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o L UPS Group Core expertise

Software Engineering and Programming Languages Group

- Formal Methods:

- ProB validation toolset: animation/simulation, constraint solving, test-case generation, model checking, data
validation, EN51028 T2 certified, visualisation, validation obligation manager

- Modelling & verification of safety critical systems (hybrid train detection, moving block train control, ...)
. Certification of Al, combining formal models and Al, KI-LOK project
- B, Event-B, TLA+, Alloy, CSP, Z, ...
- Programming Languages
- symbolic Al, constraint logic programming

. tool validation, static program analysis, just-in-time compilation



Belore starting: Other Work

ol potential interest to Scryer Prolog audience

. Partial Evaluation and Program Analysis for Prolog
- Ecce
. Jupyter Prolog Notebooks for SWI+SICStus; adaptable for Scryer?
. Testing and certification: Prolog fuzzer, Mathematical Laws checking via constraint solving/model checking
- ProB can also animate Prolog rules
« Inference rules of Event-B, natural deduction visualisation (cf Mark Thom'’s first talk), see later

- Teaching: Introduction to Logic Programming (A*, Minimax, MCTS, ... in Prolog), Advanced Topics in Logic
Programming (writing interpreters, parsers, semantic analysis in Prolog, big-step / small-step semantics, ....)



Jupyter Kernel
for Prolog

Vv

Well-Formed Formulas (WFF)

All atomic propositions are WFF) If a und b are WFF then so are:

¢ (-a)

e (aAb)

e (avDb)

e (a~=>Db)

e (a & b) No other formulas are WFF.

Note in the slides we use the single arrow - instead of the double arrow = for implication which is
maybe more standard.

Comment: a, b are metavariablens outside the syntax of propositional logic.

Maybe this reminds you of formal grammars from a theoretical computer science lecture. And indeed, the
above can be written as a grammar using a non-terminal symbol wff.

In Prolog, grammars can actually be written using DCG notation, which we will see and understand much
later in the course. Here we simply write the grammar in Prolog style and can then use it to check if a
formula is a WFF:

| :- set_prolog_flag(double_quotes, codes).
wff ——> "p". % atomic proposition

wff ——> "q". % atomic proposition

wff ——> "(=",wff,")".

wff —> "(", wff, "A", wff, ")".

wff ——> "(", wff, "M", wff, ")".

wff ——> "(", wff, ">", wff, ")".

wff ——> "(", wff, """, wff, ")".

https://github.com/hhu-stups/prolog-jupyter-kernel
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q(c,d).
q(d.e).

reduce_add(LIst,Res) :-
reduce(add,0,List,Res).
add(X,Y,2) :-
ZIsX+Y.

rev(L,R) :-
rev(L,[].R).

rev([],L,L).
rev([H|T],A,R) :-
rev(T,[H|A],R).

N

WORKING EXAMPLE

vanilla_list.pl
Load

<

CONTROL SETTING

© Default Conjunctive
() Conjunctive Fast
() Classlc

() Mixtus Style

() Classic Fast

() Minimal

() Termination

m GOAL
test(X)

= ACTIONS'
=D D I G

POST-PROCESSING
() Max
© Default

O off

Specialsation Tree

/* Speclalised Predicates:
test_ 1(A) :- test(A).
q__3(A,B) :- q(A,B).
map__2(A,B) :- map(q,A,B).
*/

test(A) :-
test_ 1(A).
test__1([[],[])).
test__1([[A|B],[C|D]]) :-
q__3(A,C),
map__2(B,D).
map__2([1,[]).
map__2([A|B],[C|D]) :-

PLUG-INS

RUL RUL-BUP
CONVEX-LL

Ins

ECCE is part of the ASAP Project. Quenies? Please contact: Heinrich-Heine-University, Institut fir Software und Programmiersprachen: To Website. Datenschutz.

https://ecce.stups.hhu.de/ecce/index.php




>>> :print QFUZZ
@FUZZ = #idl. (idl : POW(STRING) & {id0|id0 : REAL & ({} = idl\/idl & idl/\idl = {})} : FIN({id0|id0 : REAL & ({}
= id1\/idl & idl/\idl = {})}))

didl. (
{id0| (@ = id1\/idl A idl/\idl = {})} € FIN({idO| (@ = id1\/idl A idl/\idl = {})})

>>> :print QFUZZ

RFUZZ = #id0. (id0 : POW (INTEGER * POW (INTEGER * POW (STRING))) & last(last(id0)) /<<: inter ({RANGE LAMBDA |
RANGE LAMBDA  : POW(STRING) & RANGE LAMBDA = STRING}))
41d0. (

last (last (1d0)) &€ inter({plpo = STRING})

>>> :print (@FUZZ-ARITH

W@FUZZ = Dbtrue
T

>>> :print QFUZZ-ARITH
@FUZZ = id0 : POW(INTEGER * (INTEGER * INTEGER) * INTEGER) & idl : POW(INTEGER * (INTEGER * INTEGER) * INTEGER) &
(MAXINT /: {} & MAXINT > 75 => prijl (NATURALl,pred) /<<: id0 \/ idl)
(
(
MAXINT & @

A
MAXINT > 75

)

=

prjl (N1,pred) ¢ id0 U idl




MACHINE Ari

DEFINITION
MAX x ==
MAX y ==
MAX z ==
MIN x ==
MIN y ==
MIN z ==

VARTABLES

INVARTIANT
X : INTEGER
X*y = Yy*X

*(ytz) =
Xty = y+X

x*1l = x &
1*x = x &
x*0 = 0 &
O* = 0 &
(xty) tz =
(x*y) *z =
2*x = X+X
X**X2 = xX*
(x>=0 =>
(x>=0 =>
(x>0 => 2
(x>0 => 2
(x>0 => 3

(x>y or X

(x>y or x=

ithmeticlLaws
S
50;

