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Bitwuzla

e an SMT solver for bit-precise reasoning

e fixed-size bit-vectors, floating-point arithmetic
+ arrays, uninterpreted functions
+ with and without quantifiers

https://bitwuzla.github.io
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Bitwuzla

e an SMT solver for bit-precise reasoning

e fixed-size bit-vectors, floating-point arithmetic B
+ arrays, uninterpreted functions
+ with and without quantifiers

https://bitwuzla.github.io

Interpolation

* bit-precise reasoning at the back end of verification engines
e prominent example: symbolic model checking
e |ifting interpolation-based model checking procedures from SAT to SMT

» interpolation queries not standardized in SMT-LIB

» not many SMT solvers support interpolation

» Bitwuzla now with full interpolation support for QF_BV
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Interpolation

Craig Interpolant

Given unsatisfiable formula ¢ := A A B.

An interpolant of (A, B) is a formula I such that
(i) A= Iisvalid

(i) I A B is unsat

(iii) S(I) CS(A)NS(B) =S,
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Interpolation

Craig Interpolant

Given unsatisfiable formula ¢ := A A B. A/B-Labeling
An interpolant of (A, B) is a formula I such that S(A) ... symbols local to A
(i) A= TIisvalid 8(B) ... symbols local to B
(i) I A Bis unsat Se = 8(A) N 8(B) ... global symbols

(i) S(I) C S(A)NS(B) = 8
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Interpolation

Craig Interpolant

Given unsatisfiable formula ¢ := A A B. A/B-Labeling
An interpolant of (A, B) is a formula I such that S(A) ... symbols local to A
(i) A= TIisvalid 8(B) ... symbols local to B
(i) I A Bis unsat 8o = 8(A) N 8(B) ... global symbols

(i) S(I) C S(A)NS(B) = 8

Inductive Interpolation Sequence

Given unsatisfiable formula ¢ = {¢,,...,»,,} and a sequence of partitions

<(A17 Bl)? Tt (Am Bn)> with Az’ - {9017 e 901'} and Bz' - {901'4—17 Tt QPn}'

An interpolation sequence (I, ..., ) is a sequence of formulas I, such that
(i) ,=Tand I, =1

(ii) 7, is an interpolant for (A, B,)

(il) I, A o1 = L

2/14



Interpolation in Bitwuzla

>» full interpolation support for QF_BV

o limited support for combinations with arrays, UF, FP

>» single interpolation queries and inductive interpolation sequences

» SMT-LIB extension and via the API

o (get-interpolants (al a2)) single query
o (get-interpolants (al) (a2) (a3)) interpolation sequence

>» two interpolation modes

o compute bit-level interpolants from SAT proofs, post-process and lift to word-level
o compute word-level interpolants
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Interpolation Workflow

____________________________________________________________________________________________________________________________

) Word-Level
¢ | Abstraction

@ —> Preprocess =
Module ! Equality Substitution ;
i =S - i 3 i
| | T :
| ' : "~ . — |
. | Bit-Vector Solver L e ' v Post-Processing :
! | < ' " !
: | AIG [ oNE |CNF | g : Bit-Level Gate Mapping |
: Bit-Blaster » > CabDiCaL . D ! |
! Encoder |  AB (p" . Ib . . i
i : P McMillan > Concretization | ——
! Tracer : + L,D,M !
| Clause Database (D) ' Pudlak Simplification '
' Proof Core Extractor (1) ' Gate Extraction :
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Interpolation Workflow

______________________________________________________________

¢ —> Preprocess

| Abstraction

Module

Bit-Vector Solver

AlG

CNF

Bit-Blaster

Encoder

CNF

A

CaDiCaL

UNSAT

SAT e Lemmas on demand (CEGAR)

over bit-vector abstraction

e bit-vector solver at the core

e main technique: bit-blasting
=» reduction to SAT
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Interpolation Workflow

@ | Abstraction
Module

¢ —> Preprocess

SAT * interpolant generation from SAT
proof core

* one solve call for multiple
interpolation queries

UNSAT

AG [ oNF |CNF e dynamic A/B partitioning

Bit-Blaster >

CaDiCaL

A

Encoder

Tracer

Clause Database (D)

Proof Core Extractor (1)

Bit-Vector Solver
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Interpolation Modes

Bit-Level R ———— :
. Interpolator |
e construct /, from proof core as AIG | i
. AB " Word-Level :
o McMillan (default) or Pudlak construction — : o
: Equality Substitution ;
o A/B-labeling via mapping from BV to AIG to CNF ; i
| - i
| Q .
: IS i
: —_— I
] | Post-Processing -
| Bit-Level Gate Mapping :
: " | I
 AB.o", McMillan ® .|| Concretization | —
- L,D,Nn !
. Pudiak Simplification :
i Gate Extraction :
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Interpolation Modes

