDK6qg3LFrbkLoHXi5aQCOVqD8ld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaELqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmnXa16j1nioV5q3eRxFOINzuAQPrqEJ99ACHwgweIZXeHOk8+K8Ox/L1oKTz5zCHzifP6ZvjeY=</latexit>

c4

<latexit sha1_base64="NJID1FhHMYlMECtp0uZ89P4G2Zo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5KUguKp4MVjBVMLbSib7aZdutmE3YlQSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6ZSGHTdb6ewsbm1vVPcLe3tHxwelY9P2ibJNOM+S2SiOyE1XArFfRQoeSfVnMah5I/h+HbuPz5xbUSiHnCS8iCmQyUiwShaya+yfqPaL1fcmrsAWSdeTiqQo9Uvf/UGCctirpBJakzXc1MMplSjYJLPSr3M8JSyMR3yrqWKxtwE08WxM3JhlQGJEm1LIVmovyemNDZmEoe2M6Y4MqveXPzP62YYXQdTodIMuWLLRVEmCSZk/jkZCM0ZyokllGlhbyVsRDVlaPMp2RC81ZfXSbte8xq1xn290rzJ4yjCGZzDJXhwBU24gxb4wEDAM7zCm6OcF+fd+Vi2Fpx85hT+wPn8Aaf0jec=</latexit>

c5

<latexit sha1_base64="Ow3Ji/PtiunWvbLpqQ/aFvsEDEk=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CbaCp7JbKoqnghePFdy20C4lm2bb0CS7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXphwpo3rfjuFjc2t7Z3ibmlv/+DwqHx80tZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ3dzv/NElWaxfDTThAYCjySLGMHGSn6VDK6qg3LFrbkLoHXi5aQCOVqD8ld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaELqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmnXa16j1nioV5q3eRxFOINzuAQPrqEJ99ACHwgweIZXeHOk8+K8Ox/L1oKTz5zCHzifP6l5jeg=</latexit>

c7

<latexit sha1_base64="Xb6yToi0sfv85wfRNZYGE0QXAJE=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BFvBU9kthYqnghePFdy20C4lm2bb0Gx2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvCARXBvH+UaFre2d3b3ifung8Oj4pHx61tFxqijzaCxi1QuIZoJL5hluBOslipEoEKwbTO8WfveJKc1j+WhmCfMjMpY85JQYK3lVOmxWh+WKU3OWwJvEzUkFcrSH5a/BKKZpxKShgmjdd53E+BlRhlPB5qVBqllC6JSMWd9SSSKm/Wx57BxfWWWEw1jZkgYv1d8TGYm0nkWB7YyImeh1byH+5/VTE974GZdJapikq0VhKrCJ8eJzPOKKUSNmlhCquL0V0wlRhBqbT8mG4K6/vEk69ZrbqDUe6pXWbR5HES7gEq7BhSa04B7a4AEFDs/wCm9Iohf0jj5WrQWUz5zDH6DPH6yDjeo=</latexit>

c8

<latexit sha1_base64="VxGTxdA+fEaOHnV46G5RyxF/GFU=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BFvBU9ktBYunghePFdy20C4lm2bb0Gx2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvCARXBvH+UaFre2d3b3ifung8Oj4pHx61tFxqijzaCxi1QuIZoJL5hluBOslipEoEKwbTO8WfveJKc1j+WhmCfMjMpY85JQYK3lVOmxWh+WKU3OWwJvEzUkFcrSH5a/BKKZpxKShgmjdd53E+BlRhlPB5qVBqllC6JSMWd9SSSKm/Wx57BxfWWWEw1jZkgYv1d8TGYm0nkWB7YyImeh1byH+5/VTEzb9jMskNUzS1aIwFdjEePE5HnHFqBEzSwhV3N6K6YQoQo3Np2RDcNdf3iSdes1t1BoP9UrrNo+jCBdwCdfgwg204B7a4AEFDs/wCm9Iohf0jj5WrQWUz5zDH6DPH64Ijes=</latexit>

TSh

<latexit sha1_base64="bx0JvldtyXdmLD7Qfwt9ZKBLByo=">AAACEHicbVDLTsJAFJ3iC+sLdemmEUxcENISosQV0YUuUQFJAMl0egsj00dmpiak6T8Yd/ol7oxb/8APce9QWCh4kklOzrk398yxQ0aFNM0vLbO0vLK6ll3XNza3tndyu3stEUScQJMELOBtGwtg1IempJJBO+SAPZvBnT26mPh3j8AFDfyGHIfQ8/DApy4lWCqpVWjc3g8L/VzeLJkpjEVizUgezVDv5767TkAiD3xJGBaiY5mh7MWYS0oYJHo3EhBiMsID6CjqYw9EL07TJsaRUhzDDbh6vjRS9fdGjD0hxp6tJj0sh2Lem4j/eZ1IutVeTP0wkuCT6SE3YoYMjMnXDYdyIJKNFcGEU5XVIEPMMZGqIL3rgKtKTOPEDgiSxDeX50lsVa1i+aRoJrquerLmW1kkrXLJqpQq1+V87WzWWBYdoEN0jCx0imroCtVRExH0gJ7QC3rVnrU37V37mI5mtNnOPvoD7fMHunObIA==</latexit>

