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Symbolic State Space

Program

long x = 0x5f3759df;
long y = 0x9e3779b9;
float z = 1.60f, h = 0.5f;

while (1) {
X N= X << 13;
= * (long *) &z;
= Ox5f3759df - (y >> 1);
= (y & Oxff) * 0.00390625f;
=z * (1.5f - h* 2z * z);
= (x > 1) N (y & OX7Tffff);
assert(z >= 0.0f);

X N oK
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Elevator Example

Call
Call
Call

Call

00 Call

— 00 Doors closed

Stopped at ground

CONTROLLER SPEED

Simple - lowest floor first v 3% 1x 2% 4x

» Explore safety & liveness
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PROMPT

Hey, ChatGPT
write a model checker!
Make no mistakes!
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PROMPT

Hey, ChatGPT

write a model checker!

Make no mistakes!

-

\

model_checker.py )
while time < 59:58
if BMC finds counterexample
return Unsafe
return Safe )
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Certification Gap

Safety Liveness
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Certification Gap

Safety Liveness
[cavz1]  IC3, BDD, Interpolation I [cav26]  Kk-Liveness
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[cavzs]  Case Study: Certifying Model Checking Competition
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Certificate Checking

( Inductive ) W is safe

( Ranked ) W is live




Certificate Checking

() 1w

(Z,L,R, F,C,P,Q) (T'.L,R',F.,C,P, Q)

( Simulates J

( Inductive )

( Ranked )

Stratified R'{L’\ L} is acyclic

Reset RJLNLIANCy = RULNL|AC

Transition F,[LNL|ACs ACy ACL = FLILNL'|ACy

Safety Cs NC. AP, = P,

Liveness /\ (Co NCLANPOYNFLILTAQ,, = Qs
ze{s,t}

Base RLIL'INC, = P,
Induction F [I'| AC, AC{ A P, = P,

Decrease /\ (CI NP NFLIL = Q.
a:E{S,t}

Closure A (CL A PL) A FLIL)AQL, = Ql
x€e{s,t,u}

%ﬁ
[8 SAT Checks]




Proof Format

Simulation

Reset RsILNLTACs = RLNLAC,
Transition FILNL|ANC,ANC; ANC, = FLILNL'|AC,
Safety Cs NCL NP, = P,

Liveness /\ (Co NCLANPHYANFLILIAQL, = Qu

xe{s,t}

model trace

—O—0—0—0—0—0—0—



Proof Format

Simulation

[ Reset RLNL]AC, = R,ILNL]AC]
Transition F,[LNL|ANC,AC:ANC, = FLILNL|AC,
Safety Cs NCy AP, = P,

Liveness /\ (Co NCLAPYANFLILIANQ,, = Qu
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model trace
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Proof Format

Simulation
Reset RsILNLIACs = RLNLAC,

| Transition F,[L N L')| ACs A Cy ACL = FLILN L] AC,]
Safety Cs NCL AP, = P,
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Proof Format

Simulation
Reset RsILNLIACs = RLNLAC,

| Transition F,[L N L')| ACs A Cy ACL = FLILN L] AC,]
Safety Cs NCL AP, = P,

Liveness /\ (Co NCLAPYANFLILIANQ,, = Qu
x€E{s,t}

model trace
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Proof Format

Simulation

Reset RsILNLIACs = RLNLAC,
Transition F[LNL|ACsANCy AC, = FLILNLAC,
(Safety G, AC. AP, = P,

Liveness /\ (Co NCLAPYANFLILIANQ,, = Qu
x€E{s,t}

model trace
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witness trace



Proof Format

Simulation

Reset RsILNLIACs = RLNLAC,
Transition F[LNL|ACsANCy AC, = FLILNLAC,
(Safety G, AC. AP, = P,

