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SkipList(heap, s, r) = heap|tail].arr|0] = null A - - - A heap|tail].arr|M]) = null
a € r — heap|al.level < M

\ A addrs(heap, head, tail,i + 1) C addrs(heap, head, tail, i) )

i€0...(M—1)

A
)
A
A

> Program transitions : SL(h, sl,7) A paus A p1o(V, V') — SL(K', sl', r"

SkipList(h, sl,r) A
rwal = 14 A \ ( at1o A \
prev.val < 14 A prev’.arr[0] = x A
z.arr[0l.val > 14 A A atly A | — SkipList(h', sl',r")
prev.arr[0] = z.arr[0] A h'=hAsl=sl A
\ ré&r / \r’:ru{x}/\x’:x )

reason about
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Verification of Skiplists

» Skiplist shape preservation : [SkipList(heap, sl,r)
( —ordList(heap, head, tail,0) >

r = region(heap, head, tail)

SkipList(heap, s, r) = heap|tail].arr|0] = null A - - - A heap|tail].arr|M]) = null
a € r — heap|al.level < M

\ A addrs(heap, head, tail,i + 1) C addrs(heap, head, tail, i) )

i€0...(M—1)

> > > >

A

» Program transitions : SL(h,sl,r) A @auz A p10(V, V') — SL(R,sl’, 7’

/

SkipList(h, sl,r) A

( rwal = 14 A \ ( at10 A \
Qrev.wal < 14> A prev’.arr[0] = x A
z.arr[0l.val > 14 A | A atlq A | — SkipList(h',sl',r")
prev.arr[0] = z.arr[0] A h'=hAsl=sl A
\ T é&r ) \r’:ru{x}/\a}’:x )

reason about

ordered values + notion of ordered list
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Verification of Skiplists

» Skiplist shape preservation : [SkipList(heap, sl,r)

( ordList(heap, head, tail,@
r = region(heap, head, tail)

SkipList(heap, s, r) = heaptail].arr(0) = null A - -+ A heap[tail].ar@ = null
a € r —eap|al.level < M

\ A addrs(heap, head, tail, i + 1) C addrs(heap, head, tail, i) )

i€0...(M—1)

A
A
A
A

> Program transitions : SL(h,sl,7) A pauz A p10(V, V') = SL(R', sl',r"

SkipList(h, sl,r) A
( rval = 14 A \ ( atio A \
prev.val < 14 N prev’.am@z T AN
m.aw@val > 14 A | A atly A | — SkipList(h',sl',r")
prev.arr@ = z.arr[0] A h'=hAsl=sl A
K T é&r ) \r’:ru{x}/\x’:x )

reason about

levels
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Verification of Skiplists

» Skiplist shape preservation : [SkipList(heap, sl,r)

( ordList(heap, head, tail, 0)
r = region(heap, head, tail)
heap|tail] @O] =null A--- A heap[tail]@[M]) = null
a € r — heap|al.level < M

\ A addrs(heap, head, tail,i + 1) C addrs(heap, head, tail, i) )

i€0...(M—1)

SkipList(heap, sl,r) =

A
)
A
A

> Program transitions : SL(h,sl,7) A pauz A p10(V, V') = SL(R', sl',r"

SkipList(h, sl,r) A
( rval = 14 A \ ( at1o A \
prev.val < 14 A prev’.arr[0] = x A
z.@rr]0l.val > 14 A | A atlq A | — SkipList(h',sl',r")
prev.@rrl0] = x.@rr)0] A h'=hAsl=sl A
K T é&r ) \r’:ru{x}/\x’:x )

reason about

arrays
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Verification of Skiplists

» Skiplist shape preservation : [SkipList(heap, sl,r)

( ordList(heap, head. tail,0)
@gion(heap, head, tail) >
T ~ heap|tail].arr|0] = null A - - - A\ heap|tail].arr|M]) = null
SkipList(heap, sl,r) = P
‘pList(heap, sl,) @ heapla).level < M
\ A addrs(heap, head, tail,i + 1) C addrs(heap, head, tail, i) )

i€0...(M—1)