& yv:INTEGER & z:INTEGER &
&

X*y + x*z §&

&

X &

1**x = 1)
(((x / 2)*2 =
KA = 2% (2*%*% (X
** (10*x) = 2% (
** (10*x) = 3*(

<=vy) &
y or x<y) &
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- on the same occupied track section
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ProB running in real-time animating a
formal B model of the Hybrid-Level 3 principles
developed by a team from the University of Disseldorf and Thales with support from ClearSy
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ProB running in SICStus Prolog in real-time
executing a formal B model of the Hybrid-Level 3 principles (now ETCS Level 2 HTD)

. .™ b . b

&

NETZE &

Teststrecke Annaberg - Schwarzenberg: Szenario B

E Train 1: LUCY : E Train 2: TRAXX
Mode: Full Supervision 06.09.2018 ¢ —— 03 Mode: Full Supervision 06.09.2018

Train 2 following Train 1 (Lucy) on the same occupied track section, but on different virtual subsections



https://www.youtube.com/watch?v=FjKnugbmrP4

Demo:
- sequent_simple
- Sequent

- Lamp

[ WO ) iy AdvancedExample_animation.mch - AdvancedExample - ProB 2.0
Opcradons -Nate view P Swtstcsistztes 1 of 2]
& < 0 v X+~ Q o l . (— ] 0 P Veficsthns
b 5 _clallhangeSwilch{Swilchid="swi CurrSlzle={ Name value | Previowe Vaue ¥ Poect
star (ChangeSwilch(Swilclild="swi15 " alu=
e ”‘*’:”." Lh(sv..“ i ‘ s - CurSals=ll v vaRABLES tzrh nes | Stat.s | Prefarences | Poject
P 15_=ndChangeSwitch{Switchld - "dsw32&") - o T R - = = ' T L Pt ———
b B5_zndChange3witch{Switchld- "swidc") IS _rect #3884 "e1"=D Cmcirection_nomnas|" 1€l 3 .C150~direction_noma ) (" el _reversz)) {"neQ9%" Owcl =ction_ncms b«("ned7 "=0 L directio_noma )y #F2EE{{"nel” _on_ncm O ; * * o
M1 _”ﬂ’rﬂ"‘“\'ﬂ‘ﬁ'; GMIﬂ :nl};"gna F|ﬂn=rer ‘p_i_qrmr-.“.lm lS-_CjSSilT_.LSths {(' S:l'sﬂ-’-""(' i_SCfS‘A'“ xstiO'l_qJ dt'fi‘j\tj(:\‘ln ’)} {("sa?‘ld"»—-(..jgl‘wclwm'
B 1 _stactAtivates gnalpl=n(Signa plansres nistants ., m IS_cassingsinVavement o @ » AdvancedExample_data.mch
it . Al gt AZvancsdExampls_data.mzh
P L_sttAdivates enalplzn(Signa plan=rec (clstont:2,m IS_cassing_keyLozkec (52214 FALSE)] [["scr31a"FALSE)
P L_stathctivates gnalplzn(Signa plan=res clstant:™m 5 dersiler stales (1721 cer17Zwposition,_dera lingPosifon)]} P > RnIIMVL;:B_dVI’sB.def
P L_nolel ang=SigidSisle(Sivie M="sgE1") e e “HPo - = e 3 e
P L_trainAcczptAnmival(T=n-Tzind IS_dezilzr_kavlocked (= 172"FALSE)} ("d=r72"-FALSE)}
S - —— » AdvancedExample_validation.rmch
P L_trainDzd ned~va(Train-Tran%) IS_swit=h_states {cswBT 7"l " |_dow 317_ne77_ne21"ocs tion_left; | |_dsw317_ne7C_neCa"o. ) }."sw 326" w{ " |_swi326"-position_et)]),(swi33 {(il_swi33"ep.. {("dsw317%{._sw33% 0 AzvancsdExampls valdaion.mmoh
kEi_trainkAnvel tmum nmt={"neS 1-:4) aHan -=i
: | -tmfm ’H"’"r: “:1 = :”’ ‘1 (: “I " IS_switzhesinMcvament {Cdsw328"{(il_dsaB25_neB2_neBE"ocs tion_left) " |_dsw328_ne84_ned™dcs tion_right! {"swid@%:(" |_sw 49" scstion_right]} [("dsw32E"{[.on_riatt | » GenerateSimpleTopology
vt‘x_ | el ront[cum s {"nelL -0 S A5 Gen Wi 'eTe nek
b FS. tralnboucFront{ouTFam=1"e96"| 0.0| >d rect IS_siit-h_seyLoc ked {(dsw317"=FAL3E) " 39w 328" FAL3E),{"swi1C = FALSE), ("swil3"-FAL3E | |_E) (" sMi45"=F ALSE), ["SMAS"FA LSE) [*sai 53 " FALSE), (SWiCC"FALSE)}  {["dsw317"%. 55 FAL: AT A0y e
P FS_maintAocEac< cuBzdi="nt98" >2.2152| >clr R5_request ngAmivalTrans {T=zind=["n=zdE" LO=direction_reverss) TrainZ=""e_n_=wes

R5_amivedT zins {T=n],T=inZ Train3, T=n4} {Traint, Train-=in3 Trar

RS_tranOcaupiedLocations UTraint={("ne?"=0.0) {"ne7'0.5866)})), (TranZ={{"ned1"0.0), ("ned1"- 0.6 ..08"0.0),('me85" 0.2192))) (Traind-{("e24"-0.2258] ('ne24'-0.6319)})) {(Tramd-{("n_."-0.6319
R5_trai nFroot {T=inb={" =7 "0 58 CCxcirection_nama ), {Tra n2={ ned V= C 64 1= cirectio. 296" ~C Omcl =ction_=we3se), (Trainds= "1e24 =022 e~ direction_reverse) )} {[Traint={" nz._revers:
RS_tranBack HTraink=("ne?"0.0~drection_nomal)) (Train2-("ned 1% 0. O=direction_nor..." 0.2192«direction_reverse)), (Traind {'ne24'%0.681Sdirection_reverse)))  {(Tramd-({"ne..n_reverse

IL_ozcudnied TwlSzctions

{(tvd 3C4 % Traing), ("t d367 " T2ind) "ta371 " TrainG |, "td 377 "= Train2 |, {*d45 3 S Train1) (e 354% T " Train

v Visuzlzaden

History (stat= 15 of 14)