TSl

<latexit sha1_base64="HnjaF0qRpQiDmnFDj/V+VQ7Es6w=">AAACEHicbVDLTsJAFJ3iC+sLdemmEUxcENISosQV0YUuUQFJAMl0egsj00dmpiak6T8Yd/ol7oxb/8APce9QWCh4kklOzrk398yxQ0aFNM0vLbO0vLK6ll3XNza3tndyu3stEUScQJMELOBtGwtg1IempJJBO+SAPZvBnT26mPh3j8AFDfyGHIfQ8/DApy4lWCqpVWjc3rNCP5c3S2YKY5FYM5JHM9T7ue+uE5DIA18ShoXoWGYoezHmkhIGid6NBISYjPAAOor62APRi9O0iXGkFMdwA66eL41U/b0RY0+IsWerSQ/LoZj3JuJ/XieSbrUXUz+MJPhkesiNmCEDY/J1w6EciGRjRTDhVGU1yBBzTKQqSO864KoS0zixA4Ik8c3leRJbVatYPimaia6rnqz5VhZJq1yyKqXKdTlfO5s1lkUH6BAdIwudohq6QnXURAQ9oCf0gl61Z+1Ne9c+pqMZbbazj/5A+/wBwRObJA==</latexit>

TSa

<latexit sha1_base64="TKabwpY0IhabDLnBAUyKP6moBWc=">AAACEHicbVDLTsJAFJ3iC+sLdemmEUxcENISosQV0YUuUQFJAMl0egsj00dmpiak6T8Yd/ol7oxb/8APce9QWCh4kklOzrk398yxQ0aFNM0vLbO0vLK6ll3XNza3tndyu3stEUScQJMELOBtGwtg1IempJJBO+SAPZvBnT26mPh3j8AFDfyGHIfQ8/DApy4lWCqpVWjc3uNCP5c3S2YKY5FYM5JHM9T7ue+uE5DIA18ShoXoWGYoezHmkhIGid6NBISYjPAAOor62APRi9O0iXGkFMdwA66eL41U/b0RY0+IsWerSQ/LoZj3JuJ/XieSbrUXUz+MJPhkesiNmCEDY/J1w6EciGRjRTDhVGU1yBBzTKQqSO864KoS0zixA4Ik8c3leRJbVatYPimaia6rnqz5VhZJq1yyKqXKdTlfO5s1lkUH6BAdIwudohq6QnXURAQ9oCf0gl61Z+1Ne9c+pqMZbbazj/5A+/wBrtubGQ==</latexit>
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Example 1: unprotected left turn

A

' = ¬(h4 ^ a4) U a9

<latexit sha1_base64="fYaClwR/d1ZqXVM419H1mxpGvnM="></latexit>

true

q0 q1

¬(h4 ^ a4)

<latexit sha1_base64="VEIRFR+iiprQqEb1z8yHV9ddUwM="></latexit>

a9

<latexit sha1_base64="FVtQsk9R3n2kXO/RenqiTW8Y0g4="></latexit>

c8,c3,s1

acc

brake
{a8}

c8,c4,s2

c4,c4,s2

c8,c5,s2

c4,c5,s2

c9,c5,s2

brake

brake

acc

acc

c8,c6,s2

c4,c6,s2

c9,c6,s2

brake

acc

brake

acc

brake

acc

acc

TSakTShkTSl

<latexit sha1_base64="Qv90B3SsudXgsQgdciAo5Hz/scE="></latexit>

brake

brake

brake

c6

<latexit sha1_base64="RndEc0zCZs2Rqz2jU8qHW028bek=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CbaCp7JbioqnghePFdy20C4lm2bb0CS7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXphwpo3rfjuFjc2t7Z3ibmlv/+DwqHx80tZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ3dzv/NElWaxfDTThAYCjySLGMHGSn6VDK6qg3LFrbkLoHXi5aQCOVqD8ld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaELqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmnXa16j1nioV5q3eRxFOINzuAQPrqEJ99ACHwgweIZXeHOk8+K8Ox/L1oKTz5zCHzifP6r+jek=</latexit>

