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THIS WORK

New tableaux-style calculus for many-sorted quantifier-free

theory of finite sets with cardinality constraints

Motivation: formalizes modular, incremental T-solver that can
be integrated into SMT solvers

Target use: static analysis tools (Leon, LiquidHaskell, ...)
Current restriction: Element sort must be infinite

Implementation: initial version, fully integrated in CVC4



CLOSELY RELATED WORK

(Cantone and Zarba, FTP 1998)

Finite sets with {_}, U, N, \, €, C. Tableaux-based procedure.

(zarba, FroCoS 2002)

As above plus |_| and LIA constraints. Theoretical results.
Highly inefficient in practice.

(Suter et al., VMCAI 2011)

Boolean Algebras and Presburger Arithmetic, no {_} and €.
Based on Venn-region computation. Relatively inefficient in
practice.



OUR CONTRIBUTION

- A more efficient, decision procedure for sets of literals

- Incremental and modular

- Capitalizes on separate solvers for CC and for LIA

- Reasons modulo equality (over elements and over sets)

- Tries to minimize number of Venn regions that need to be
considered

- Introduces Venn regions lazily
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CALCULUS: MAIN IDEA

Try to build a model for input constraint set

1. Build (partial) candidate model while ignoring cardinality

constraints

- For each element term e and relevant set term s,
determine if eis in t or not

- Work modulo equality

- Propagate equalities

2. Adjust candidate model to accommodate cardinality

constraints
- Decompose each set into a partition of non-empty regions

- Propagate cardinality constraints over these decompositions



THEORY SIGNATURE

{_} : Elem — Set U, )\ : Set x Set — Set 0 : Set
C: Set x Set E: Elem x Set

|_| : Set — Card n:Card forallneN

- : Card — Card + : Card x Card — Card

< :Card x Card >= : Card x Card

~:axa forae {Set Elem,Card}
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PROCESSING SET CONSTRAINTS

- For each element term e and relevant set term s,

determine if eisint or not

- Work modulo equality

Example 1

N @ B N

AUB=~CMND

D~E
xXEC
XEEUF
XEZ D
yeCMD
yEAUD

X1y

X | XA

X | X |B

v C

X | v |DE

v F

X | X |AUB CND
4 EUF
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PROCESSING SET CONSTRAINTS

- For each element term e and relevant set term s,
determine if eisint or not

- Work modulo equality

Example 2
X
Xv | A
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2. xXEANC v C
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PROCESSING SET CONSTRAINTS

- For each element term e and relevant set term s,
determine if e isin t or not

- Work modulo equality

Example 2
X
Xv | A
1. x£AUB X B
2. XEANC v C
X AUB
v AncC

Contradiction!
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PROCESSING SET CONSTRAINTS

- For each element term e and relevant set term s,
determine if eisint or not

- Work modulo equality

Example 3
X,y
v A
X B
- X=Yy % C
X D
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PROCESSING SET CONSTRAINTS

- Propagate equalities

Example &4

A= {y}
A=xB
=» XEA
XEAUC
yEBUC

A, B, {v}
ALIC
BUC



PROCESSING SET CONSTRAINTS

- Propagate equalities

Example &4
A=~ {y} Xy‘
=» A~xB :
XEA Vo |ABY
AUC BUC
XEAUC '

YEBUC
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- No applications of C
- All constraints in flat form (x EAop B, AopB~Cop D)

- Each set variable occurs at most once in non-variable terms



PROCESSING CARDINALITY CONSTRAINTS

Simplifying requirements:

- Only variables for elements
- No applications of C
- All constraints in flat form (x EAop B, AopB~Cop D)

- Each set variable occurs at most once in non-variable terms

No loss of generality
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AUXILIARY DATA STRUCTURE

Cardinality graph G = (N, E)

N, selected terms in or constructed from input problem

E, s.t. the leaves of each subtree form a partition of its root

Example

ALB

XX I\ /]

A\B  AMB B\ A C\D cnbD D\C

Note: [ALB| = |A\ B|+ AN B[+ [B\A| |Al=|A\B|+|ANB|

1
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PROCESSING CARDINALITY CONSTRAINTS: EXAMPLE

AUB=~CMD, D~E, |AUB| >4, |C|+|D| <10, |ELF| > 100

A N/

A\B  AMNB B\ A C\D !CmD: D\C

(A\B)M(CND) (ANB)N(CND) (B\A)n(CrD)
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AUB~CND, D~E, |ALB| >4, |C|+|D| <9, |[ELF| >100
A AUB

XX N /]

A\B  AMNB B\ A C\D CnD D\C

EUF

XX

E\F  EMF  F\E

(A\B)n(CnD) (AmB)n(CmD) (B\A)r(crb)
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SN
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AUB~CND, D~E, |ALB| >4, |C|+|D| <9, |[ELF| >100

A AuB

Wi N A

A\B  AMNB B\ A C\D CnD D\C

(A\B)N(CMD)  (AMB)N(CMD) ’(‘B‘XA)H(CH‘D’)



