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® FSL bridges the gap between specifications and ESL

— The transformation from specifications to ESL designs can be automated
— The correctness of ESL designs can be guaranteed

Specification
(Textual Requirement)

/

Property
Checking

Transformation

Manual

A 4

\

Electronic System Level
(e.g. SystemC)

v

Specification
Checking

Specification
(Textual Requirement)

Interactive
| Transformation

A

C

Formal Specification Level
(e.g. UML, SysML)

(Semi-)automatic
4 Transformation

Electronic System Level
(e.g. System(C)

v

Equivalence
Checking

R. Drechsler, et al. Formal Specification Level: Towards verification-driven design based on natural language processing. FDL, 53-58, 2012.

Synchron 2021



Clock Constraint Specification Language (CCSL)

® CCSL is aformal specification language that
— supports the formal modeling of timing behaviors
— Is a companion language for MARTE to handle logical clocks

A CCSL example (sceis
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® Challenges during the derivation of CCSL specifications
— Limited expertise in formal timing modeling (inaccuracy)
— Difficult to explore all the possible timing behaviors (incompleteness)

Textual R ' t E: )
extual rRequiremen i
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® Can we find an approach that automates the generation of
accurate CCSL specifications?

Textual Requirement 9 )

Rules:

1. c1 has to wait until the tick of cO ’ ,
2. c¢2 has to wait until the tick of c1 CCSL

...... o Specification

Scene description: (incomplete) [ ]

scenel: ...... H
scene2: ...... ey =¢co?? €y SyntheSIZer
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Syntax and semantics of CCSL

Operators | & pr®

Coincidence C1=Cy
Precedence c1 <Cy
Relation 4 causality €1 < ¢y
Subclock c1 <S¢y
| Exclusion c1 #¢Cy
Union e=cy+cy
Intersection e =cCq*Cy
Infimum e=cq/N\Cy
Expression -
Supremum e=c1Ve
Delay e=c $d
Periodicity e=cixXp
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vn € N*. x¢, = xo,
vn € N*. x¢, = x¢, = €2 & p"
vn € N*. x¢, = xo,
vneNt.c; € p" > ¢, € p"
vn € N*.cq € p™Vc, & p™
vne Nt.e€ p" & ¢4 € p"Vc, € pT
VvneNt.ee p* o ¢y €E PP Acy € pT
vn € N*. x2 = max (x%, x%)
vn € N*. x2 = min (x%, x%)
vn € N*. x2 = max (x* —d,0)
VneENT.eeptoci€p"AIMENT . ¥F, =mXxp—1



Preliminary Knowledge of SKETCH

® SKETCH is alanguage for finite programs with linguistic
support for sketching (a software synthesis approach)

An example for SKETCH-based Synthesis
harness void main( int x ){ _
intt=x*27?: The keyword harness requires
assertt == x + x; the SKETCH synthesizer to find
} avalue for “?7?’ (i.e., hole) that
, — satisfies the assertion for all
void main( int x { ) .
t{} nti=x* 2. possible inputs x.
Sketching| }
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Our SKETCH-Based CCSL Synthesis Framework
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SKETCH Implementation for CCSL Generation— An Overview

® Harness function are used to synthesize incomplete CCSL specifications

— Expected behaviors are encoded as the inputs for the Check Function
— Check Function checks a behavior against all the CCSL specification rules

Expected Behavior 7 harness void main{

1 P e s e s e s e e [ 2 IntcO_cnt, ..., c3 _cnt; int[10] cO, ..., c3;
...... I/ initialize cx cnt, cx (0<=x<=n) for the 1st sample
ColC1|Co |C1|Co |C0o |C1|Co |Co | Co
cs les les fesles | les leq ley assert checkdcO cnt, ..., c3 cnt, cO, ..., c3b ==1;
€3 €3 o Ipfialize cx_cnt, cx (O<=x<=n) for the 2nd sample

\ checle{cO_cnt, ..., c3_cnt, €0, ..., c3) ==1;

——X | A wttialize cx_cnt, cx (0<=x<=n) for the 3rd sample
[ }
Clock cy;Q(p,cy) ={1,3,5,6,8,9,10}
Clock c1;Q(p,c;) ={2,4,7,8}

Clock c; ;Q(p,c;) ={3,5,9} -
Clock c3;Q(p,c3) ={1,2,3,4,7,8}

Parsed Schedule u The skeleton of a harness function
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Check Function Implementation for Complete CCSL Spec