c9

<latexit sha1_base64="IdEbJpZbmAq9GsQdsqt50xk1SDo=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CbaCp7JbCn6cCl48VnDbQruUbJptQ5PskmSFsvQ3ePGgiFd/kDf/jWm7B219MPB4b4aZeWHCmTau++0UNja3tneKu6W9/YPDo/LxSVvHqSLUJzGPVTfEmnImqW+Y4bSbKIpFyGknnNzN/c4TVZrF8tFMExoIPJIsYgQbK/lVMripDsoVt+YugNaJl5MK5GgNyl/9YUxSQaUhHGvd89zEBBlWhhFOZ6V+qmmCyQSPaM9SiQXVQbY4doYurDJEUaxsSYMW6u+JDAutpyK0nQKbsV715uJ/Xi810XWQMZmkhkqyXBSlHJkYzT9HQ6YoMXxqCSaK2VsRGWOFibH5lGwI3urL66Rdr3mNWuOhXmne5nEU4QzO4RI8uIIm3EMLfCDA4Ble4c2Rzovz7nwsWwtOPnMKf+B8/gCvjY3s</latexit>

c0

<latexit sha1_base64="ffti427A7bcqunaSWyNRIeKRtUE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5KUguKp4MVjBVMLbSib7aZdutmE3YlQSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6ZSGHTdb6ewsbm1vVPcLe3tHxwelY9P2ibJNOM+S2SiOyE1XArFfRQoeSfVnMah5I/h+HbuPz5xbUSiHnCS8iCmQyUiwShaya+yvlvtlytuzV2ArBMvJxXI0eqXv3qDhGUxV8gkNabruSkGU6pRMMlnpV5meErZmA5511JFY26C6eLYGbmwyoBEibalkCzU3xNTGhsziUPbGVMcmVVvLv7ndTOMroOpUGmGXLHloiiTBBMy/5wMhOYM5cQSyrSwtxI2opoytPmUbAje6svrpF2veY1a475ead7kcRThDM7hEjy4gibcQQt8YCDgGV7hzVHOi/PufCxbC04+cwp/4Hz+AKHgjeM=</latexit>

c1

<latexit sha1_base64="/BbwT+a9i+3Pht/Osuym/xaHPZg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5KUguKp4MVjBVMLbSib7aZdutmE3YlQSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6ZSGHTdb6ewsbm1vVPcLe3tHxwelY9P2ibJNOM+S2SiOyE1XArFfRQoeSfVnMah5I/h+HbuPz5xbUSiHnCS8iCmQyUiwShaya+yvlftlytuzV2ArBMvJxXI0eqXv3qDhGUxV8gkNabruSkGU6pRMMlnpV5meErZmA5511JFY26C6eLYGbmwyoBEibalkCzU3xNTGhsziUPbGVMcmVVvLv7ndTOMroOpUGmGXLHloiiTBBMy/5wMhOYM5cQSyrSwtxI2opoytPmUbAje6svrpF2veY1a475ead7kcRThDM7hEjy4gibcQQt8YCDgGV7hzVHOi/PufCxbC04+cwp/4Hz+AKNljeQ=</latexit>

c2

<latexit sha1_base64="zQ/4ZNx2qzw33lfMngt4rGZ0dg4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5KUguKp4MVjBVMLbSib7bZdutmE3YlQQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZFyZSGHTdb6ewsbm1vVPcLe3tHxwelY9P2iZONeM+i2WsOyE1XArFfRQoeSfRnEah5I/h5HbuPz5xbUSsHnCa8CCiIyWGglG0kl9l/Xq1X664NXcBsk68nFQgR6tf/uoNYpZGXCGT1Jiu5yYYZFSjYJLPSr3U8ISyCR3xrqWKRtwE2eLYGbmwyoAMY21LIVmovycyGhkzjULbGVEcm1VvLv7ndVMcXgeZUEmKXLHlomEqCcZk/jkZCM0ZyqkllGlhbyVsTDVlaPMp2RC81ZfXSbte8xq1xn290rzJ4yjCGZzDJXhwBU24gxb4wEDAM7zCm6OcF+fd+Vi2Fpx85hT+wPn8AaTqjeU=</latexit>

c3

<latexit sha1_base64="BpqgjRkeHv+iQY7dUeBsX6dD1YU=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CbaCp7JbC4qnghePFdy20C4lm2bb0CS7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXphwpo3rfjuFjc2t7Z3ibmlv/+DwqHx80tZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ3dzv/NElWaxfDTThAYCjySLGMHGSn6VDK6qg3LFrbkLoHXi5aQCOVqD8ld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaELqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmnXa16j1nioV5q3eRxFOINzuAQPrqEJ99ACHwgweIZXeHOk8+K8Ox/L1oKTz5zCHzifP6ZvjeY=</latexit>