Liveness /\ (Co NCLAPYANFLILIANQ,, = Qu
x€E{s,t}

model trace

O0—0—0—000-0
O0—0——0——0—0—-0—-7C0

witness trace



Proof Format

Simulation

Reset RsILNLTACs = RLNLAC,
Transition F[LNL|AC,ANC; ANC. = FL[LNL'|AC|
Safety Cs NCy AP, = P,

Liveness /\ (Cy A C; A Pé) A Fs’t[L/] A\ Q;t = Qst]
x€E{s,t}

model trace

O0—0——0—0—0—0—-—C0
O0—0——0—0—0—-0—-—C0

witness trace



Proof Format

Inductive
[Base RLIL') AC. = P!
Induction 7 [I'IAC.ANC; AP, = P/

—0—0O—0—0—0—0—0—

witness trace



Proof Format

Inductive
Base RLLTNC, = P!
[Induction Fét[L’] A C; A\ C’é A\ PS/ = Pt,]

O0—0—0—1000-C0

witness trace



Proof Format
Ranked

Decrease /\ (C: NP)YNFLIL = Q)
.’BE{S:t}

Closure /\ (C! NPHYNFLILTANQ.,, = Q)

xE{S,t,U}

@—@



Proof Format
Ranked

Decrease /\ (C: NP ANFLIL = Q)
CCE{Sat}

Closure /\ (CANPHYANFLIL'IANQL, = Q,

a’;E{S,t,U}

—0—0



Proof Format
Ranked

Decrease /\ (C: NP)YNFLIL = Q)
wE{Sat}

Closure /\ (C.ANPOYNFLILTAQ.,, = Q;u]
QZE{Satau}

o



Proof Format

Ranked

Decrease /\ (O:,c /\P:;) /\Fét[L/] — Q:ﬁs
ajE{s,t}

Closure /\ (C.ANPOYNFLILTAQ.,, = Q;u]
xE{s,t,u}

-0 600006

uv

() holds on repeated edges



Liveness Certification

Safety

I [cav211  IC3, BDD, Interpolation

I [FMCAD22] k-Induction

| tevcanzs Temporal Decomposition

mcarz24]  Cone of Influence, Phase Abstraction
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I C 3 Bradley [VMCAI11]

Frames

Frames
Frameq >

Si_1 AN meei_l /N F'—l,i N\ S;
N~ . ~ J/ -~

Constraint Clauses Assumptions

Froleyks & Biere [FMCAD21]
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I C 3 Bradley [VMCAI11]

Frames
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I C 3 Bradley [VMCAI11]

Frames

Frames
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Constraint Clauses Assumptions
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I C 3 Bradley [VMCAI11]

Frames
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Frames
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I C 3 Bradley [VMCAI11]

Framey

Frames
Si;— meei_l /\ Fq'_1’¢; S;
N~ ~ — Y, —~—
Constraint Clauses Assumptions

Froleyks & Biere [FMCAD21]



I C 3 Bradley [VMCAI11]

Frames = Framey

Frames
Frameq
Si_1 N meei_l /N F'—l,i N\ S;
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Constraint Clauses Assumptions

Froleyks & Biere [FMCAD21]
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Frames = Framey
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I C 3 Bradley [VMCAI11]

Frames = Framey

Frames

Frame;

Lrin s Safety C; NC. AP = P,
w [ Base  RILJAC. = P
T T 1 T T 1 Induction Fét[l/] /\ C; /\ Cé AN be = Pt,

=




k-Induction Eén & Sérensso n [BMC03]
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k-Induction
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k-Induction Eén & Sérensso n [BMC03]
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k-Induction Eén & Sérensson [BMCO3]
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k-Induction Eén & Sérensso n [BMC03]
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k-Induction Eén & Sérensson [BMCO3]
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k-Induction Eén & Sérensson [BMCO3]
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k-Induction Eén & Sérensson [BMCO3]
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oldest simulating state