> > > >

> Program transitions : SL(h,sl,7) A pauz A p10(V, V') = SL(R', sl',r"

SkipList(h, sl,r) A

( rwal = 14
prev.val < 14

z.arr[0].val > 14 A atly

prev.arr[0] = _ x.arr[0] h' =hAsl=sl

N~ S B Ve O Y

\ ( atio

prev’.arr[0] = x

N\
N\
A — SkipList(h', sl',r")
N\

> > > >

reason about

regions (sets)
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Verification of Skiplists

» Skiplist shape preservation : [SkipList(heap, sl,r)

( ordList( heap) head, tail,0)
r = region(heéapyhead, tail)

SkipList(heap, sl,r) = Q?eap[mil]}a”[()] = null A\ - @GTT[M]) = null

a € r — heap|al.level < M
\ A addrs(heap)head, tail,i + 1) C addrs(heap)head, tail, ) )

i€0...(M—1)

> > > >

» Program transitions : SL(h, sl, ) A auz A p10(V, V') — SL(K/, sl",r"

/

SkipList(h, sl,r) A
( rval = 14 A \ ( at1o A \
prev.val < 14 A prev’.arr[0] = x A
z.arr[0l.val > 14 A | A atlq A | — SkipList(h',sl',r")
prev.arr[0] = z.arr[0] A 6' = A sl = sl A
\ Tédr ) \r’:ru{x}/\@’:x) )

reason about

memory, cells
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Our Contribution

» TSL, a theory for skiplists of arbitrary length and height

» \We show TSL decidable...

» ...by reducing TSL satisfiability to TSLk satisfiability.

» Show it suitable for verifying real world implementations
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TSL:Theory of Skiplist of Arbitrary Height glo\llﬂquﬁea

» TSL, like TSLk, is a union of other theories
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TSL:Theory of Skiplist of Arbitrary Height

» TSL, like TSLk, is a union of other theories

Zaddr
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» TSL, like TSLk, is a union of other theories

Zaddr U Zelem
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» TSL, like TSLk, is a union of other theories
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TSL:Theory of Skiplist of Arbitrary Height

» TSL, like TSLk, is a union of other theories

Zaddr U Zelem U Zord U ZceII

TSL, 5 TSL
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TSL:Theory of Skiplist of Arbitrary Height

» TSL, like TSLk, is a union of other theories

Zaddr U Zelem U Zord U ZceII

TSL, 5 TSL

€1 €2
—
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TSL:Theory of Skiplist of Arbitrary Height

» TSL, like TSLk, is a union of other theories

Zaddr U Zelem U Zord U ZceII

TS LK <E|GVG|K> E TSL

€1 €2
—
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TSL:Theory of Skiplist of Arbitrary Height

» TSL, like TSLk, is a union of other theories

Zaddr U Zelem U Eord U ZceII

TS LK 2levely E TSL

€1 €2

€1 €2
—
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TSL:Theory of Skiplist of Arbitrary Height

» TSL, like TSLk, is a union of other theories

Zaddr U Zelem U Eord U ZceII

E eve
TSL,  Sew s ) TSL
(
) ) ) )
\
—00 2 5 +00 —00 2 5 +00
€1 €2 €1 €2
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TSL:Theory of Skiplist of Arbitrary Height

» TSL, like TSLk, is a union of other theories

Zaddr U Zelem U Eord U ZceII U Zmem

E eve
TSL, e s TSL
— SEm— SEm— —
— 00 2 5 +00 — 00 2 5 +00
) giJ €2 — ) &J L€_2J )
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TSL:Theory of Skiplist of Arbitrary Height

» TSL, like TSLk, is a union of other theories

Zaddr U Zelem U Eord U ZceII U Zmem
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TSL:Theory of Skiplist of Arbitrary Height