c4

<latexit sha1_base64="NJID1FhHMYlMECtp0uZ89P4G2Zo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5KUguKp4MVjBVMLbSib7aZdutmE3YlQSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6ZSGHTdb6ewsbm1vVPcLe3tHxwelY9P2ibJNOM+S2SiOyE1XArFfRQoeSfVnMah5I/h+HbuPz5xbUSiHnCS8iCmQyUiwShaya+yfqPaL1fcmrsAWSdeTiqQo9Uvf/UGCctirpBJakzXc1MMplSjYJLPSr3M8JSyMR3yrqWKxtwE08WxM3JhlQGJEm1LIVmovyemNDZmEoe2M6Y4MqveXPzP62YYXQdTodIMuWLLRVEmCSZk/jkZCM0ZyokllGlhbyVsRDVlaPMp2RC81ZfXSbte8xq1xn290rzJ4yjCGZzDJXhwBU24gxb4wEDAM7zCm6OcF+fd+Vi2Fpx85hT+wPn8Aaf0jec=</latexit>

c5

<latexit sha1_base64="Ow3Ji/PtiunWvbLpqQ/aFvsEDEk=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CbaCp7JbKoqnghePFdy20C4lm2bb0CS7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXphwpo3rfjuFjc2t7Z3ibmlv/+DwqHx80tZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ3dzv/NElWaxfDTThAYCjySLGMHGSn6VDK6qg3LFrbkLoHXi5aQCOVqD8ld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaELqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmnXa16j1nioV5q3eRxFOINzuAQPrqEJ99ACHwgweIZXeHOk8+K8Ox/L1oKTz5zCHzifP6l5jeg=</latexit>

c7

<latexit sha1_base64="Xb6yToi0sfv85wfRNZYGE0QXAJE=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BFvBU9kthYqnghePFdy20C4lm2bb0Gx2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvCARXBvH+UaFre2d3b3ifung8Oj4pHx61tFxqijzaCxi1QuIZoJL5hluBOslipEoEKwbTO8WfveJKc1j+WhmCfMjMpY85JQYK3lVOmxWh+WKU3OWwJvEzUkFcrSH5a/BKKZpxKShgmjdd53E+BlRhlPB5qVBqllC6JSMWd9SSSKm/Wx57BxfWWWEw1jZkgYv1d8TGYm0nkWB7YyImeh1byH+5/VTE974GZdJapikq0VhKrCJ8eJzPOKKUSNmlhCquL0V0wlRhBqbT8mG4K6/vEk69ZrbqDUe6pXWbR5HES7gEq7BhSa04B7a4AEFDs/wCm9Iohf0jj5WrQWUz5zDH6DPH6yDjeo=</latexit>

c8

<latexit sha1_base64="VxGTxdA+fEaOHnV46G5RyxF/GFU=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BFvBU9ktBYunghePFdy20C4lm2bb0Gx2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvCARXBvH+UaFre2d3b3ifung8Oj4pHx61tFxqijzaCxi1QuIZoJL5hluBOslipEoEKwbTO8WfveJKc1j+WhmCfMjMpY85JQYK3lVOmxWh+WKU3OWwJvEzUkFcrSH5a/BKKZpxKShgmjdd53E+BlRhlPB5qVBqllC6JSMWd9SSSKm/Wx57BxfWWWEw1jZkgYv1d8TGYm0nkWB7YyImeh1byH+5/VTEzb9jMskNUzS1aIwFdjEePE5HnHFqBEzSwhV3N6K6YQoQo3Np2RDcNdf3iSdes1t1BoP9UrrNo+jCBdwCdfgwg204B7a4AEFDs/wCm9Iohf0jj5WrQWUz5zDH6DPH64Ijes=</latexit>

TSh

<latexit sha1_base64="bx0JvldtyXdmLD7Qfwt9ZKBLByo=">AAACEHicbVDLTsJAFJ3iC+sLdemmEUxcENISosQV0YUuUQFJAMl0egsj00dmpiak6T8Yd/ol7oxb/8APce9QWCh4kklOzrk398yxQ0aFNM0vLbO0vLK6ll3XNza3tndyu3stEUScQJMELOBtGwtg1IempJJBO+SAPZvBnT26mPh3j8AFDfyGHIfQ8/DApy4lWCqpVWjc3g8L/VzeLJkpjEVizUgezVDv5767TkAiD3xJGBaiY5mh7MWYS0oYJHo3EhBiMsID6CjqYw9EL07TJsaRUhzDDbh6vjRS9fdGjD0hxp6tJj0sh2Lem4j/eZ1IutVeTP0wkuCT6SE3YoYMjMnXDYdyIJKNFcGEU5XVIEPMMZGqIL3rgKtKTOPEDgiSxDeX50lsVa1i+aRoJrquerLmW1kkrXLJqpQq1+V87WzWWBYdoEN0jCx0imroCtVRExH0gJ7QC3rVnrU37V37mI5mtNnOPvoD7fMHunObIA==</latexit>