Bit-Level

_______________________________________________________________

. Interpolator

e construct J, from proof core as AIG

AB " Word-Level é
o McMillan (default) or Pudlak construction Equality Substitution
o A/B-labeling via mapping from BV to AIG to CNF i
5
Word-Level (optional) < S
| | Post-Processing :
e equality substitution Bit-Level E—
* special case of quantifier elimination ABO, T | B e |
o LD ] |
o subsUtu’Flon of local symboils: | — Simplification
Ala/t] if a=t€ Aand S(Afa/t]) NS(A) =10 Gate Extraction
—B[b/t] if b=t € Band §(B[b/t]) NS(B) =10
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Bit-Level Interpolant Post-Processing

_______________________________________________________________

' Interpolator :
i AB Word-Level i
* bit-level interpolant /, is constructed as AIG L o®
: Equality Substitution ;
< lift to word-level ;
| =) i
: 2 :

o lifted interpolant still has a lot of bit-level structure | £ S
] | Post-Processing -
<> post-process to recover structure | Bit-Lovel |
! Gate Mapping :
configurable | » | |
° g. . _ o  ABY McMillan ® .|| Concretization | |—
o some interpolation-based algorithms (ic3ia) . L,D,N :
utilize structure Pudlak Smpification
i Gate Extraction :
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Bit-Level Interpolant Post-Processing

Gate Mapping  pTTTTTTTIToToTomomomomomomoooosososoooooooooooooooooooooos !

' Interpolator '
e lift 7, to word-level ; Word-Level ;
. AByo i
o map gates to nodes with only global symbols ; Equality Substitution o
o reconstruct gates for nodes with local symbols i
| o i
| 2 :
: | Post-Processing -
| Bit-Level Gate Mapping :
: " | I
 AB.Y, McMillan ® .|| Concretization | |—
- L,D,Nn !
. Pudiak Simplification :
i Gate Extraction :
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Bit-Level Interpolant Post-Processing

Gate Mapping ARttt !

Interpolator i

e lift 7, to word-level |

: AB.o Word-Level |

o map gates to nodes with only global symbols iy B

o reconstruct gates for nodes with local symbols i

| e |

| 9 !

o | E |
Concretization | . : l

! ! Post-Processing :

e abstraction-refinement procedure for (large) Bit-Level Gate Mapping

. _ o . . i ’ I '

bit-vector arithmetic operations CABY" || meMilan | L | [ Concretization i

o introduces fresh constants for abstracted terms | -P.M F— i

] . implification !

| Pudlak !

<> concretize abstracted terms Gate Extraction i

o replace abstractions with term they abstract L ool
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Bit-Level Interpolant Post-Processing

_______________________________________________________________

' Interpolator !
Simplification i Word-Level i
. ABgo X
. . Equality Substitution
e reduce size of interpolant | d ,
< simplify interpolant by utilizing Bitwuzla’s | ks
: K] !
preprocessor : — |
: ! Post-Processing :
o term rewriting Bit-Level Gate Manoing 5
o term substitution | AB.G | ;
oy g : ’ !(p ’ i b . . 1
o propositional skeleton preprocessing —on g BllER »| | Concretization | [—
o . Pudlak Simplification ,
i Gate Extraction :
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Bit-Level Interpolant Post-Processing

Gate EXtraction e

' Interpolator :
® recover as many wprd-level equalities over - Word-Level
bit-ranges as possible . AS9 .
Equality Substitution
Example. ~(z[0] © y[0]) & ~(z[1] ® y[1]) & ~(z[2] ® y[2]) ; i
cmp (z[3 : 0],1100) | :
| O i
~z[0] & ~z[1] & x[2] & x[3] ~> | % !

cmp (z[3 : 0],1100) | - — |
! ) Post-Processing -
. . Bit-Level Gate Maooin :
e extract xor, xnor gates and bit-level comparisons | PPN :
: : : ' AB,9", . l, . .
and combine to comparisons over bit ranges — o McMillan »{ | Concretization | f—-
<s share aware e — Simplification
* translate bitwise comparison back to equalities Gate Extraction :
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Evaluation

» in the context of the Pono and Kind2 model checkers

o support Bitwuzla as solving engine, MathSAT as default interpolator

e Pono targets HW verification

< implements 4 interpolation-based algorithms
o interp [McMillan CAV'03]
o ismc [VizelG FMCAD’'09]
o dar [VizelGS TACAS'13]
o ic3ia [CimattiGMT TACAS'14]

e Kind2 targets software verification, implements ic3ia

» now also support Bitwuzla as interpolator
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Evaluation: Pono Spotlight
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100 '," —— interp:Bzla:Bzla-map-post-subst (307) 100 A ,/ —— interp:MSat:Bzla+post-subst (308)
——- interp:Bzla:Bzla-post-subst (307) ] —-—- interp:MSat:Bzla-map-post-subst (304)
---- interp:Bzla:Bzla+post-subst (304) ---- interp:MSat:Bzla-post-subst (302)
50 - —— interp:Bzla:Bzla+post+subst (302) 50 - —— interp:MSat:Bzla+post+subst (295)
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---- interp:Bzla:MSat (158) ---- interp:MSat:MSat (159)
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runtime [s] runtime [s]