» TSL, like TSLk, is a union of other theories

Zaddr U Zelem U Eord U ZceII U Zmem

E eve

TSL,  See et TSL
ra—ST ) ) ) as
as as

a2 as : a2 as
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TSL:Theory of Skiplist of Arbitrary Height

» TSL, like TSLk, is a union of other theories

Zaddr U Zelem U Zord U ZceII U Emem

— ) \ppam
3 (o (e
— ak
1 S N 1 S S
0 S S >‘”)77 0 5 S S n
— - -
2 5% +00 2 5} +00
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TSL:Theory of Skiplist of Arbitrary Height

» TSL, like TSLk, is a union of other theories

Zaddr U Zelem U Zord U ZceII U Emem U Zset

— ) \ppam
3 (o (e
— ak
1 S N 1 S S
0 S S >‘”)77 0 5 S S n
— - -
2 5% +00 2 5} +00
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TSL:Theory of Skiplist of Arbitrary Height

» TSL, like TSLk, is a union of other theories

Zaddr U Zelem U Zord U ZceII U Emem U Zset U Zreachability

path = a non-repeating sequence of addresses

[&1,@2,&3]
TSL, Ses g4 TSL
) -
; o T (=
1 5 e i 1 5 3 P
P e
0 5 A o i 0 5 A 3 ul
2 5 +00 2 5 +00
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TSL:Theory of Skiplist of Arbitrary Height

» TSL, like TSLk, is a union of other theories

Zaddr U Zelem U Zord U ZceII U Emem U Zset U Zreachability

append(|ay, as), |as], |a1, asz, as])

TS LK ZIeveIK E Zarray TS L

— ) \ppam
: = i 2
e e
1 S N 1 S s
0 S S >‘”)77 0 N S | i
— e
2 5 “+00 2 5 +00
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TSL:Theory of Skiplist of Arbitrary Height

» TSL, like TSLk, is a union of other theories

Zaddr U Zelem U Zord U ZceII U Emem U Zset U Zreachability

reach(ag, as, 1, |ag, as))

TSL, Ses g4 TSL

3 - 3

2 A e n 2 1
vz 77777 e . '7_> """ Y

1 // 7 — T 1 77 :

O-.../././...-.; ......... % -). ...... ‘% ‘-O-----/-/-/-----)Iﬁ----% -). ....... i
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TSL:Theory of Skiplist of Arbitrary Height

» TSL, like TSLk, is a union of other theories

Zaddr U Zelem U Eord U ZceII U Emem U Zset U Zreachability U Zbridge

TSL,  Ziew 5o TSL
— -
; o T (=
1 5 e i 1 5 3 P
P e
0 5 A o i 0 5 A 3 ul
2 5 +00 2 5 +00
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TSL:Theory of Skiplist of Arbitrary Height

» TSL, like TSLk, is a union of other theories

Zaddr U Zelem U Zord U ZceII U Emem U Zset U Zreachability U Zbridge

path2set(|az, as]) = {az, a3}

TS LK 2levely E Yarray TS L

— ) \ppam
: = i 2
e e
1 S N 1 S s
0 S S >‘”)77 0 N S | i
— e
2 5 “+00 2 5 +00




TSL:Theory of Skiplist of Arbitrary Height

O = N W

» TSL, like TSLk, is a union of other theories

Zaddr U Zelem U Zord U ZceII U Emem U Zset U Zreachability U Zbridge

getp(a()a az, O) —

-------

TSL,
_______________ =
% -

iMdea

software

--------

=S Ryt
1 |

SEERS S

--------

SESS NS
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TSL:Theory of Skiplist of Arbitrary Height

» TSL, like TSLk, is a union of other theories

Zaddr U Zelem U Zord U ZceII U Emem U Zset U Zreachability U Zbridge

ordList(|ag, a1, as, as))