\Vsual saton npdsted

0

Trancition

----- 0 —00t---
—— 1 SETUF CONSTANTS
Possibly more « MAX_OPERATIONS reached 2 NITIAL ISATION
¥ Aamstion 3 IL s:ziRouteRese-vatioRode="rt s 287 ..
4 IS sta-tCha-geSwich Swicld="ds»0328", ...
5 IL s:zdRouleRese~vatioRode="rt s q157 ...
6 3 ta nloveFront currFront=("ne®8"|->02. ..
7 IL s:zrdActivateSigralp an(Signzlplz ~=rec(d. .
a Simulatiend i 73C 8 L s:ziRouleRese~vationiRode="rt s g145 .
a Simoilat ond | =nsCantin.. 84 9 3 tanArmriva Rzoues: Dperendld="inedd. .
7] siv_al_nvs (1) 300 10 A3 ta nloveFront currFront=("ne®8%-=00...
a siv_al_nvs (110 NN 11 IL s:zdRouleRese-vationiRode="rt s g164 ..
[7] siv_al_nvs (11) 3000 12 IS sta-tCha-geSwich Swicld="swid=" C. .
(7] siv_al_nvs (17) EHN] 13 IL s:zrdActivateSigralp an(Signzlplz ~=rec(d. ..
a si_al_nvs (15) 15 14 EN e 14 3 ta nloveFront currFront=("ne®G"|->1.0...
a sim_al_nvs (14) SN 15 RS_trainMoveB ack{currBack=("n=98"|.>0...
a siv_al_nvs (15) 300
@ @ Pl {16) 2l P Interactive Llonsne
— e
Exethig sOH O P




B2ASE -

Essentials

- New translation of B (Predicate Logic, Higher-Order Set Theory, Arithmetic) to
SAT and back

. Available in ProB and applicable to other state-based formalisms (TLA+, Z, ...)

. Technique fully rooted in Prolog and Logic Programming: CLP(FD) Bounds
Analysis, Prolog Translation from B to ASP (Answer Set Programming) anao
back (probably could be run in Scryer Prolog)

- Not a general purpose solver, but very useful for dedicated constraint
satisfaction and optimisation problems and symbolic verification



Demo: Set Unification, Set
Comprehension with open

P]_/QB, SO}V@I ]_n ACJ[]_OD variable, Unicode, Sets of Sets,

= Unbounded Arithmetic, ...

ProB's Solver in Action

Restored session: Mon 7 Nov 2022 19:30:29 CET




Data Valigation

ProB's default solver is good for animation and data validation

Towards the limits

p_over := bool (# ( over_track) . (( over_track:seq (t_block * t_direction ) & over_track /= {} & first ( over_track ) = p_X2MBlock |>p_X2MDir & !ii. (ii: 1 .. size ( over_track ) -1 => (
over_track) (ii ) : dom ( sidb_nextBlock ) ) & lii. (ii:1..size (over_track ) =>sidb_nextBlock ( ( over track ) (ii))=(over_track)(ii+1))) &(#(over_res).((over_res:

sidb restrlctlonAppllcabIe & (#ii.(ii:dom (over_track) & ((prj2 (t_block,t direction) (over_track (ii)))=c_up=>over_res:ran(sgd_blockUpRestrictionSeq ( ( prj1 (t_block, t_direction
) (over track (ii)))))) & ((prj2 (t_block,t_direction) (over track (ii)))=c_down =>over_res : ran( sgd_blockDownRestrictionSeq ( ( prjl ( t_block, t_direction ) ( over_track (ii )))))) & (
il =1 =>not (over_res<=p X2MRes)) & p_XZMSSWorst +p_X2MDSS + ( SIGMA(jj) . (jj: 1 ..ii | SIGMA ( pre_res ). ( pre_res :t_restriction & ( ( prj2 (t block , t_direction ) ( over_track (jj)))
=c_up =>pre_res : ran (sgd_blockUpRestrictionSeq ( ( prj1 ( t_block, t_direction ) ( over_track (ii)))))) & ((prj2(t_block, t_dlrectlon ) (over_track (jj)))= c_down => pre_res : ran (

sgd blockDownRestrictionSeq ( ( prjl (t_block , t_direction ) (over_track (jj)))))) & (jj=1=>not ( pre_res <= p_X2MRes ) ) & (jj =ii=>not ( pre_res >= over_ res ) )
sgd_restrictionDeltaSqSpeed ( pre_res)))) >sgd restrictionSquareSpeed (over_res ) & ( over_res : sgd_restrictionFront => p_X2MResDist + ( ( SIGMA (ti ). (ti: 1..ii | sgd_blockLength ( ( prjl
(t_block, t_direction )( (over_track ) (ti)))))) ({ c_down |>sgd_blockLength ( p_X2MBlock ) sgd_restrictionAbs ( p_ X2MRes ), c_up |>sgd_restrictionAbs ( p_ X2MRes)}(p X2MDir ) ) ({
c_down |>sgd_restr|ct|onAbs (over_res ), c_up |>sgd_blockLength ( ( prj1 (t_block, t_direction ) ( ( over_track) (ii)))) sgd_restrlctlonAbs (over_res) }((prj2 (t_block,t direction ) ((
over_track ) (i ) )))))+sgd_ restrlctlonLength (over_res ) >loc_locationUncertainty + c_ tralnLength )))))or(#(eoa res, res_after eoa,ii).(eoa_res:t restriction & res_after_eoa:
t_restriction & ii : dom ( over_track ) & p_EOABlock = ( prj1 (t_block, t_direction )( over track (ii))) & (ii=1=> p_XZMRes <=eoa_res) & ( ( prj2 (t_block , t_direction ) (over_track (ii)))=
c_up => eoa_res : ran ( sgd_blockUpRestrictionSeq ( p_ EOABIock))&res after_eoa :ran (sgd_ blockUpRestrictionSeq (p_EOABIlock) ) & sgd_ restrlctlonAbs(eoa res ) <= p_EOAAbs &
p_EOAAbs < sgd_restrlctlonAbs (res_after_eoa) & !'ri. (ri:ran (sgd_blockUpRestrictionSeq ( p_EOABlock ) ) => ri <= eoa_res or res_after_eoa<=ri)) & (( prj2 (t_block, t_direction ) (
over_track (ii)))=c_down =>eoa_res :ran ( sgd_blockDownRestrictionSeq ( p_EOABIlock ) ) & res_after_eoa : ran (sgd_ bIockDownRestrlctlonSeq ( p_EOABIlock ) ) & sgd_restrictionAbs (
eoa_res ) >= p_EOAADbs & p_EOAAbs > sgd_restrictionAbs ( res_after_eoa ) & ! ri. (ri:ran ( sgd_blockDownRestrictionSeq ( p_EOABIlock ) ) => ri <= eoa_res or res_after_eoa<=ri)) &
p_X2MSSWorst + p_X2MDSS + ( SIGMA (jj) . (jj:1..ii | SIGMA (pre_res).( pre_res :t_restriction & ( ( prj2 (t_block, t_direction ) (over_track (jj)))=c_up =>pre_res : ran (
sgd_blockUpRestrictionSeq ( ( prjl (t_block, t_ direction ) (over_track (jj)))))) & ((prj2 (t_block,t direction) (over_track (jj)))=c_down =>pre_res : ran( sgd_blockDownRestrictionSeq (
( prjl (t_block, t_direction ) ( over_track (jj ) ))))) & (jj=1=>not(pre_res<=p X2MRes)) & (jj=ii => pre_res <= eoa_res ) | sgd_restrictionDeltaSqSpeed ( pre_res)))) ({ c_up |>(
sgd_restrictionAccel (eoa_res) * ( ( sgd_restrictionAbs ( res_after_eoa ) p_ EOAAbs )/ 1024)) /2, c_down |>(sgd_restrictionAccel (eoa_res) * ( ( p_EOAAbs sgd_restrictionAbs (

