Lazy Reimplication in Chronological Backtracking

Robin Coutelier! ~ Mathias Fleury?>  Laura Kovacs?

1 TU Wien, Vienna, Austria
robin.coutelier@tuwien.ac.at

2 University of Freiburg, Freiburg, Germany

August 21st 2024

B Informatics forisyte!



Acknowledgements

The authors acknowledge support from the ERC Consolidator Grant ARTIST 101002685; the TU Wien
Doctoral College TrustACPS; the FWF SpyCoDe SFB projects F8504; the WWTF Grant ForSmart
10.47379/1CT22007; the bwHPC of the state of Baden-Wiirttemberg; the German Research Foundation
(DFG) through grant INST 35/1597-1 FUGG; and a gift from Intel Corporation. The first author’s
Master thesis [Coutelier, 2023] conducted at the University of Liége under the supervision of Pascal
Fontaine laid the foundations of this work. We thank him for his insights. We also thank the
anonymous reviewers for their valuable feedback.

European Research Council l I IF amazon

Established by the European Commission web services

. Vienna sience
Der Wissenschaftsfonds. and Technology Fund

Lazy Reimplication in Chronological Backtracking



Contributions of this Work

Invariant framework for chronological backtracking
o Classification of chronological backtracking algorithms
@ Introduction of lazy strong chronological backtracking

@ Implementation of lazy strong chronological backtracking in NapSAT, CaDiCalL and
Glucose

Experimental evaluation of our method
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Conflict Driven Clause Learning [Moskewicz et al., 2001]
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Conflict Driven Clause Learning [Moskewicz et al., 2001]
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Conflict Driven Clause Learning [Moskewicz et al., 2001]
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Conflict Driven Clause Learning [Moskewicz et al., 2001]
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Conflict Driven Clause Learning [Moskewicz et al., 2001]
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Conflict Driven Clause Learning [Moskewicz et al., 2001]
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Conflict Driven Clause Learning [Moskewicz et al., 2001]
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Conflict Driven Clause Learning [Moskewicz et al., 2001]
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Invariants in Non-Chronological Backtracking CDCL

Invariant (Implied literals)

If a literal £ is in the trail w, then £ is either a decision literal or ¢ is implied by 7 and its reason
p(€). That is,

Veerm Len® v [Eepl) A [p(0)\{}Ar]E1].
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Invariants in Non-Chronological Backtracking CDCL
Invariant (Implied literals)

If a literal £ is in the trail w, then £ is either a decision literal or ¢ is implied by 7 and its reason
p(€). That is,

Veerm Len® v [Eepl) A [p(0)\{}Ar]E1].

Invariant (Topological order)

The trail w is a topological order of the implication graph.

Invariant (Strong watched literals)

Consider the trail m = 7 - w. For each clause C' € F watched by the two distinct watched
literals cq, co, we have —ci € T = ¢ € .
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Dichotomy of Chronological Bactracking
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Chronological Backtracking
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Chronological Backtracking [Nadel and Ryvchin, 2018]
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Chronological Backtracking [Nadel and Ryvchin, 2018]
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Chronological Backtracking [Nadel and Ryvchin, 2018]
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Chronological Backtracking [Nadel and Ryvchin, 2018]
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Chronological Backtracking [Nadel and Ryvchin, 2018]

C) =
Co =
Cs =
Cy =
Cs =
Co =

CTiw
—nﬁ\/ vy v
—w3 Vg Vg U1 0=2 —w3 Uy
LY U 5=1 -
vy Vw3V s . : . .
g V U5 V U2 a I o : 1 I I~ I
w5V U3V Vg & 8 & °1<
Y s g5 s

=

Lazy Reimplication in Chronological Backtracking



Chronological Backtracking [Nadel and Ryvchin, 2018]
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Chronological Backtracking [Nadel and Ryvchin, 2018]
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Weak Chronological Backtracking — [Coutelier, 2023]
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Weak Chronological Backtracking — [Coutelier, 2023]
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Dichotomy of Chronological Bactracking

CDCL

greedy backtracking?

\Q
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[Moskewicz et al., 2001]

Lazy Reimplication in Chronological Backtracking

Chronological Backtracking

minimal?

\Q
Weak CB

[Coutelier, 2023]




What

C) =
Co =
Cs =
Cy =
Cs =
Co =

Happened?

—Tiw—
ﬁ%\/ vy U2
~v3 Vg Vo v [0=2] g
LYV U =1
va Vo 3 Vo5 I
—Iﬁv—'%\/ﬁvg o ' 8_5 | '
-5V v3V g o o &
I I wn wn
sV g g7

<

Lazy Reimplication in Chronological Backtracking



What Happened?
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Weak Invariants in WCB

Invariant (Strong watched literals)

Consider the trail m = 7 - w. For each clause C € F' watched by the two distinct watched
literals ¢, co, we have —ci € T = ¢ € .