TSL, Ses g4 TSL

) -

; o T 1
P - e

1 5 S 1 5 3

0 5 3 S o P 0 5 3 3 7

................................. :--'1/7)77 ------------------------------------|/7)77

: 2 5 —I—OOE : 2 5 —|—OO':
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TSL:Theory of Skiplist of Arbitrary Height

» TSL, like TSLk, is a union of other theories

Zaddr U Zelem U Eord U ZceII U Emem U Zset U Zreachability U Zbridge

Decidability based on

O )

TSL, Sea 54 TSL




Decision Procedure for TSL gﬂ"ﬁggt_,a
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Decision Procedure for TSL

» Let Ynorm be a normalized TSL formula
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Decision Procedure for TSL SOftvare

» Let Ynorm be a normalized TSL formula

0 /\( A = heaplhead].arr

/\ . .
heap|head].max = 3 )A B = A{i « tail}
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» Let Ynorm be a normalized TSL formula

L A = heap|head].arr A o .
© : 2—0/\< heap|head).maz = 3 J)/\B—A{z%tazl}

l Normalization

c = heap|head) A
Onorm = 1 =0A| c¢=mkcellle,k, A1) N |NB = A{i + tail}
[ =3
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» Let Ynorm be a normalized TSL formula
» STEP 1. Sanitize

Psanit ‘= Pnorm /\ /\ (lnew = [+ ].)

c = heap|head] A
Onorm  : 1 =0A| c¢=mkcellle,k, A1) AN |NB= A{i + tail}
[ =3
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Decision Procedure for TSL

» Let Ynorm be a normalized TSL formula
» STEP 1. Sanitize

Psanit ‘= Pnorm /\ /\ (lnew = [+ ].)

c = heap|head] A
Onorm - 1 =0A| c=mkcell(e,k, A1) A /\BL: A{i <+ tail}

Psanit . ©norm N lhewy = 1+ 1

Why sanitization? Soon will be clear
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Decision Procedure for TSL

» Let Ynorm be a normalized TSL formula
» STEP 1. Sanitize

Psanit ‘= Pnorm N\ /\ (lnew = [+ ].)
B:A{l%a} € Pnorm

» STEP 2. Guess an arrangement « of level variables in @g,nit
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Decision Procedure for TSL

» Let Ynorm be a normalized TSL formula
» STEP 1. Sanitize

Psanit ‘= Pnorm N\ /\ (lnew = [+ ].)
B:A{l%a} € Pnorm

» STEP 2. Guess an arrangement « of level variables in @g,nit

c = heap|head] A
Osanit @ =0 A c = mkcell(e, k, A, 1) A N B=A{i+ tail} N lew=1+1

[ =3
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Decision Procedure for TSL

» Let Ynorm be a normalized TSL formula
» STEP 1. Sanitize

Psanit ‘= Pnorm N\ /\ (lnew = [+ ].)
B:A{l%a} € Pnorm

» STEP 2. Guess an arrangement « of level variables in @g,nit

c = heap|head] A
Dsanit : 0 A : mkcell(e, k,A A A B= A tail} A : 1
l)=3

A possible arrangement: {i < lyen , @ <, lpew <1}
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Decision Procedure for TSL

» Let Ynorm be a normalized TSL formula
» STEP 1. Sanitize

Psanit ‘= Pnorm N\ /\ (lnew =+ ]_)
B:A{l<_a’} € Pnorm

» STEP 2. Guess an arrangement « of level variables in @g,nit

» STEP 3. Split penit into... J

{ v
SPA A SNCA o
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Decision Procedure for TSL

» Let Ynorm be a normalized TSL formula
» STEP 1. Sanitize

Psanit ‘= Pnorm N\ /\ (lnew =+ ]_)
B:A{l<_a’} € Pnorm

» STEP 2. Guess an arrangement « of level variables in @g,nit

» STEP 3. Split penit into... J

{ v
SPA A SNCA o
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» Let Ynorm be a normalized TSL formula
» STEP 1. Sanitize