res_after eoa))/1024))/2}((prj2 (t_block,t direction) ( over_track ( ii)))))>0))or(#(eoa res,ii).(eoa _res:t restriction &ii:dom (over_track) & (ii=1=>not(eoa_res<=
p_X2MRes ) ) & p_EOABIock = ( prj1 ( t_block, t direction ) (over_track (ii))) & ((prj2 (t_block,t_ direction ) (over_track (ii)))=c_up =>eoa_res:ran (sgd_ bIockUpRestrlctlonSeq (
p_EOABIlock ) ) & eoa_res = last( sgd_blockUpRestrlctlonSeq (p_EOABIlock ) ) & sgd_restrlctlonAbs (eoa_res ) <=p EOAAbs ) & (( prj2 (t_block, t_direction ) ( over_track (ii)))=c_down =>
eoa_res : ran(sgd_ bIockDownRestrlctlonSeq ( p_EOABIlock ) ) & eoa_res = last ( sgd_blockDownRestrictionSeq ( p_EOABIlock ) ) & sgd_restrictionAbs ( eoa_res ) >=p_EOAAbs ) & p_ X2MSSWorst
+p_X2MDSS + (SIGMA (jj). (jj:1..ii | SIGMA {pre_res ). (pre_res : t_restriction & ( ( prj2 (t_block, t_direction ) ( over_track (jj)))=c_up => pre_res : ran( sgd_blockUpRestrictionSeq (
prjl (t_block, t_direction ) ( over track(JJ )))))) & ((prj2 (t_block, t_direction ) ( over track (jj)) ) = c_down => pre_res : ran( sgd_blockDownRestrictionSeq ( ( prj1 (t_block, t_direction ) (
over_track ( jj ) ))))) & (jj=1=>not(pre_res<=p X2MRes)) & (jj = ii => not ( pre_res >= eoa_res ) ) | sgd_restrictionDeltaSqSpeed (pre_res))) )+ ({c_up |> sgd_restrlctlonAcceI (
eoa_res ) * ( ( p_EOAADbs sgd_restrictionAbs (eoa res))/1024))/2,c_down |>(sgd_restrictionAccel ( eoa_res) * ( ( sgd_restrictionAbs ( eoa_res) p _EOAAbs)/1024))/2}((prj2 (t_block
, t _direction ) (over_track (ii)))))>0))
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Alternatives to Solving B / Set Theory

ProB default: CLP(FD) + co-routines + attributed vars ¢y

- CHR (Constraint Handling Rules)
. already used (optionally) for a few constraints
. tricky to make a robust & fast solver

« SMT (/3, CVC4) [SchmidtLeuschel: Int. J. Softw. Tools Technol. Transf. 24(6): 1043-1077 (2022)]
. Ok for unsatisfiable constraints,

- not yet good for model finding



Alternatives to Solving B / Set Theory

ProB default: CLP(FD) + co-routines + attributed vars ¢y

« SAT
- via Kodkod library (works but unsoundness issue for card constraints) [FM12]
- B2SAT [FM24]: encoding SAT translation rule in Prolog, interleave with ProB default solver

- but we need to encode everything: aggregates (cardinality, sum,...), arithmetic, custom
data types, set encodings, ... ; currently only a few specific card constraints supported

dea of this paper: use another logic programming technology: ASP (Answer Set
Programming) and make use of their translations to SAT (e.g., elingo tool)




ASP (Answer Set .

Basics

- Normal logic program (i.e., with negation)

- Compute stable models: typically by “grounding” and SAT solving

- Stable model of a

atoms in the mode

- Example: three classical logic models: {g,p}, 19,1}, {p,a,r}. Only {g,p} is stable.

ogic program (cal

are justifiec

ed ar

by SO

me rd

“rogramming)

swer set): is a model in classical logic, where all

e

q.
D :-q, Notr



ASP (Answer Set Programming)

Language Constructs

- Horn clauses, with variables (aka Datalog)
- Disjunctions in head
- |ntegrity Constraints

- Choice

- Aggregates



Clingo & ASP (Answer Set Programming)
nttps://potassco.org/clingo/

- clingo: Datalog — gringo — Ground Datalog — elasp — Model via SAT solving

q a(2) q(3) p(1) p(2) panda(2) porg(2) porq(3) porg(1)

clingo (stable) model

$ clingo simple.lp

clingo version 5.8.0

Reading from simple.lp

Solving...

