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CTL(Computation Tree Logic)
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CTL

«  CTL(Computational tree logic)&= Linear temporal logicO| A AFEEZ|= AKX AKX G, F X, U €
Off path quantifier E, A7t MM E|O| =2|AS HESSHCL.

Table 1: Some temporal connectives in CTL

EX true in current state if formula @ is true in at
EF P . AG P . P P least one of the next states
(= - ff "P} EF true in current state if there exists some state
i) in some path beginning in current state that

satisfies the formula @

EG true in current state if every state in some path
P (0] beginning in current state satisfies the formula
@
AX true in current state if formula @ is true in
i) every one of the next states
AF true in current state if there exists some state
P in every path beginning in current state that
P P P P satisfies the formula @
AG true in current state if every state in every path
i) beginning in current state satisfies the formula
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SMV input language

System description and specification in

System model CTL formulas

S

OBDD symbolic model
checker

Specification ... is True

Specification ... is false, as
demonstrated by the following
execution sequence.
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B . (top level)

—req1 free
—reg2  free
—setve
—wastel
—waste?

File Show

—————— — — — — — — — — — — — — — — — — — — — — — — — — — — — ——————— — — —  ——— ——————————————————————————— @i

Source | Trace [ Log |

u
input regl,reqg2
output ackl,acka

mutex @ assert
Serve @ assSert
wastel : assert
wasteZ : assert

module main(regl,reqgz,ackl, ackz)

: hoolean;
i boolean;

ackl = regl & ~reg2:
ackZ := req2 & ~regl:

~{ackl & ack2z):
{regl | ceg2) -»
ackl -» regl;
ackZ => req2;

{ackl | ackz):

Property: wastel

i-s earch:l

E . top level)

input regl,reg
output ackl,ackz

module main(regl, reg2, ackl \ackz)

: hoolean
i hoolean;

marked

-> {ackl |

ackl := regl & ~reg2:

ackZ := reqgi & ~regl:;

mutex @ assert ~(ackl & ackz):
serve @ assert (regl | reg2)
wastel : assert ackl -> regl:;
wastel : assert acki -> reqgl;

ackz] ;



Examplel : 2-way Arbiter

dule main(reql req2,ackl,ack) hai rea?
module main(reql,req2,ackl,ac 2.
anred Node 1 “:ur Node 2
{ Arbiter
. ack] ack?2
input reql,reg2 : boolean;
output ackl,ack? : boolean;
A shared
ackl := reql & ~req2; PR
ack2 := req2 & ~reql;
parameters
mutex : assert ~(ackl & ack2); reql,req2, ackl,ack2
serve : assert (reql | reg2) -> (ackl | ack2); Mutex : output ackl, ack27} S A|0f BFES}X| SH=C}
wastel : assert ackl -> reql; Serve : reql,req27} trueO|™ output@l ackl®= ack2T trueO OFSHC}
waste2 : assert ack2 -> req2;
}
Property | Result Time counterexample
mutex true Fri May 03 10:15:33 ég (Sl € 2 8L, 1% 2013 Both i tt
seme false  FriMay 03 10:15:33 ég (S 2 (S0l i@ 2013 ) oth input true
— Both output true
Property | Status — P \L
mutex varified SMV STOP il
serve urverified k| ] false
wiaste] urwerified a2l . :
wastel urwerified

Not all the properties checked




Examplel : 2-way Arbiter

module main(reql,req2,ackl,ack2) KB [T [
File Prop View Goto History Abstraction Help
{
input reqllreqz : boo|ean; Ernwserl Properties I Resuits | Cone | Using | Groups |
output ackl,ack2 : boolean; [ATresutts K|
Property | Result | Time |
ackl := reql & ~req2; mutex true Fri May 03 10:43:35 &g (REE Y (B0 1% 2013
J semve true Fri hay 03 10:43:35 éx iSREE S i2LL i 2013
wastel true Fri hay 03 10:43.35 e i LH 20, 1% 2013
waste? true Fri May 03 10:43.35 gz (SEELY 150 % 2013
mutex : asgert ~(ackl & ack2);
serve : assgrt (reql | req2) -> (ackl | ack2);
wastel : assert ackl -> reql; Al verified Y
waste?2 : agsert ack2 -> I’eq2,' ELTE0 | Trace | Leg | \i.) 2l properties are verified,
} File Show
module main(regl,reqgz,ackl,ack2) =