TSl

<latexit sha1_base64="HnjaF0qRpQiDmnFDj/V+VQ7Es6w=">AAACEHicbVDLTsJAFJ3iC+sLdemmEUxcENISosQV0YUuUQFJAMl0egsj00dmpiak6T8Yd/ol7oxb/8APce9QWCh4kklOzrk398yxQ0aFNM0vLbO0vLK6ll3XNza3tndyu3stEUScQJMELOBtGwtg1IempJJBO+SAPZvBnT26mPh3j8AFDfyGHIfQ8/DApy4lWCqpVWjc3rNCP5c3S2YKY5FYM5JHM9T7ue+uE5DIA18ShoXoWGYoezHmkhIGid6NBISYjPAAOor62APRi9O0iXGkFMdwA66eL41U/b0RY0+IsWerSQ/LoZj3JuJ/XieSbrUXUz+MJPhkesiNmCEDY/J1w6EciGRjRTDhVGU1yBBzTKQqSO864KoS0zixA4Ik8c3leRJbVatYPimaia6rnqz5VhZJq1yyKqXKdTlfO5s1lkUH6BAdIwudohq6QnXURAQ9oCf0gl61Z+1Ne9c+pqMZbbazj/5A+/wBwRObJA==</latexit>

TSa

<latexit sha1_base64="TKabwpY0IhabDLnBAUyKP6moBWc=">AAACEHicbVDLTsJAFJ3iC+sLdemmEUxcENISosQV0YUuUQFJAMl0egsj00dmpiak6T8Yd/ol7oxb/8APce9QWCh4kklOzrk398yxQ0aFNM0vLbO0vLK6ll3XNza3tndyu3stEUScQJMELOBtGwtg1IempJJBO+SAPZvBnT26mPh3j8AFDfyGHIfQ8/DApy4lWCqpVWjc3uNCP5c3S2YKY5FYM5JHM9T7ue+uE5DIA18ShoXoWGYoezHmkhIGid6NBISYjPAAOor62APRi9O0iXGkFMdwA66eL41U/b0RY0+IsWerSQ/LoZj3JuJ/XieSbrUXUz+MJPhkesiNmCEDY/J1w6EciGRjRTDhVGU1yBBzTKQqSO864KoS0zixA4Ik8c3leRJbVatYPimaia6rnqz5VhZJq1yyKqXKdTlfO5s1lkUH6BAdIwudohq6QnXURAQ9oCf0gl61Z+1Ne9c+pqMZbbazj/5A+/wBrtubGQ==</latexit>
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Unprotected left turn: product automaton

A true

q0 q1

¬(h4 ^ a4)

<latexit sha1_base64="VEIRFR+iiprQqEb1z8yHV9ddUwM="></latexit>

a9

<latexit sha1_base64="FVtQsk9R3n2kXO/RenqiTW8Y0g4="></latexit>

c8,c3,s1

acc

brake
{a8}

c8,c4,s2

c4,c4,s2

c8,c5,s2

c4,c5,s2

c9,c5,s2

brake

brake

acc

acc

c8,c6,s2

c4,c6,s2

c9,c6,s2

brake

acc

brake

acc

brake

acc

acc

TSakTShkTSl

<latexit sha1_base64="Qv90B3SsudXgsQgdciAo5Hz/scE="></latexit>

brake

brake

brake

c8,c3,s1,q0

brake c8,c4,s2,q0

c8,c5,s2,q0

c4,c5,s2,q0

brake

acc

c8,c6,s2,q0

c4,c6,s2,q0

c9,c6,s2,q1

brake

acc

brake

acc

acc

acc

c9,c6,s2,q0

brake

brake

brake

acc
acc

(TSakTShkTSl)⌦A

<latexit sha1_base64="OurXEQpZ7KJt8oyfVTSllZPCLXw="></latexit>
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Unprotected left turn: solution

π = (c8, c3, s1)(c8, c4, s2)(c4, c5, s2)(c9, c6, s2)ω

c8,c3,s1,q0

brake c8,c4,s2,q0

c8,c5,s2,q0

c4,c5,s2,q0

brake

acc

c8,c6,s2,q0

c4,c6,s2,q0

c9,c6,s2,q1

brake

acc

brake

acc

acc

acc

c9,c6,s2,q0

brake

brake

brake

acc
acc

(TSakTShkTSl)⌦A

<latexit sha1_base64="OurXEQpZ7KJt8oyfVTSllZPCLXw="></latexit>
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Example 2: unprotected left turn with traffic light rule

c8,c3,s1

acc

brake
{a8}

c8,c4,s2

c4,c4,s2

c8,c5,s2

c4,c5,s2

c9,c5,s2

brake

brake

acc

acc

c8,c6,s2

c4,c6,s2

c9,c6,s2

brake

acc

brake

acc

brake

acc

acc

TSakTShkTSl

<latexit sha1_base64="Qv90B3SsudXgsQgdciAo5Hz/scE="></latexit>

brake

brake

brake

' =
⇣
¬(h4 ^ a4) ^ ¬(red ^ (a8 _ a4)