Reset RJLNL|IANCs = RLULNL|AC,
Transition F,[LNL|AC;AC: AC. = FLILNLAC]



k-Induction Eén & Sérensson [BMCO3]
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k-Induction Eén & Sérensson [BMCO3]
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Reset RJLNL|IANCs = RLULNL|AC,
Transition F,[L NL'|AC, ACy AC., = F.,ILNL|AC]



k-Induction Eén & Sérensson [BMCO3]
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k-Induction Eén & Sérensson [BMCO3]
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Certifying Preprocessing

Mo

O 1 L1 1
preprocessing _

> _

M,
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o 1 L1 1
_ preprocessing _
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preprocessing _
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Yu et al. [FMCAD23]



Certifying Preprocessing

_ preprocessing _ _ preprocessing
Mo [ » 1 M; [ >
Wy [ <« 1 W; [ <«

= undo = = undo

M-

W,

preprocessing

>

undo

Ms

W;s

Yu et al. [FMCAD23]

Model Checking



Phase Abstraction — Cube Simulation

s N\ . \ s N\ —— s N\ . \ ——
a=0 a=20 a=1 a=20 a=1 a=20 a=1
0 =1 0 =1 0 b 1
— c= - - c=1 - c= - = o c= o c=0
d=20 d=1 d=1 d=20 d=1
L J N J L J . J \ b, \ _ -

duration = 3 period = 4

R = Cy Ternary Simulation
Froleyks et al. [MBMV24]
Ci—1 ANFi_1; = C; y

Froleyks et al. [[JCAR24]

Backbones
Biere et al. [SAT23]

Froleyks et al. [FMCAD23]



Phase Abstraction — Cube Simulation Froleyks et al. [[JCAR24]

n =2
0 1 0 1 0 1
a=0 a=20 a=1 a=20 a=1 a=20 a=1
. 0 N =1 . 0 H =1 . 0 N b . =1 )\a:(l,[()’l])
c= c= c= =1 c= c=0 )\b:(l’[l’b])
d=0 d=1 d=1 d=0 d=1 Ae = (1, [c, b))
\ J \ J \ J ~— — ~—— ~— )\d = (]., [1,d])
duration = 3 period = 4
R = Cy Ternary Simulation Backbones

Froleyks et al. [MBMV24] Biere et al. [SAT23]
Ol N1y 51 5 = C y Froleyks et al. [FMCAD23]



Phase Abstraction — Transform
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Phase Abstraction — Transform

Mo
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Phase Abstraction — Transform

Mo
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Phase Abstraction — Transform

Mo

forward
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Phase Abstraction — Transform
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Froleyks et al. [[JCAR24]

Aa = (17 [07 1])
Ap = (17 [lvbD
Ae = (17 [Cv _'b])
Ad = (17 [Ld])
Model Checking



Froleyks et al. [[JCAR24]

Phase Abstraction — Transform
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Phase Abstraction — Transform
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Phase Abstraction — Transform
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Aa = (17 [07 1])
Ap = (17 [lvbD
Ae = (17 [Cv _'b])
Ad = (17 [Ld])
Model Checking



Phase Abstraction — Transform
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Phase Abstraction — Transform

Mo
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Aa = (17 [07 1])
Ap = (17 [lvbD
Ae = (17 [Ca _'b])
Ad = (17 [17d])
Model Checking
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Phase Abstraction — Transform

Mo

forward

_ <

>

backward

M,

freeze witness circuitry for one step

O,

v

SO—O—O—

OO ®
oY o &Y O

O—O—0—¢

unfold

\4

M.

_@L

factor

>

<

compose

v

M;

®
©

Froleyks et al. [[JCAR24]

Aa = (17 [07 1])
Ap = (17 [lvbD
Ae = (17 [Ca _'b])
Ad = (17 [17d])
Model Checking



solved instances

Certificates are Fast to Check HWMCC24 - 261 instances
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relative certificate size

Certificates are Small
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2.00x
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1.96x
1.46x%
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solved instances

Certificates are Low Overhead
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solved instances

Certificates are Low Overhead
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Liveness Certification

Safety
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