{
input reql,reg2 : boolean:

Cha nge output ackl,acked : hoolean:
ackl := reql:
ackZ := reqz & ~reql;
module main(reql,req2,ackl,ack?) wutex @ assert ~(ackl ¢ ack2):
serve ! assert (reql | reqZ) -> (ackl | ack2):
{ wastel : assert ackl =-> reql;
Input re 1/req2 : boolean; | wasteZ @ assert ack2 - regl:

output gckl,ack2 : boolean;

ackl := reql;
ackZ :=reqs & ~reql;

mutex : assert ~(ackl & ack2);

serve : assert (reql | req2) -> (ackl | ack2); E
wastel : assert ackl -> reql; Property: waste2 i-searchi|

waste? : assert ack2 -> reg2;




Examplel : 2-way Arbiter

module main(reql,req2,ackl,ack?) {
input reql,req? : boolean;

output ackl,ack? : boolean;

ackl := reql;

ack2 := req2 & ~reql;

mutex : assert G ~(ackl & ack2);

serve : assert G ((reql | reg2) -> (ackl | ack2));

wastel : assert G (ackl -> reql);
waste2 : assert G (ack2 -> req2);

Two “grant” signals : ackl, ack?2
Signals never assert same time : G ~(ackl & ack?2)

One of reql, reg?2 is true, then one of ackl, ack2
must be true : G ((reql | reg2) -> (ackl | ack2))

prioZ.smy QE'EJ

File Prop View Goto History Abstraction Help
Erowser] Properties | Results | Cone | Using | Groups |
Al results ﬂ
property | Resuit | Time
mutex true Thu May 02 14:03:53 & iSzEE Y iR 1% 2013
sene true Thu May 02 14:03:53 ég SIES Y 1 1% 2013
wastel true Thu May 02 14:03:53 ée EEEE S B 1% 2013
waste2 true Thu May 02 14:03:53 ex SR E S IS 1% 2013
_f
Source I Trace ‘ Log |
File Show
module rmain(regl, req2,ackl, ack2)
{
input regl,req: : hoolean;
output ackl,ackz : boolean;
ackl := reql:
ackZ = req2 & ~regl;
wutex : assert G ~{ackl € ack2);
serve : assert G ((reql | regZ) -> (ackl | ackz));
wastel : assert G (ackl -> regl):
waste2 : assert G (ackZ -> req2):
+
=1l
Property: waste2 i-search:




Examplel : 2-way Arbiter : Starvation Property

module main(reql,req2,ackl,ack2) Two “grant” signals : ackl, ack2

{ . .
input reql,req2 : boolean: Signals never assert same time : G ~(ackl & ack?2)
output acklack : boolean; One of reql, reg2 is true, then one of ackl, ack2
ackl := reql; must be true : G ((reql | reg2) -> (ackl | ack2))
ack2 := req2 & ~reql;
mutex : assert G ~(ackl & ack2);
serve : assert G ((reql | req2) -> (ackl | ack2)); -
wastel : assert G (ackl -> reql); Property | Result Time
waste2 : assert G (ack2 -> req2); no_stave  false  ThuMay 02 153821 eg iSRS gL 1% 2013

no_starve : assert G F (~req2 | ack2);

|: 1| first state repeats forever reqZ) 1

False Property | Status |
mutex verified

Because : one state should be appear no_stane  unverified

When both request lines asserted, always senva unverified

prioritize ackl, so Node 2 starves el Lo
waste? umerified

no_starve : assert G F (~req2 | ack2);

we don't want req2 to be asserted forever while ack2 is never asserted. Put another way, we want it
to always eventually be true that either req2 is negated or ack2 is asserted. In temporal logic, we
write “always eventually" by combining G and F. In this case we assert: G F (~req2 | ack2). Therefore,
add the following specification to the program:




2-way Arbiter: Starvation Avoidance

module main(reql,req2,ackl,ack?)