Answer: 1 (Time: 0.002s)

a(2) a(3) p(1) p(2) pandag(2) pora(2) pora(3) porg(l)
SATISFIABLE

Datalog/ASP

Models  :1

Calls ]

Time . 0.002s (Solving: 0.00s 1st Model: 0.00s Unsat: 0.00s)
CPU Time :0.001s



BZ2AS!

D)

Basic Principle (simplified)

- B Formula -+ ASP - clingo - Model -+ B solution

0g =1..2 n {2,3}

\ B2ASP
(1

pq(X) :- p(X),g(X).
Datalog/ASP

clingo

q(2) a(3)
o(1) p(2) pa(2)

ASP model

pqg = 12}

B2ASP



B2ASE

Basic principle with real translation example

- real life translation more complicated: set-equality, identifiers
og =1.2 n{2,3}

% clingo encoding of set identitier pg of type integer:
O{id int_ pg set O(2.2)} 1. M
B2ASP

interval 1(A):-A=1 .. 2.

B2ASP

set ext 2(2).
set ext 2(3).

inter 3(A):-interval 1(A),set ext 2(A). |1..2 n {2,3}
inter 3(2)

not_set_equal_4:-id_int_pg_set_O(A), not inter_3(A). 120 123] id_int_pqg_set_0(2)
not_set_equal_4:-inter 3(A), not id_int_pg_set 0(A), L2AZ =2 0t
ASP model

12,3}

interval 1(1) interval 1(2)
set ext 2(2) set ext 2(3)

Datalog/ASP

-not_set equal 4. not(pg # 1.2 n 12,3})



Overview of the tull Pipeline

B Formula

pg =1.2n {24} 0 {id int pg set 0(2.2)} 1.

l \ interval 1(A):-A=1.. 2. SAT

Horn clause ASP encoding

1.CLP(FD) 2 Translation ) Encoding
Bounds to ASP
Analysis set ext 2(2).
\ set ext 2(4). \
. SAT
pg € 2.2 3.Clingo 1< Solver

Bounds Information
Stable model /

interval 1(1) interval 1(2)

4.Back
pQ =12} [ Translation |[+—— set_ext 2(2) set_ext 2(4)
to B inter_3(2)

B solution id_int_pg_set_0(2)




B2ASE

1

Bounds Analysis

- |dea: represent possible values of scalars and sets by CLP(FD) variables

- CLP(FD) keeps track of (union of) intervals for possible values
- We do not perform labelling, we are interested in bounds

. Tricky bit: we do not want the analysis to fail for 0.1 n {2,3}

. Tricky bit: multiple representation of empty set,

(but return the empty set)

. Solution: separate upper and lower bound FD value:
empty set can be represented by Low > Up

set equality is not equality of bounds!

B Formula

0g =1.2 n {24}

?-XIn1.2 YIin2.4.
Xin1.2,

YIin2.47
VeS

|

1.CLP(FD)
Bounds
Analysis

\

0Q C 2.2

Bounds Information

?-XINn1.2,YIn 2.4, X=Y.

X =2,
Y=27
Ves

| 7-Xin0.1,Yin2.4, X=Y.

Nno




B2ASE

Bounds Analysis

B Formula

og=1.2n1{24}

l

1.CLP(FD)
Bounds
Analysis

\

og c 2.2

Bounds Information

. for sets we have three FD variables:

og =1.2 n{2,3}

binterval(X,Y,NonEmpty)

B2ASP

Phase 1

ointerval(Low,Up, NonEmpty) with
NonEmpty #<=> (Low #=< Up)

binterval(1,2,1)

N

intersect_bounds(binterval(Low1,Up1,NE1),
binterval(Low2,Up2,NE2),Bounds) :-
init_binterval(Low,Up,Bounds),
NE #=< NE1, % if setl empty intersection empty
NE #=< NE2, % ditto for set 2
_ow #= max(Lowl,Low?2), Up #= min(Up1,Up2).

binterval(2,2,1)

12,3}
binterval(2,3,1)



Overview of the tull Pipeline
2. Translation to ASP

B Formula
Horn clause ASP encoding
PY = 1.2 n {2'4} O{id int_ pg set 0(2..2)} 1.
l \ | interval 1(A):-A=1.. 2. SAT
1.CLP(FD) 2 Translation Encoding
Bounds to ASP
Analysis set ext 2(2).
\ set ext 2(4). \
. SAT
pg € 2.2 3.Clingo 1< Solver

Bounds Information
Stable model /

interval 1(1) interval 1(2)

4.Back
pQ =12} [ Translation |[+—— set_ext 2(2) set_ext 2(4)
to B inter_3(2)

B solution id_int_pg_set_0(2)




- mode trans_set(+BAST,+LocallD_Env,-ClingoPred).

:%?, /A\ S_D trans_set(intersection(A,B),Env,Pred) :- !,

trans_set(A,Env,P1),

2 PIQ}QQ RLﬂ@S trans_set(B,Env,P2),
| gen_clingo_pred_clause(inter,Pred,[X],Env, (ecall(P1,[X],Env),ecall(P2,[X],Env)) ).

- Example: how to translate intersection operator

3 bounds: 2.2 Pred = inter_3
g = 1.2 0123} P = interval 1
% clingo encoding & set identitier pg of type integer: P =set ext 2
O{id int_ pg set O(2.2)} 1. M
B2ASP
set ext 2(2).
set ext 2(3). 12,3}
inter 3(A):-interval 1(A),set ext 2(A). |1.2 n {2,3}
not_set equal_4:-id _int_pg_set O(A), not inter_3(A).
not_set equal_4:-inter 3(A), not id_int_pg_set O(A). g #1.2 12,3
Datalog/ASP

-not_set equal 4. not(pg # 1.2 n 12,3})



Example T

et Expressions

a 11

ransl

ation

Rules

Set Expression|Clauses for Py Side Condition

¢ (comment)

%) P¢(X) = 1=2.