Psanit ‘= Pnorm N\ /\ (lnew =+ ].)
B:A{l%a} € Pnorm

» STEP 2. Guess an arrangement « of level variables in @g,nit

» STEP 3. Split penit into... J
e 1
OPA A oNC A

Eelem Eaddr

> ord 2lcell

Dset 3
P ey array

Zbridge

Zreachability
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Decision Procedure for TSL SOftvare

» Let Ynorm be a normalized TSL formula
» STEP 1. Sanitize

Psanit ‘= Pnorm N\ /\ (lnew =+ ].)
B:A{l%a} € Pnorm

» STEP 2. Guess an arrangement « of level variables in @g,nit

» STEP 3. Split penit into... J
e 1
OPA A oNC A

Eelem Eaddr

> ord 2lcell

Dset 3
P ey array

Zbridge

Zreachability
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Decision Procedure for TSL

» Let Ynorm be a normalized TSL formula
» STEP 1. Sanitize

Psanit ‘= Pnorm N\ /\ (lnew =+ ].)
B:A{l%a} € Pnorm

» STEP 2. Guess an arrangement « of level variables in @g,nit

» STEP 3. Split penit into... J
e 1
OPA A oNC A

[=3

c = heap|head] A
Gsanit = =0 A c = mkcell(e, k, A, 1) A N B=A{i+ tail} N lew=1+1
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Decision Procedure for TSL

» Let Ynorm be a normalized TSL formula
» STEP 1. Sanitize

Psanit ‘= Pnorm N\ /\ (lnew =+ ].)
B:A{l%a} € Pnorm

» STEP 2. Guess an arrangement « of level variables in @g,nit

» STEP 3. Split penit into... J
e 1
OPA A oNC A

[=3

c = heap|head] A
Gsanit : =0 A c = mkcell(e, k, A, 1) A N B=A{i+ tail} N lew=1+1
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Decision Procedure for TSL

» Let Ynorm be a normalized TSL formula
» STEP 1. Sanitize

Psanit ‘= Pnorm N\ /\ (lnew =+ ].)
B:A{l%a} € Pnorm

» STEP 2. Guess an arrangement « of level variables in @g,nit

» STEP 3. Split penit into... J
e 1
OPA A oNC A

[=3

c = heap|head] A
Gsanit : =0 A c = mkcell(e, k, A,l) A N B=A{i+ tail} N lew=1+1
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Decision Procedure for TSL

» Let Ynorm be a normalized TSL formula
» STEP 1. Sanitize

Psanit ‘= Pnorm N\ /\ (lnew =+ ].)
B:A{l%a} € Pnorm

» STEP 2. Guess an arrangement « of level variables in @g,nit

» STEP 3. Split penit into... J
e 1
OPA A oNC A

[=3

c = heap|head] A
Gsanit : =0 A c = mkcell(e, k, A,l) A AN B=A{i « tail} A —
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Decision Procedure for TSL

» Let Ynorm be a normalized TSL formula
» STEP 1. Sanitize

Psanit ‘= Pnorm N\ /\ (lnew = [+ ].)
B:A{l%a} € Pnorm

» STEP 2. Guess an arrangement « of level variables in @g,nit

» STEP 3. Split penit into... }
e 1
oPA A oNC A

» STEP 4. Check satisfiability of (¢"™* A ) and (N A «)
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Decision Procedure for TSL: Correctness

» Let ¢ be a TSL formula
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Decision Procedure for TSL: Correctness

» Let ¢ be a TSL formula

[ > Spnorm
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Decision Procedure for TSL: Correctness

» Let ¢ be a TSL formula

{ s Pnorm —— Psanit
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» Let ¢ be a TSL formula

{ s Pnorm < s Psanit

Theorem:

@ : TSL formula is satisfiable

iff
for some arrangement «, both
(P4 A @) and (V¢ A @) are satisfiable
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» Let ¢ be a TSL formula

{ s Pnorm < s Psanit

oPA A o

v

Presburguer Arithmetic




Decision Procedure for TSL: Correctness
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» Let ¢ be a TSL formula

{ s ©norm < s Psanit

oPA A

T

oNC A

» Gapless model: we stay only with interesting levels
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Decision Procedure for TSL: Correctness Rt

» Let ¢ be a TSL formula

I s Pnorm < s Psanit

‘/IeveI(SONC A 05) :{lla ZB}

» Gapless model: we stay only with interesting levels

Iy | . )
yE — =y
l2 . )| . N I )| . )| . 5
e
[1 | - I I e . I e I 5 pt
2 5 7 10 12 14 17
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» Let ¢ be a TSL formula

{ s ©norm < s Psanit

N

‘/IeveI(SONC A 05) :{lla ZB}

» Gapless model: we stay only with interesting levels

s { — )

I s N s I s e Y e Y, N s B

g_J
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Decision Procedure for TSL: Correctness

» Let ¢ be a TSL formula

{ s ©norm < s Psanit

Acardinality of level variables
oPA A oNC A

7

We reduce the formula to "o™V¢ A a™ TSR

» Gapless model: we stay only with interesting levels

s { — )

I s N s I s e Y e Y, N s B

g_J
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» Let ¢ be a TSL formula

{ s ©norm < s Psanit

oPA A

Theorem:

T

7

oNC A

We reduce the formula to "% A a7 : TSLk

1 a sanitized TSL formula without constant levels is satisfiable

iff
"1 TSLk is satisfiable
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» Let ¢ be a TSL formula

{ s Pnorm < s Psanit

oPA A o

» Reduction

T

TSL > TSLk

oNC A
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Decision Procedure for TSL: Correctness

» Let ¢ be a TSL formula

{ s Pnorm < s Psanit
» Reduction TSL . TSLk
o= mheell(e, k, A1) c=(e,kva- o va1)
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Decision Procedure for TSL: Correctness Software

» Let ¢ be a TSL formula

{ s Pnorm < s Psanit
» Reduction TSL . TSLk
o= mheell(e, k, A1) c=(e,kva- o va1)
l_a:A[l]—l /\ lZi-)CLZUA[i]
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» Let ¢ be a TSL formula

{ s Pnorm < s Psanit
» Reduction TSL . TSLk
o= mheell(e, k, A1) c=(e,kva- o va1)
rCL:A[l]—l ZZO/\K_ll:iﬁa,:’UA[i]

N 1#7—vpy =vap)
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Decision Procedure for TSL: Correctness

» Let ¢ be a TSL formula

{ s Pnorm < s Psanit

N

E|T5|_ M model
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Decision Procedure for TSL: Correctness Software

» Let ¢ be a TSL formula

{ s Pnorm < s Psanit

N

15 M model

ls— |- l

ElTSL(gapIess) M’ model
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Decision Procedure for TSL: Correctness

» Let ¢ be a TSL formula

{ s Pnorm < s Psanit
151 M model
ls—[ = Not that easy! J I

ElTSL(gapIess) M’ model
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Decision Procedure for TSL: Correctness

» Let ¢ be a TSL formula

{ s Pnorm < > Psanit
- A e
151 M model
B = A{ll — CL} l I

ElTSL(gapIess) M’ model
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Decision Procedure for TSL: Correctness
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Empirical Evaluation