⌘
U a9

<latexit sha1_base64="26WFHRm+0aC/iyoAD5b/szFDPEI="></latexit>

A

true

q0 q1
a9

<latexit sha1_base64="FVtQsk9R3n2kXO/RenqiTW8Y0g4="></latexit>

¬(h4 ^ a4) ^ ¬(red ^ (a8 _ a4))

<latexit sha1_base64="g4vY7eRNeYk8yT01+OtQ70PtUo4="></latexit>

c6

<latexit sha1_base64="RndEc0zCZs2Rqz2jU8qHW028bek=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CbaCp7JbioqnghePFdy20C4lm2bb0CS7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXphwpo3rfjuFjc2t7Z3ibmlv/+DwqHx80tZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ3dzv/NElWaxfDTThAYCjySLGMHGSn6VDK6qg3LFrbkLoHXi5aQCOVqD8ld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaELqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmnXa16j1nioV5q3eRxFOINzuAQPrqEJ99ACHwgweIZXeHOk8+K8Ox/L1oKTz5zCHzifP6r+jek=</latexit>

c9

<latexit sha1_base64="IdEbJpZbmAq9GsQdsqt50xk1SDo=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CbaCp7JbCn6cCl48VnDbQruUbJptQ5PskmSFsvQ3ePGgiFd/kDf/jWm7B219MPB4b4aZeWHCmTau++0UNja3tneKu6W9/YPDo/LxSVvHqSLUJzGPVTfEmnImqW+Y4bSbKIpFyGknnNzN/c4TVZrF8tFMExoIPJIsYgQbK/lVMripDsoVt+YugNaJl5MK5GgNyl/9YUxSQaUhHGvd89zEBBlWhhFOZ6V+qmmCyQSPaM9SiQXVQbY4doYurDJEUaxsSYMW6u+JDAutpyK0nQKbsV715uJ/Xi810XWQMZmkhkqyXBSlHJkYzT9HQ6YoMXxqCSaK2VsRGWOFibH5lGwI3urL66Rdr3mNWuOhXmne5nEU4QzO4RI8uIIm3EMLfCDA4Ble4c2Rzovz7nwsWwtOPnMKf+B8/gCvjY3s</latexit>

c0

<latexit sha1_base64="ffti427A7bcqunaSWyNRIeKRtUE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5KUguKp4MVjBVMLbSib7aZdutmE3YlQSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6ZSGHTdb6ewsbm1vVPcLe3tHxwelY9P2ibJNOM+S2SiOyE1XArFfRQoeSfVnMah5I/h+HbuPz5xbUSiHnCS8iCmQyUiwShaya+yvlvtlytuzV2ArBMvJxXI0eqXv3qDhGUxV8gkNabruSkGU6pRMMlnpV5meErZmA5511JFY26C6eLYGbmwyoBEibalkCzU3xNTGhsziUPbGVMcmVVvLv7ndTOMroOpUGmGXLHloiiTBBMy/5wMhOYM5cQSyrSwtxI2opoytPmUbAje6svrpF2veY1a475ead7kcRThDM7hEjy4gibcQQt8YCDgGV7hzVHOi/PufCxbC04+cwp/4Hz+AKHgjeM=</latexit>

c1

<latexit sha1_base64="/BbwT+a9i+3Pht/Osuym/xaHPZg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5KUguKp4MVjBVMLbSib7aZdutmE3YlQSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6ZSGHTdb6ewsbm1vVPcLe3tHxwelY9P2ibJNOM+S2SiOyE1XArFfRQoeSfVnMah5I/h+HbuPz5xbUSiHnCS8iCmQyUiwShaya+yvlftlytuzV2ArBMvJxXI0eqXv3qDhGUxV8gkNabruSkGU6pRMMlnpV5meErZmA5511JFY26C6eLYGbmwyoBEibalkCzU3xNTGhsziUPbGVMcmVVvLv7ndTOMroOpUGmGXLHloiiTBBMy/5wMhOYM5cQSyrSwtxI2opoytPmUbAje6svrpF2veY1a475ead7kcRThDM7hEjy4gibcQQt8YCDgGV7hzVHOi/PufCxbC04+cwp/4Hz+AKNljeQ=</latexit>

c2

<latexit sha1_base64="zQ/4ZNx2qzw33lfMngt4rGZ0dg4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5KUguKp4MVjBVMLbSib7bZdutmE3YlQQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZFyZSGHTdb6ewsbm1vVPcLe3tHxwelY9P2iZONeM+i2WsOyE1XArFfRQoeSfRnEah5I/h5HbuPz5xbUSsHnCa8CCiIyWGglG0kl9l/Xq1X664NXcBsk68nFQgR6tf/uoNYpZGXCGT1Jiu5yYYZFSjYJLPSr3U8ISyCR3xrqWKRtwE2eLYGbmwyoAMY21LIVmovycyGhkzjULbGVEcm1VvLv7ndVMcXgeZUEmKXLHlomEqCcZk/jkZCM0ZyqkllGlhbyVsTDVlaPMp2RC81ZfXSbte8xq1xn290rzJ4yjCGZzDJXhwBU24gxb4wEDAM7zCm6OcF+fd+Vi2Fpx85hT+wPn8AaTqjeU=</latexit>