{
input reql,req? : boolean;
output ackl.ack? : boolean;

bit : boolean;
next(bit) := ackl;
if (bit) {
ackl := reql & ~req2;
ack? := reqz;
}
else {
ackl := reql;
ack? := req2 & ~reql;
}

mutex : assert G ~(ackl & ack2);

serve : assert G ((reql | reg2) -> (ackl | ack2));
wastel : assert G (ackl -> reql);

waste? : assert G (ack2 -> reqg2);

no_starve : assert G F (~reg2 | ack2);

to prevent this starvation case

let's add a latch to the circuit that remembers
whether ackl was asserted on the previous cycle.
In this case we'll give priority to requester 2
instead. To do this, add the following code to
the program:

reverse the priority order

Property | Status
mutex verified
no_stare  wverified
SEME verified
wastel verified
wasteZ verified
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Any car at ’rhe
intersection? |

S

module main(N_Sense,S_Sense,E_Sense,N_Go,S_Go,E_Go){
input N_Sense,S_Sense,E_Sense : boolean;
output N_Go,S_Go,E_Go : boolean;

NS_Lock, N_Req, S_Req, E_Req : boolean;

default{

if(N_Sense) next(N_Req) :=

if(S_Sense) next(S_Req) :

if(E_Sense) next(E_Req) :
}
in default casef{

N_Req & ~N_Go & ~E_Req: {
next(NS_Lock) :=
next(N_Go) := 1;

}

N_Go & ~N_Sense : {
next(N_Go) := 0;
next(N_Req) := 0;
if(~S_Go) next(NS_Lock) :=

}

}

Example 2: Traffic Light Controller

N_Sense

S Sense
* Controller
E Sense

in default case{
S_Req & ~S_Go & ~E_Req: {
next(NS_Lock) :=
next(S_Go) = 1;

}

S_Go & ~S_Sense : {
next(S_Go) := 0;
next(S_Req) := 0;
if(~N_Go) next(NS_Lock) :=

}
}

in case{

E_Req & ~NS_Lock & ~E_Go : next(E_Go) :=

E_Go & ~E_Sense : {
next(E_Go) := 0;
next(E_Req) :=

}

}

safety: assert G ~(E_Go
N_live : a (N_Sense -> F N_Go);
S_JiveTassert G (S_Sense -> F S_Go);

S_Se
_live : assert G (E_Sense -> F E_Go);
~(N_Sense & N_Go);
~(S_Sense & S_Go);
~(E_Sense & E_Go);

assert G F
assert G F
assert G F

N_fair :
S_fair :
E_fair :

unlock if South-going is off */
using N_fair, S_fair, E_fair prove N_live, S_live,

E_live;
assume N_fair, S_fair, E_fair;

}

N Go ™
S Go
E Go B

- Should the
traffic go?

1

. The fix: give North light controller responsibility to
turn off the lock when both lights are going off

if( ~S_Go | /* South already off */
~S_Sense) /* South will go off */
next(NS_Lock) :=

E fair assumed
N far assumed
S fair assumed



Example 2: Traffic Light Controller

Safety: light in cross directions never on at same time

safety: assert G ~(E_Go & (N_Go | S_Go));

Liveness: no traffic waits forever
N_live : assert G (N_Sense -> F N_Go);
S_live : assert G (S_Sense -> F S_Go);
E_live : assert G (E_Sense -> F E_Go);

Fairness assumptions: car don't wait at green light forever
“always eventually, it is not the case that a car is at a green light”

North & South go off same time

N_fair : assert G F ~(N_Sense & N_Go);
S_fair : assert G F ~(S_Sense & S_Go);

o

E Ga

E_fair : assert G F ~(E_Sense & E_Go);

E_Reg

E_Sense

L

NS_Lock

MN_Go

Setting up the proof

M_Reqg

4 — —t

R A= | O | = (O |

using N_fair, S_fair, E_fair prove N_live, S_live, E_live;

N_Sense

assume N _fair, S_fair, E_fair;

S Go

S _Req

S5_Sense

HI{O | O|l=|OojO0|D|0|0 O]

olrlolo(rlole|~][o (o=

Oo|lo|lo|jlo|lg|lo|= 0| |[O|—




Thank you
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