» We have implemented TSL decision procedure in LEAP

» We verify shape preservation and functional properties

» We compare TSL with previous TSLk performance
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Form. #Calls to DPs VC time (s.) Time (s.)
# TSL | TSLy | TSL2 | TSLs | TSLy || slowest avg DP

skiplist 560 28 45 92 38 14 5.40 0.24 19.64
region 1583 56 | 111 185 76 — 22.66 0.54 42.93
next || 1899 30 39 55 22 — 0.32 0.02 1.60
order || 2531 57 | 167 286 116 4 2.35 0.84 6.75
skiplistkpe 214 14 37 61 32 12 5.93 0.24 13.14
nodeskpe 585 32 99 174 76 — 3.10 0.17 9.36
pointerskpe || 1115 27 38 42 16 — 0.22 0.01 0.76
valueskpe 797 34 | 120 194 76 — 0.64 0.06 3.06
funclnsert 75 7 9 2 — — 0.02 0.01 0.04
funcRemove 75 8 9 15 2 — 0.04 0.01 0.10
skiplisty 119 — 32 — — — 0.10 0.01 0.32
region; 119 — 27 — — — 0.14 0.01 0.28
skiplisty 137 — — 47 — — 2.15 0.05 4.13
region; 122 — — 27 — — 1.08 0.03 2.44
skiplists 154 — — — 62 — 776.45 15.27 1221.52
regions 124 — — — 27 — 17.36 0.34 26.92
skiplists 171 — — — — 7 T.O. T.0O. T.O.
regiony 126 — — — — 27 226.08 4.30 348.44
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Form. #Calls to DPs VC time (s.) Time (s.)
# TSL | TSLy | TSLe | TSL3s | TSLy4 || slowest avg DP

skiplist 560 28 45 92 38 14 5.40 0.24 19.64
region 1583 56 | 111 185 76 — 22.66 0.54 42.93
next || 1899 30 39 55 22 — 0.32 0.02 1.60
order || 2531 57 | 167 286 116 4 2.35 0.84 6.75
skiplistkpe 214 14 37 61 32 12 5.93 0.24 13.14
nodeskpe 585 32 99 174 76 — 3.10 0.17 9.36
pointerskpe || 1115 27 38 42 16 — 0.22 0.01 0.76
valueskpe 797 34 | 120 194 76 — 0.64 0.06 3.06
funclnsert 75 7 9 2 — — 0.02 0.01 0.04
funcRemove 75 8 9 15 2 — 0.04 0.01 0.10
[ skiplisty 119 — 32 — — — 0.10 0.01 0.32
region; 119 — 27 — — — 0.14 0.01 0.28
skiplisty 137 — — 47 — — 2.15 0.05 4.13
region; 122 — — 27 — — 1.08 0.03 2.44
skiplists 154 — — — 62 — 776.45 15.27 1221.52
regions 124 — — — 27 — 17.36 0.34 26.92
skiplists 171 — — — — 7 T.O. T.0O. T.O.
L regions || 126 _ _ _ _ 27 || 226.08 4.30 || 348.44

TSL decision procedure vs TSLk decision procedure
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Form. ( F_\, #Calls to DPs VC time (s.) Time (s.)
H# TSL J|TSL; | TSLy | TSLs | TSLs || slowest avg DP

skiplist 560 28 45 92 38 14 5.40 0.24 19.64
region 1583 56 | 111 185 76 — 22.66 0.54 42.93
next || 1899 30 39 55 22 — 0.32 0.02 1.60
order || 2531 57 | 167 286 116 4 2.35 0.84 6.75
skiplistkpe 214 14 37 61 32 12 5.93 0.24 13.14
nodeskpe 585 32 99 174 76 — 3.10 0.17 9.36
pointerskpe || 1115 27 38 42 16 — 0.22 0.01 0.76
valueskpe 797 34 | 120 194 76 — 0.64 0.06 3.06
funclnsert 75 7 9 2 — — 0.02 0.01 0.04
funcRemove 75 8 9 15 2 — 0.04 0.01 0.10
skiplist; 119 — 32 — — — 0.10 0.01 0.32
region; 119 — 27 — — — 0.14 0.01 0.28
skiplists 137 — — 47 — — 2.15 0.05 4.13
region; 122 — — 27 — — 1.08 0.03 2.44
skiplists 154 — — — 62 — 776.45 15.27 || 1221.52
regions 124 — — — 27 — 17.36 0.34 26.92
skiplists 171 — — — — 7 T.O. T.0O. T.O.
regiong 126 — — — — 27 226.08 4.30 348.44