T 0{ Py (Low. .Up) }n. z C Low..Up
(bounds analysis)
n=Up+1— Low

A B |P,(Z) :- PA(X), Pg(Y), Z = X..Y.
AUB Py(X) - P4(X).
P¢(X) « ™ PB(X) .
ANB Py(X) :- P4(X), Pp(X).
A\ B Py(X) :- P4(X), not Pp(X).
dom(A) |Pp(X) :- P4((X,.)).
ran(A)  |Py(X) = Pa((.,X)).
A1 Py ((X,Y)) :- Pa((Y,X)). (inverse)
A; B Py((X,2)) :- P4((X,Y)), Pp((Y,Z2)).|(composition)
closurel(A) |P,((X,Y)) :- P4((X,Y)). (transitive
Py ((X,2)) :- Po((X,Y)), Py((Y,Z)).| closure)




—

Example Translation Rules
Math vs Prolog

Set Expression|Clauses for Py Side Condition
¢ (comment)
%) Py(X) :- 1=2.
T 0{ P, (Low. .Up) }n. z C Low..Up

(bounds analysis)
n=Up+1— Low

A...B |Py(2) :- PA(X), Pg(Y), Z = X..Y.
AUB  [P,(X) - P4(X).

P¢(X) «a " PB(X).

ANB |P,(X) :- Po(X), Pp(X).

- mdde trans_set(+BAST,+LocallD_Env,-ClingoPred).

trans set(intersection(A,B),Env,Pred) :- |,
compute Pa(X) trans set(A,Env,P1),
compute Pg(X) trans set(B,Env,P2), Po(X) Pa(X) Ps(X)
gen_clingo_pred_clause(inter,Pred,[ X],Env, (ecall(P1,[ X],Env),ecall(P2,[ X],Env)) ).




—

Example Translation Rules

Scalar Expressions

Scalar Expression|Clauses for P, Side Condition
¢ (comment)
T 1{Py(Low..Up)}1. z € Low..Up
(bounds analysis)
n Py(n). n is an integer literal
A+ B Py(Z) :- P,(X), Pp(Y), Z=X+Y.
AxB Py(Z) :- Po(X), Pp(Y), Z=XxY.|(similar for -,...)
f(A) P,(Y) :- P4(X), Pr((X,Y)). A is scalar
prjl(A) Py(X) :- P4((X,.)). (projection)
prj2(A) Py (X) = Pa((.,X)). (projection)
IF A THEN B |Py(X) :- Pa, Pp(X).
ELSE C END |P,(X) :- Po(X), not Pyu.
card(A) Py (X) :- X=#tcount{Y : P, (Y)}.
Y(z).(x € Alx) |Pp(X) :- X=#sum{Y : P4(Y)}. |z identifier




—

Example Translation Rules

Predicates (as negations; aka integrity constraints)

Predicate ¢|Clauses for Py (Side Condition

T (truth) P¢ = 1=2.

1 (falsity) | Py .

ANB P¢ . = PA.
P¢ ¢ = PB.

AV B P¢ .- Py, Ppg.

ACB P¢ .- P, (X), not Pr(X).

AeB |Py :- P,(X), not Pg(X).

A=B |Py :- P4(X), not Pp(X). 'A,B are sets
Py :- Pp(X), not Pp(X).

A=B |Py :- P,(X), Pp(Y), X#Y.|AB are scalars

A>B |P, :- P,(X), Pg(Y), X<Y.|




B Formula

ITanslation: ricky Dits - @%@ e

2. Translation
to ASP

set ext 2(2).
set ext 2(4).

pg c 2.2

Bounds Information

. identifiers and associated cardinality constraints
- negation, need to generate integrity constraints
- Datalog rules need to be safe (finitely many ground instances on its own)

- Universal quantification: need to store in environment and pass as additional arguments to
generated Clingo predicates

- Comprehension sets: new identifier generated + two universal quantifications

- Easier than initially thought: relations, as we can use pair constructor (comma) in Datalog rules



- probcli -repl (aka console)

. :clingo Predicate and :clingo-double-check Predicate

oW to use B2ZASP

>>>:clingo pg=1.2/\{24}
PREDICATE is TRUE

Solution:
0q = {2}

« Use it to solve PROPERTIES / axioms of B, TLA+, ... models:

- SET_PREF_SOLVER_FOR_PROPERTIES == “clingo”;

« As such available in ProB2-Ul with variol

solver, storing & replaying results, conso

S VISU

e for

N

A

1ISAtIO

teract

ns, double checking results with default

on, ...



00 +» NBishopsSets_v2_clingo.mch - NBishopsSets_v2_clingo - ProB2-UI*

Operations State View | Edit P Statistics (states 1 of 2)

ProB2-Ul

K < > » O & v » & 9 Q e [NBishopsS..Y] P \Verifications

e . N e LJIN % — - - - - - » ol ()

p INITIALISATION 19 SET_PREF_?IME_OUT == 15000 : - V¥ Project
1 — - - :
htt S rOb hhu de 26 SET_PREF_MAX INITIALISATIONS d Machines | Status | Preferences | Project
. . . 21 SET PREF TK CUSTOM STATE VIEW PADDING == 1;
22 SET PREF SOLVER FOR PROPERTIES == "clingo" .
23 CONSTANTS n, nbishops, hasbishop O *

24 PROPERTIES
25 n=8 &

“¢ hasbishop <: (1..n)*(l..n) & _

27 o » CrowdedChessBoard_clingo
28 1(1,3).( ./, /B2SAT/crowded/CrowdedChessBoard_clingo.mch
29 // 1:1..n & j:1..n // probably better not to have this additional constraint .

30 /] => » IceCream_Clingo

31 ( (i,j): hasbishop ././B2ASP_Clingo/lceCream_Clingo.mch
- => _ » JustQueens_8 9

33 ('k.(k: (i+1) ..n => /. /B2ASP_Clingo/JustQueens_8 9.mch
34 (k,j+k-1) /: hasbishop & .