AUB~CND, D~E, |ALB| >4, |C|+|D| <9, |[ELF| >100

A

A\B

AuB

Wi N A

AmMB B\ A C\D_cnp D\C

EUF

0%

E\F  ENF

(A\B)N(CMD)  (AMB)N(CMD) ’(‘B‘XA)—F\(C‘FTD’)




AUB~CND, D=E, |AUB| >4, |[C|+|D| <9, |[ELF| >100

A AuB

XIXE N T

A\B  AMNB B\ A C\D_cnp D\C

= EUF F

E\F  ENF  F\E
(A\B)N(CMD)  (ANB)N(CND)  (B\A)MA(CTID)




AUB~CND, D=E, |AUB| >4, |[C|+|D| <9, |[ELF| >100

A AuB

XIXE N T

A\B  AMNB B\ A ,C\D_cnd D\C

= EUF F

E\F  ENF F\E
(A\B)N(CMD)  (ANB)N(CND)  (B\A)MA(CTID)




AUB=~CMD, D~E, |AUB| >4, |C|+|D] <9, |ELF > 100

A AuUB

XX

A\B  AnNB B\ A ,C\D_cnD D\C - FLF ;

X |

ENF ENF  F\E

(A\B)n (C11D) (BAAA(CTID)

(AHB)I‘I(CI_ID)

|ALB| N+ ny+n3+ng
ICl = nr+m+n+n3+n,
DI = m+n+n3+n,+ns+ne
EUF = m+nm+n+n,+ns+ng4+ng 1 27 37 47 57 6




PROCESSING CARDINALITY CONSTRAINTS: EXAMPLE

Reasoning about cardinality is reduced to solving:

ni+n+ns+n, >4
nz+n+n+n3+n,+n+n+n3+n,+ns+ns <10
ny+ Ny 4+ N3+ Ny + Ns + ng + ng > 100

ni>0 forie{1,...8}

(which is satisfiable)
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PROCESSING CARDINALITY CONSTRAINTS: EXAMPLE

Reasoning about cardinality is reduced to solving:

ni+n+ns+n, >4
nz+n+n+n3+n,+n+n+n3+n,+ns+ns <10
ny+ Ny 4+ N3+ Ny + Ns + ng + ng > 100

ni>0 forie{1,...8}

(which is satisfiable)

However, we must also consider lower bounds on region
cardinalities imposed by membership constraints:

XECXED E xeEC\D E n>1

15



Then, arithmetic reasoning can give:

n=n=2 n=n,=ng=0 ns=n;=1 ng="100

Set reasoning can give:

rs = {y} r; = {x} rs = {x}



Then, arithmetic reasoning can give:

n=n=2 n=n,=ng=0 ns=n;=1 ng="100
Set reasoning can give:
rr={y} n={x r={x}

We can just add elements to the other regions to match
cardinalities:

r={e ey} r, ={es e}
I’3:® I’4:®
rs = {ey} re =10

r7 = {ex} re = {ex, es,...,e103}



Satisfying assignment:

A = nurnuUunur, = {ej, €364}

B = rnur, = 0

C = rnUnUnUrnur = {ex,er,6,63,64}
D = nUnUdnrnuUr,UrsUrg = {ey,€1,€2,€3794}
E = nUununnurnUrsUrg = {ey,€1,€2,e3,94}
F rhUr,UrgUTrsg = {eX7e57**-7e103}

Original problem:
XED, yEAUBXEEUF xEC, YyED,
AUB~CND, DxE, |AUB| >4, |C|+ |D| <10, |[ELIF| > 100



THEORETICAL RESULTS

Our calculus is

- terminating
- refutation sound & complete

- solution sound & complete

for any derivation strategy



EXPERIMENTAL EVALUATION 1

file output | time(s) | #N | #L
vcl unsat 0.00 3 3
vc2a unsat 0.01 17 8
ve2b sat 0.01 15 7
vC2 unsat 0.00 8 5
vc3a unsat 0.00 6 0
ve3b sat 0.01 17 8
ve3 unsat 0.00 6 0
vchb sat 0.22 45 16
VCh unsat 0.07 57 18
vc5hb sat 1.71 71 22
vch unsat 0.36 68 21
vcba unsat 0.02 34 14
vcob sat 0.14 31 13
vcbe sat 0.06 34 14
vCo sat 0.02 38 18

- single query benchmarks
- generated by the Jahob system

- from verifying programs with pointer-based data structures o
1



EXPERIMENTAL EVALUATION 2

file output time(s) | #N | #L
vcl 1 sat/4 unsat 0.02 12 6
ve2 1 sat/3 unsat 0.07 39 | 23
ve3 2 sat/2 unsat 0.09 54 | 21
VCh 1 sat/3 unsat 0.02 0 0
veh 2 sat/2 unsat 0.08 27 13
vC6 1 sat/3 unsat 0.01 0 0
vc7 2 sat/4 unsat 0.34 56 | 33
vc8 1 sat/3 unsat 0.01 0 0
vc9 2 sat/2 unsat 0.09 39 | 19
vcl10 2 sat/2 unsat 0.32 94 | 32

- incremental (i.e, multiple-query) verification conditions
- generated by Leon verification system

- from Scala programs

- mixed constrains over sets, datatypes and bitvectors

- only CVC4 can handle this combination of theories

20



THANK YOU