A TSL queries is decomposed into multiple calls to TSLk
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Form. #Calls to DPs VC time (s.) Time (s.)
# TSL | TSLy | TSL2 | TSLs | TSLy || slowest avg DP
skiplist 560 28 45 92 38 14 5.40 0.24 19.64
region 1583 56 | 111 185 76 — 22.66 0.54 42.93
next || 1899 30 39 55 22 — 0.32 0.02 1.60
order || 2531 57 | 167 286 116 4 2.35 0.84 6.75
skiplistkpe 214 14 37 61 32 12 5.93 0.24 13.14
nodeskpe 585 32 99 174 76 — 3.10 0.17 9.36
pointerskpe || 1115 27 38 42 16 — 0.22 0.01 0.76
valueskpe 797 34 | 120 194 76 — 0.64 0.06 3.06
funclnsert 75 7 9 2 — — 0.02 0.01 0.04
funcRemove 75 8 9 15 2 — 0.04 0.01 0.10
skiplisty 119 — 32 — — — 0.10 0.01 0.32 |
region; 119 — 27 — — {J 0.14 0.01 0.28
skiplisty 137 — — 47 — — 2.15 0.05 4.13
region; 122 — — 27 — 1.08 0.03 2.44
skiplists 154 — — — 62 — 776.45 15.27 1221.52
regions 124 — — — 27 17.36 0.34 26.92
skiplists || 171 — — — — 7 T.0. | T.O. T.0. |
regiony 126 — — — — 27 226.08 4.30 348.44

While TSLk did not scale beyond a skip

ist with 4 levels...
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Form. #Calls to DPs VC time (s.) Time (s.)

%) TSL | TSL; | TSLy | TSLs | TSLy || slowest avg DP

skiplist 560 28 45 92 38 14 5.40 0.24 19.64
region 1583 56 | 111 185 76 — 22.66 0.54 42.93
next || 1899 30 39 55 22 — 0.32 0.02 1.60
order 2531 57 167 286 116 4 2.35 0.84 6.75
skiplistkpe 214 14 37 61 32 12 5.93 0.24 13.14
nodeskpe 585 32 99 174 76 — 3.10 0.17 9.36
pointerskpe 1115 27 38 42 16 — 0.22 0.01 0.76
valueskpe 797 34 120 194 76 — 0.64 0.06 3.06
funclnsert 75 7 9 2 — — 0.02 0.01 0.04
funcRemove 75 8 9 15 2 — 0.04 0.01 0.10
skiplist; || 119 — 1 32 - — — 0.10 0.01 0.32
region; 119 — 27 — — — 0.14 0.01 0.28
skiplists 137 — — 47 — — 2.15 0.05 4.13
region; 122 — — 27 — — 1.08 0.03 2.44
skiplists 154 — — — 62 — 776.45 15.27 1221.52
regions 124 — — — 27 — 17.36 0.34 26.92
skiplists 171 — — — — 7 T.O. T.0O. T.O.
regiona 126 — — — — 27 226.08 4.30 348.44

... TSL verified the examples in less than a minute for every height
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Conclusions

» We presented TSL, a theory for skiplists of arbitrary height

» TSL can reason about memory, cells, pointers, regions,
reachability, ordered lists and sublists

We proved TSL decidable and presented a decision procedure
Decision procedure has been implemented as part of LEAP

We used TSL to verify real world implementations

v v VY

Future work

» Extend TSL for concurrent skiplists

» Verify further implementations

» Improve automation by generating and propagating invariants

LEAP and examples avaiblable at

software.imdea.org/leap