c3

<latexit sha1_base64="BpqgjRkeHv+iQY7dUeBsX6dD1YU=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CbaCp7JbC4qnghePFdy20C4lm2bb0CS7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXphwpo3rfjuFjc2t7Z3ibmlv/+DwqHx80tZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ3dzv/NElWaxfDTThAYCjySLGMHGSn6VDK6qg3LFrbkLoHXi5aQCOVqD8ld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaELqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmnXa16j1nioV5q3eRxFOINzuAQPrqEJ99ACHwgweIZXeHOk8+K8Ox/L1oKTz5zCHzifP6ZvjeY=</latexit>

c4

<latexit sha1_base64="NJID1FhHMYlMECtp0uZ89P4G2Zo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5KUguKp4MVjBVMLbSib7aZdutmE3YlQSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6ZSGHTdb6ewsbm1vVPcLe3tHxwelY9P2ibJNOM+S2SiOyE1XArFfRQoeSfVnMah5I/h+HbuPz5xbUSiHnCS8iCmQyUiwShaya+yfqPaL1fcmrsAWSdeTiqQo9Uvf/UGCctirpBJakzXc1MMplSjYJLPSr3M8JSyMR3yrqWKxtwE08WxM3JhlQGJEm1LIVmovyemNDZmEoe2M6Y4MqveXPzP62YYXQdTodIMuWLLRVEmCSZk/jkZCM0ZyokllGlhbyVsRDVlaPMp2RC81ZfXSbte8xq1xn290rzJ4yjCGZzDJXhwBU24gxb4wEDAM7zCm6OcF+fd+Vi2Fpx85hT+wPn8Aaf0jec=</latexit>

c5

<latexit sha1_base64="Ow3Ji/PtiunWvbLpqQ/aFvsEDEk=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CbaCp7JbKoqnghePFdy20C4lm2bb0CS7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXphwpo3rfjuFjc2t7Z3ibmlv/+DwqHx80tZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ3dzv/NElWaxfDTThAYCjySLGMHGSn6VDK6qg3LFrbkLoHXi5aQCOVqD8ld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaELqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmnXa16j1nioV5q3eRxFOINzuAQPrqEJ99ACHwgweIZXeHOk8+K8Ox/L1oKTz5zCHzifP6l5jeg=</latexit>

c7

<latexit sha1_base64="Xb6yToi0sfv85wfRNZYGE0QXAJE=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BFvBU9kthYqnghePFdy20C4lm2bb0Gx2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvCARXBvH+UaFre2d3b3ifung8Oj4pHx61tFxqijzaCxi1QuIZoJL5hluBOslipEoEKwbTO8WfveJKc1j+WhmCfMjMpY85JQYK3lVOmxWh+WKU3OWwJvEzUkFcrSH5a/BKKZpxKShgmjdd53E+BlRhlPB5qVBqllC6JSMWd9SSSKm/Wx57BxfWWWEw1jZkgYv1d8TGYm0nkWB7YyImeh1byH+5/VTE974GZdJapikq0VhKrCJ8eJzPOKKUSNmlhCquL0V0wlRhBqbT8mG4K6/vEk69ZrbqDUe6pXWbR5HES7gEq7BhSa04B7a4AEFDs/wCm9Iohf0jj5WrQWUz5zDH6DPH6yDjeo=</latexit>

c8

<latexit sha1_base64="VxGTxdA+fEaOHnV46G5RyxF/GFU=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BFvBU9ktBYunghePFdy20C4lm2bb0Gx2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvCARXBvH+UaFre2d3b3ifung8Oj4pHx61tFxqijzaCxi1QuIZoJL5hluBOslipEoEKwbTO8WfveJKc1j+WhmCfMjMpY85JQYK3lVOmxWh+WKU3OWwJvEzUkFcrSH5a/BKKZpxKShgmjdd53E+BlRhlPB5qVBqllC6JSMWd9SSSKm/Wx57BxfWWWEw1jZkgYv1d8TGYm0nkWB7YyImeh1byH+5/VTEzb9jMskNUzS1aIwFdjEePE5HnHFqBEzSwhV3N6K6YQoQo3Np2RDcNdf3iSdes1t1BoP9UrrNo+jCBdwCdfgwg204B7a4AEFDs/wCm9Iohf0jj5WrQWUz5zDH6DPH64Ijes=</latexit>