35 (k,j-k+i) /: hasbishop > NQueensBig |

: /. /B2ASP _Clingo/NQueensBig.mch

36 ))

37 )) » HardGraph_Nr5

34 & nbishops = card (hasbishop) .././B2ASP_Clingo/HardGraph_Nr5.mch
39 & nbishops >13

» CrewAllocationConstants

40 & nbishops <16 // for Clingo; but dramatically slows down ProB's solver _ :
././B2ASP_Clingo/CrewAllocationConstants.mch

41 END
42

» alloc_large_clingo

/S IDOAACD Nlincainllnn Invesn aslimeses ovnnby

V¥ Visualisation History (state 1 of 2)

VisB | State Visualisation

< > » 9O

Current State o

Position a Transition

Possibly more - MAX_INITIALISATIONS reac...

. . 0 -=--001---
V¥ Animation 1 SETUP_CONSTANTS

‘ Replay | Symbolic | Test Case Generati 2 INITIALISATION
=~ @

Steps

P Interactive Console

verything is OK ©




% CrowdedChessBoard_clingo.mch - NBishopsSets_v2_clingo - ProB 2.0*

State View | Edit p Statistics (states 1 of 2)

’ = 9 D Verifications

Name | Value V¥ Project
¥ PROPERTIES true Machines | Status | Preferences | Project
~ — —
Crowded > Fln=8 true O - ©
[€E] board€1.. n*n - PIECES true
C NessSpOOd rd [=] card({p|p € dom(board) A board(p) = Queen}) = n true » NBishopsSets_v2_clingo
NBishopsSets v2 clingo.mch
[=] card({p|p € dom(board) A board(p) = Rook}) =n true .
_ .. CrowdedChessBoard_clingo
[=] card({p|p € dom(board) A board(p) = Bishop}) = 14 true ././B2SAT/crowded/CrowdedChessBoard_clingo.mch
[=] card({p|p € dom(board) A board(p) = Knight}) = 21 true

Challenging Puzzle

[=] card({p|p € dom(board) A board(p) = Empty})=n*n-2*n-1. true
V] V(iji2j2)-(i=JEM..N)x(1..N)A(ZET..NAJ2ET..NA (i~.. true
VIV(i,J,i2)2)-(i=JE(M..N)Xx(1..N)A(IZET..NAJ2ET..NA (i».. true
V] V(iji2j2)-(i=JE(1..N)x(1..N)A(ZET..NAJ2ET..nA((i2.. true

v ¥V VvV ¥V ¥V ¥V VvV v Y

V¥ \Visualisation

VisB | State Visualisation

can be solved by B2ASP Current State

can be double checkea

History (state 2 of 2)

can be visualised -

& < ) B @

Position a Transition

0 ===r00t---
SETUP_CONSTANTS
2 INITIALISATION

P Interactive Console




Benchmarks

Benchmark B — ASP ASP — B|Model| Result| Total
(1] (ms) [2] (ms)| size 3] (ms)
pigeon_30 3 2 91 sat 99
transitive_closure_50_bv 4 10| 2707 sat 1341
blocksworld _medium 97 1| 116 sat 302
blocksworld _medium_unsat 77 0 - unsat 279
uuf-250-016 132 0 - unsat| 3702
NBishopsSet 2 1 16 sat 428
NBishopsBV 3 2 66 sat 30
WhoKilledAgatha 5 1 12 sat 26
JustQueens_8_9 8 0 38 sat 199
Loop 2 1 26 sat 31
NQueensBig 2 1 25 sat 95
IceCream_Generic 24 1| 175 sat 71
DominatingSet_BV _Middle_clingo_1t13 6 2| 752 sat 283
DominatingSet_BV _Middle_clingo_1t12 6 0 - unsat 301 |
SendMoreMoney 3 0 -lunknown| 15043 Solved 4
172 minutes

Table 1. B2AsP Backend: [1] B to ASP translation time (including bounds analysis
which is at most 6 ms), [2] ASP model to B conversion time and [3]| total walltime
for solving formula with clingo (including [1] and [2]). Model size is expressed as the
number of atoms.




Benchmarks

Benchmark B2ASP Kodkod| Default| B2SAT 23
pigeon_30 sat 1|v  10.74|V 1.80|v" 0.24|»X« 149.43
transitive_closure_50_bv sat 1| 0.01(v 5.19|v  1.12p 11.66
blocksworld _medium sat 1|v 1.15|v 0.61|v 0.53|v" 8.63
blocksworld _medium_unsat unsat 1|v 1.03|v 0.61|v 0.56|v" 8.28
uuf-250-016 unsat 1|v’ 1.14p«  4.16|v" 0.51|v" 1.53
NBishopsSet sat 1|¥x4 0.01pX 35.32|pX 176.42p 35.12
NBishopsBV sat 1|vx4 0.15p¢ 457.30|v" 0.85)« 458.39
WhoKilledAgatha sat 1[MX¢ 0.22|v 041|v 0.48px 3.89
JustQueens_8_9 sat 1|v' 346.09pX 73.69|v 338.36« 87.88
Loop sat 1|vXe 0.11|v 0.44|v 0.31p 0.78
NQueensBig sat 1|v/ 136.83|v"  0.98|v 0.20X 150.91
HardGraph_Nr5 sat 1|v 2.39|vV 0.10|v 0.09|v" 1.85
IceCream_Generic sat 1|v 0.57|v 0.48|v" 0.24pX 298.11
DominatingSet _BV _Middle_clingo_1t13| sat 1|V 1.97p  50.89|v" 0.08pX 53.52
DominatingSet_BV _Middle_clingo_1t12| unsat 1|v/ 1.69p  49.16|v 0.08pX 54.09
SendMoreMoney 1|V 0.01|v 0.00|v 0.00{v" 0.00

Table 2. B2ASP compared to other backends of PROB. All runtimes are relative to
B2ASP. M4 stands for unknown, v' for the correct result.