Pono with interp engine, HWMCC 2019-2024 benchmarks (839), 600s time and 16GB memory limit
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Evaluation: Pono Spotlight
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Pono with ic3ia engine, HWMCC 2019-2024 benchmarks (839), 600s time and 16GB memory limit
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Evaluation: Kind2
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Kind2 with ic3ia engine, on Lustre benchmarks (786), 600s time and 16GB memory limit
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Evaluation: Impact of Post-Processing

AIG size after simplification

107 5 107 5
] —=- 10x reduction - 1 === 2x reduction
] " 100x reduction . A i 10x reduction
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©
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©
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? O
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10ty 4 < 10' 4 e
1004 « ces o S 1004 -
100 10t 102 103 104 10° 106 107 100 10! 102 103 104 10° 106 10’
AIG size bit-level AlG size after simplification

371,592 interpolation queries, size in terms of # and gates
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Conclusion

>» Bitwuzla now supports interpolation queries

o full support for quantifier-free bit-vector formulas

e limited support for combinations with arrays, UF, FP
< full support future work

» Artifact: https://zenodo.org/record/17427360

https://bitwuzla.github.io

14/14


https://zenodo.org/record/17427360
https://bitwuzla.github.io

Appendix




Appendix: Pono Spotlight
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Pono with ic3ia engine, on HWMCC 2019-2024 benchmarks, 600s time and 16GB memory limit
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Appendix: Pono Spotlight
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Pono with ic3ia engine, on HWMCC 2019-2024 benchmarks, 600s time and 16GB memory limit
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Appendix; Interpolation Example

(set-logic QF BV)

(set-option :produce-interpolants true)
(declare-const x1 (_ BitVec 2))
(declare-const x2 (_ BitVec 2))
declare-const x3 (_ BitVec 2))

(

(assert (! (bvslt (_ bv0 4) (bvsub (concat ( bvO 2) x1) ( bvl 4))) :named al))
(assert (! (= x2 x1) :named a2))

(assert (! (= x3 ((_ extract 1 0) (bvneg (concat ( bv0 2) x2)))) :named a3))
(assert (= x3 (_ bvo 2)))

(check-sat)
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(get-interpolants (al a2))

N
;o (not (= x2 #b00))
;)
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Appendix; Interpolation Example

(set-logic QF BV)

(set-option :produce-interpolants true)
(declare-const x1 (_ BitVec 2))
(declare-const x2 (_ BitVec 2))
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(check-sat)

; unsat

(get-interpolants (al a2))

;o

; (not (= x2 #b00))

;)

(get-interpolants (al) (a2) (a3))
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Appendix; Interpolation Example

(set-logic QF BV)

(set-option :produce-interpolants true)
(declare-const x1 (_ BitVec 2))
(declare-const x2 (_ BitVec 2))
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(
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(assert (! (= x2 x1) :named a2))

(assert (! (= x3 ((_ extract 1 0) (bvneg (concat ( bv0 2) x2)))) :named a3))
(assert (= x3 (_ bvo 2)))

(check-sat)

; unsat

(get-interpolants (al a2))

|

; (not (= x2 #b00))

;)

(get-interpolants ((al) (a2) (a3))) expandsto (al) (al, a2) (al, a2, a3)
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Appendix; Interpolation Example

(set-logic QF BV)

(set-option :produce-interpolants true)
(declare-const x1 (_ BitVec 2))
(declare-const x2 (_ BitVec 2))
declare-const x3 (_ BitVec 2))

(

(assert (! (bvslt (_ bv0 4) (bvsub (concat ( bvO 2) x1) ( bvl 4))) :named al))
(assert (! (= x2 x1) :named a2))

(assert (! (= x3 ((_ extract 1 0) (bvneg (concat ( bv0 2) x2)))) :named a3))
(assert (= x3 (_ bvo 2)))

(check-sat)

; unsat

(get-interpolants (al a2))

2

i (not (= x2 #b00))

i)

(get-interpolants (al) (a2) (a3))

.
’

; (= #b0 ((  extract 3 3) (bvadd (concat #b00 x1) #bllll)))
;o (not (= x2 #b00))
;o (not (= x3 #b00))

SN A~ A~~~

’
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Gate Mapping Example
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Gate Mapping Example

itE(t[Q] = 00,
ite(xz, 00, 01),
ite(ay =1, 10, 00)) [1]
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Gate Mapping Example

itE(t[Q] = 00,
ite(xz, 00, 01),
ite(ay =1, 10, 00)) [1]

G/[l] 1 t[Q] 0

Reconstructed AIG
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Gate Mapping Example

itE(t[Q] = 00,
ite(zx, 00, 01),
ite(a[l] = 1, 10, 00) ) [1]

b

apy (| 1 || 2

00

Reconstructed AIG

Gate Mapping
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