TSh

<latexit sha1_base64="bx0JvldtyXdmLD7Qfwt9ZKBLByo=">AAACEHicbVDLTsJAFJ3iC+sLdemmEUxcENISosQV0YUuUQFJAMl0egsj00dmpiak6T8Yd/ol7oxb/8APce9QWCh4kklOzrk398yxQ0aFNM0vLbO0vLK6ll3XNza3tndyu3stEUScQJMELOBtGwtg1IempJJBO+SAPZvBnT26mPh3j8AFDfyGHIfQ8/DApy4lWCqpVWjc3g8L/VzeLJkpjEVizUgezVDv5767TkAiD3xJGBaiY5mh7MWYS0oYJHo3EhBiMsID6CjqYw9EL07TJsaRUhzDDbh6vjRS9fdGjD0hxp6tJj0sh2Lem4j/eZ1IutVeTP0wkuCT6SE3YoYMjMnXDYdyIJKNFcGEU5XVIEPMMZGqIL3rgKtKTOPEDgiSxDeX50lsVa1i+aRoJrquerLmW1kkrXLJqpQq1+V87WzWWBYdoEN0jCx0imroCtVRExH0gJ7QC3rVnrU37V37mI5mtNnOPvoD7fMHunObIA==</latexit>

TSl

<latexit sha1_base64="HnjaF0qRpQiDmnFDj/V+VQ7Es6w=">AAACEHicbVDLTsJAFJ3iC+sLdemmEUxcENISosQV0YUuUQFJAMl0egsj00dmpiak6T8Yd/ol7oxb/8APce9QWCh4kklOzrk398yxQ0aFNM0vLbO0vLK6ll3XNza3tndyu3stEUScQJMELOBtGwtg1IempJJBO+SAPZvBnT26mPh3j8AFDfyGHIfQ8/DApy4lWCqpVWjc3rNCP5c3S2YKY5FYM5JHM9T7ue+uE5DIA18ShoXoWGYoezHmkhIGid6NBISYjPAAOor62APRi9O0iXGkFMdwA66eL41U/b0RY0+IsWerSQ/LoZj3JuJ/XieSbrUXUz+MJPhkesiNmCEDY/J1w6EciGRjRTDhVGU1yBBzTKQqSO864KoS0zixA4Ik8c3leRJbVatYPimaia6rnqz5VhZJq1yyKqXKdTlfO5s1lkUH6BAdIwudohq6QnXURAQ9oCf0gl61Z+1Ne9c+pqMZbbazj/5A+/wBwRObJA==</latexit>

TSa

<latexit sha1_base64="TKabwpY0IhabDLnBAUyKP6moBWc=">AAACEHicbVDLTsJAFJ3iC+sLdemmEUxcENISosQV0YUuUQFJAMl0egsj00dmpiak6T8Yd/ol7oxb/8APce9QWCh4kklOzrk398yxQ0aFNM0vLbO0vLK6ll3XNza3tndyu3stEUScQJMELOBtGwtg1IempJJBO+SAPZvBnT26mPh3j8AFDfyGHIfQ8/DApy4lWCqpVWjc3uNCP5c3S2YKY5FYM5JHM9T7ue+uE5DIA18ShoXoWGYoezHmkhIGid6NBISYjPAAOor62APRi9O0iXGkFMdwA66eL41U/b0RY0+IsWerSQ/LoZj3JuJ/XieSbrUXUz+MJPhkesiNmCEDY/J1w6EciGRjRTDhVGU1yBBzTKQqSO864KoS0zixA4Ik8c3leRJbVatYPimaia6rnqz5VhZJq1yyKqXKdTlfO5s1lkUH6BAdIwudohq6QnXURAQ9oCf0gl61Z+1Ne9c+pqMZbbazj/5A+/wBrtubGQ==</latexit>
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Unprotected left turn with traffic light rule: 
product automaton

c8,c3,s1

acc

brake
{a8}

c8,c4,s2

c4,c4,s2

c8,c5,s2

c4,c5,s2

c9,c5,s2

brake

brake

acc

acc

c8,c6,s2

c4,c6,s2

c9,c6,s2

brake

acc

brake

acc

brake

acc

acc

TSakTShkTSl

<latexit sha1_base64="Qv90B3SsudXgsQgdciAo5Hz/scE="></latexit>

brake

brake

brake

c8,c3,s1,q0(TSakTShkTSl)⌦A

<latexit sha1_base64="OurXEQpZ7KJt8oyfVTSllZPCLXw="></latexit>

true

q0 q1
a9

<latexit sha1_base64="FVtQsk9R3n2kXO/RenqiTW8Y0g4="></latexit>

¬(h4 ^ a4) ^ ¬(red ^ (a8 _ a4))

<latexit sha1_base64="g4vY7eRNeYk8yT01+OtQ70PtUo4="></latexit>

A

No feasible controller!