Bencnmarks  Ceest

Benchmark B2ASP Kodkod| Default| B2SAT 23
pigeon_30 sat 1|v'  10.74|V 1.80|v" = 0.24»X« 149.43
transitive_closure_50_bv sat 124 0.01(v 5.19|v  1.12p 11.66
blocksworld _medium sat 1|v 1.15|v 0.61|v" = 0.53|v" 8.63
blocksworld _medium_unsat unsat 1|v 1.03|v 0.61|v" = 0.56|v 8.28
uuf-250-016 unsat 1|v’ 1.14p«  4.16|v' = 0.51}v" 1.53
NBishopsSet sat 1|4 0.01px 35.32pX 176.42p« 35.12
NBishopsBV sat 1|vx4 0.15p¢ 457.30|v" = 0.85« 458.39
WhoKilledAgatha sat 1[MX¢ 0.22|v © 041\v 0.48px 3.89
JustQueens_8_9 sat 1|v 346.09pX 73.69|v 338.36« 87.88
Loop sat 1|vXe 0.11|v 0.44|v =~ 0.31pX« 0.78
NQueensBig sat 1|v/ 136.83|v"  0.98|v" | 0.20« 150.91
HardGraph_Nr5 sat 1|v 2.39|vV 0.10|v = 0.09)v" 1.85
IceCream_Generic sat 1|v 0.57|v 0.48|v" = 0.242« 298.11
DominatingSet _BV _Middle_clingo_1t13| sat 1|V 1.97p  50.89|v" = 0.08pX 53.52
DominatingSet_BV _Middle_clingo_1t12| unsat 1|v/ 1.69p  49.16|v" = 0.08pX 54.09
SendMoreMoney 1|V 0.01|v 0.00lv 0.00{v" 0.00

Table 2. B2ASP compared to other backends of PROB. All runtimes are relative to
B2ASP. M4 stands for unknown, v' for the correct result.




Comparison
B2ASP vs other backends

- Z3 Backend: lots of Unknowns, often slow, not good with quantifiers (future: bounds analysis to expand quantifiers)
- Kodkod:

- B2ASP faster (at least for some examples such as NQueensBig), less issues with bit-widths for integers,
soundness, optimisation in principle available

- B2SAT:
- B2SAT more efficient, if applicable, as itis a direct translation to SAT
- B2ASP not interleaved with ProB solving yet

- B2ASP has much more support for SAT translation (enumerated sets, SIGMA,...), cf. NBishopsSet which B2SAT
cannot translate yet



Conclusions / Lessons 1

ASP as an APl to SAT Solving

- ASP/clingo was a useful high-level APl to SAT solving
. (mostly) convenient to encode set theory
« some care to create safe rules

. Pity that clingo is not directly integrated into Prolog

B Formula

pg =1.2n {24}

LT

Horn clause ASP encoding

1.CLP(FD)

Bounds

2.Translation
to ASP

Analysis

\

pg c 2.2

Bounds Information

O {id_int_pg_set 0(2.2)} 1.
interval 1(A):-A=1.. 2.

set_ext 2(2).
set ext 2(4).

/

3.Clingo

SAT
Encoding

Stable model /

pq={2} =]

4 Back
Translation
to B

B solution

interval_1(1) interval 1(2)
set_ext 2(2) set_ext 2(4)
inter 3(2)
id_int_pg_set_0(2)

. wrote DCG parser and small library to interact with clingo (via text files)

- Grounding is a bottleneck, in particular for arithmetic or relations over large base domains

. clingcon as a remedy?

SAT
Solver




Conclusions / Lessons

Tran81at10n RUJ@S ]_n PrOlOg B Formula Horn clause ASP encoding
oq = 1..f n {QA}\A 0 {id int pg_set O(2.2)} 1.
, 1.CLP(FD) 2 Translation | _ interval ILA):-AST . 2.
 \ery convenient to express B -+ ASP Bounds to ASP ot ot 20
translation rules in Prolog \ et e 2 "~
PQg < 2.2 3.Clingo
Bounds Information
.« close to mathematical formulation Stable model /
interval 1(1) interval 1(2)
g = {2} | Tr:ﬁzgct:;n . |set_ext_2(2) set_ext_2(4)
o inter 3(2)
« executable, fast, easy to extenad e o dl intpg_set 0(2)

. Pity that clingo is not directly integrated into Prolog
- wrote DCG parser and small library to interact with clingo (via text files)

- Grounding is a bottleneck, in particular for arithmetic or relations over large base domains



Conclusions / Lessons 3
Bounds Analysis in Prolog & CLP(FD) ~ srem

og = 1..f N {QA}\A 0{id_int_pg_set 0(2.2)} 1.
] 1.CLP(FD) 2.Translation | | IR Iy - 2
- Was able to re-use CLP(FD) propagation Bounds to ASP o)
for bounds analysis \ el e 2 "~
PQg < 2.2 3.Clingo
Bounds Information
. 0 bit tricky to encode empty sets, Stable model /
. . interval 1(1) interval 1(2)
avoiding that empty intervals leaad - LABAK ] | et ext 2(2) set_ext 24
. . oB inter_3(2)
to failure of the analysis 5 soltir t o int pa set 002

- Fast and effective

- Can be used for other backends (Z37) and adapted for other source formalisms



~yture

Existential guantifiers in universal quantification, more nesting allowed

Filter out local variables as Clingo args if not needed (avoid blow up of model)

Cache translations (avoid translating same expression multiple times)

Scope analysis for integers (to avoid warnings and produce sound results in all cases)
Optimisation: find optimal models for some criterion

Interleave with ProB solving (ct B2SAT)

No timeout yet



B2ASP -

Essentials (Reprise)

- New translation of B (Predicate Logic, Higher-Order Set Theory, Arithmetic) to
SAT and back

. Available in ProB and applicable to other state-based formalisms (TLA+, Z, ...)

. Technique fully rooted in Prolog and Logic Programming: CLP(FD) Bounds
Analysis, Prolog Translation from B to ASP (Answer Set Programming) anao

back

- Not a general purpose solver, but very useful for dedicated constraint
satisfaction and optimisation problems and symbolic verification
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Prolog vs b

- Horn clauses vs arbitrary guantification

- Negation as Failure vs Classical Negation

- SLD resolution vs several provers (automatic, interactive)

- User-Defined Predicates vs User-Defined Higher-Order Relations
- Terms vs Arithmetic, Sets, Relations, Functions, Seqguences

- B: imperative language with proof rules, code generation

- Prolog: recursive definitions, least Herbrand model