Invariant (Weak watched literals)

Consider the trail m = 7 - w. For each clause C' € F watched by the two distinct watched
literals c1, ca, we have —c1 € T = —co & T.
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Dichotomy of Chronological Bactracking
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CDCL
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[Moskewicz et al., 2001]

Chronological Backtracking

minimal?
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Restoration Strong Chronological Backtracking — [Mohle and Biere, 2019]
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Restoration Strong Chronological Backtracking — [Mohle and Biere, 2019]
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Restoration Strong Chronological Backtracking — [Mohle and Biere, 2019]
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Restoration Strong Chronological Backtracking — [Mohle and Biere, 2019]
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Invariant (Strong watched literals)

Consider the trail m = 7 - w. For each clause C' € F' watched by the two distinct watched
literals c1, co, we have —ci € T = ¢ € .
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Dichotomy of Chronological Bactracking

CDCL
greedy backtracking?

A

NCB Chronological Backtracking
[Moskewicz et al., 2001] minimal?
Strong CB Weak CB
Prophylactic? [Coutelier, 2023]
Restoration SCB Prophylactic SCB
[Méhle and Biere, 2019] Which type?
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Dichotomy of Chronological Bactracking

CDCL
greedy backtracking?

V \Q
NCB

Chronological Backtracking
[Moskewicz et al., 2001] minimal?

n

A

\Q

Strong CB
Prophylactic?

o

Restoration SCB

[M&hle and Biere, 2019]

A

Weak CB
[Coutelier, 2023]

Prophylactic SCB
Which type?

Type

N

Eager SCB
[Nadel, 2022]
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Eager Strong Chronological Backtracking — [Nadel, 2022]
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Eager Strong Chronological Backtracking — [Nadel, 2022]
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Eager Strong Chronological Backtracking — [Nadel, 2022]
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Eager Strong Chronological Backtracking — [Nadel, 2022]
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Invariant (Topological order)
The trail 7 is a topological order of the implication graph. J
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Eager Strong Chronological Backtracking — [Nadel, 2022]
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Backtrack Compatible Watched Literals

Invariant (Strong watched literals)

Consider the trail m = 7 - w. For each clause C' € F watched by the two distinct watched
literals cq, co, we have —ci € T = ¢ € .

Invariant (Backward compatible watched literals)

Consider the trail m = 7 - w. For each clause C' € F watched by the two distinct watched
literals c1,ca, we have —c; € T = [ca € T A d(c2) < d(c1)] -

If backward compatible watched literals holds, no clause will be unit (by 7) after a
backtracking.
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CDCL
greedy backtracking?

o
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Dichotomy of Chronological Bactracking
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[Moskewicz et al., 2001]
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A

Prophylactic SCB
Which type?

Type

N

Eager SCB
[Nadel, 2022]

Lazy Reimplication in Chronological Backtracking

Well

Lazy SCB
Our Work




Lazy Strong Chronological Backtracking — Our work
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Lazy Strong Chronological Backtracking — Our work
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Lazy Strong Chronological Backtracking — Our work
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Lazy Strong Chronological Backtracking — Our work
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Lazy Strong Chronological Backtracking — Our work
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Improved Conflict Analysis — Our Work
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Better Conflict Analysis — Our Work
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Invariants in LSCB
Invariant (Lazy reimplication)

If the lazy reimplication reason \({) of literal { is defined, then the clause \({) is a missed
lower implication of £. That is,

A =0 = tem N LeXl)
ANAON\{GAT)EL
SAD)\{€}) < 8(0)

Invariant (Lazy backtrack compatible watched literals)

Consider the trail m = 7 - w. For each clause C' € F watched by the two distinct watched
literals c1, co, we have

—EeT= (CQ e A (8(c2) < 8(ex) V 5(A(ca) \ {ea}) < 5(c1)))
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Experimental Setup

Table: Implementation of methods in this work.

| NCB WCB RSCB ESCB LSCB

NapSAT v v v X v
CabDiCaL v X v v v
Glucose v X X X v
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Results in NapSAT
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Results in CaDiCalL

Table: Number of solved instances by different variants of strong backtracking on the SC2023
competition, using a 5000s timeout

CADICAL version solved PAR-2 (x10%)
base-CADICAL = RSCB 248 4.09
LSCB, Analyze-2 and minimization 246 4.16
ESCB 245 4.16
LSCB and Analyze-2 246 4.19
NCB 247 4.19
LSCB and Analyze-1 242 4.24
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Backtracking Algorithm Implementation Complexity

CDCL
greedy backtracking?
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Backtracking Algorithm Implementation Complexity — Our Work
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Conclusion

In this work, we
o formalized the dichotomy of chronological backtracking through invariants;
@ introduced a new solution for missed lower implications;
@ optimized conflict analysis with missed lower implications;
@ implemented this new approach in a new SAT solver, NapSAT,;
@ implemented the method in CaDiCal and Glucose to demonstrate its modularity;

@ showed that the new method is competitive with the state-of-the-art in SAT solving.
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Type | Prophylaxis in Chess — Eager
1 ed e5 2 Df3 &cb 3 &cl 7f6 4 d3
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Type | Prophylaxis in Chess — Eager
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Type Il Prophylaxis in Chess — Lazy
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Type Il Prophylaxis in Chess — Lazy
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Type Il Prophylaxis in Chess — Lazy

1edeb52 D3 QNcb 3 &cd 9f6 4 d3 £c5 5 Dgh

o N~ © 1O < o N -

o0
=
=

[}

o

jd
=1
X

[}

Il
[+1]
©
2

o0
Kl

o

=

@
=
O
=

Lazy Reimplication




Type Il Prophylaxis in Chess — Lazy
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