Clock CQ;Q(p,Co):{1,3,5,6,8,9,10} é in;l%intclo Cl’lt,...,il’lt[lO]CO,... i{
Clock ¢, ;Q(p,c;) ={2,4,7,8) nt e0_cnt, e'_cnt; )
Clock c1 'Q(p )= /3/ int[10] €0, el;
2/ pICZ)_{3:5:9} . .f. .
Clock ¢ ;0(p,c) ={1,2,3,4,7,8) 5 e0 cnt=IntersectionCnt(cO cnt,cl cnt,c0,cl); CCSL SpECI Ication
6 e0= Intersection(cO cnt,cl cnt,c0,cl); *\ —
Parsed Schedule 7 | el _cnt=UnionCnt(cO_cnt,cl _cnt,cO,cl); T ~—_ € =Co* (1
1 8 el= Union(cO cnt,cl cnt,cO,cl); e1 = Cy + C1
9 b= .
10 [if(checkPrecedence(cO cnt,cl cnt,cO,cl1)==0){ Expressions
11 return O;
Timing Behavior 12 [} Co < (1
13 [if(checkPrecedence(cl cnt,c2 cnt,cl,c2)==0){ C1 < Co
11213141561 7]18]9 10 14 return O / C3Cel
Co €1 [€o [€1 |Co |Co [€1 [Co [Co | Co 5 rell cz; <e
o P P o P cs leq ey 16 [if(checkSubClock(c3 cnt,el cnt,c3,el)==0){ 3 0
3|%3 17 return O; Relations
€3 €3 18 |} J
19 [if(checkPrecedence(c3 cnt,e0 cnt,c3,e0)==0){
20 return 0;
21 |}
22 return 1;
23} Check Function
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Check Function Implementation for Incomplete CCSL Spec

int check(int cO_cnt, ..., int[10] c0,...){
inte0_cnt, el cnt; int[10] €0, el; 9 )

Incomplete

Expression Operator & Clock Encodin
@ P P 9 CCSL Constraints

......

eo =Co?7 ¢4
e1 =774+ ¢4

(@ Relation Operator Encoding N

@) Relation Clock Encoding
If( checkSubClock(c3_cnt,el_cnt,c3,el) ==0 ){

[/ 7/
Q [/ [/

N ¢y ?? ¢y

return O; N 7?7 < ¢y
} c; € eq
...... c3 < €y
return 1; J/

Check Function
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Encoding Relation Operators

® How to select a relation operator to fill a given hole ¢;? 7 ¢;?
— The tightest one based on behavior refinement relations between operators

~
=

Ci<Cj—>Ci<Cj <" 3 <
0 0 I —1
c; S cil\ys # xo. = ¢; < _ o +
l ] Xcl Xc] ] l Reflnement> (Xcl Xc])
CiQCj—>Cj§Ci ’g’;’%’
/ !/ ; !/ g !/

Ci=Cj—>Cing —

SubClock C

Priority

We choose the operator with the lowest Priority value
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An Example of Relation Operators Encoding

-
co 22 cq [ ooy om0

2 |intcond 0=7?7;

Q 3 assert cand_O >=0&&cond 0<8;
4 1t (cond 0==0){

0 5 priority 0=0;

zz > : (1) 2 ’GZH—(checkanmdence(,o_cnt, cl cnt, c0,cl) ==0){ return 0; }
Co > Cq 2 2 }
Co < €4 3 3 8 elseif(cond 0==1)
Co = €1 4 3 9 priority 0 = 2;
co S €4 5 1 J_O———-Ff-(“heckPrecedencech cnt, c1_cnt, c0, c1) == 0){ return O; }
Co 2 €4 6 1 11 telse.......

7

co # 4 12 Iminimize(priority_O);I
\

Choose the highest priority relation
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Encoding Relation Clocks

® How to select a clock to fill a given hole 7?7R ¢; ?
— Choose the clock with the least occurrence cardinality difference from the

given clock while satisfying the corresponding operator relation

Correct Spec Incomplete Spec Complete Spec 1 Complete Spec 2 Complete Spec 3
a ) Q ) a ) ] ) a )
Cigcj Cig?? $ Cic y Cic K .
Cj & Ck ?77C ¢y c/ON,, c/N,, g\
rank(c;) |C| — rank(c;) Left: |C| —rank(c;)

Right : rank(c;)
rank(c;) : the index of ¢; in the sorted clock list (occurrence cardinalities in an ascending order)

SubClock C

LPriority |C| — rank(c;) |C|— rank(c;) rank(c;) rank(cl)
RPriority 0 |C| — rank(c;) rank(c;) |C| — rank(c;) |C|— rank(c;)

We choose the clock with lowest LPriority/RPriority for Left/Right hole
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An Example of Relation Clocks Encoding

— Wclocks based on occurrence and slack information
77< CZ 2 intpriodgy 1=0;
3 [lintcond 1 =77
4  assertcond 1>=0 && cond_1<5;
O 5 if(cond_1==0){
— 6 priority 1 = rank[0];
7 If(check cO_cnt, c2_cnt, c0, c2) ==0)}{return 0;}
Co 0 6 — rank(cy) 3
1 6 — rank :
21 S :Z:kg?i else if(cond 1 ==1){
ez 3 6 — mnk(ez) 10 !oriority_l = rank][1];
2 4 PYE———— ﬁ If(checkRrecedereefLl cnt, c2_cnt, cl, c2) ::O)|{return 0;}
~—— 12 Ytelse......
13 |minimize(priority 1);

Choose the clock with the lowest LPriority/RPriority
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Encoding Expression Operators

e = ¢;??c;
cx R e

— Choose the operator that makes the clocks e and c; have the least
occurrence cardinality difference

Ci T ¢ SCGVC SCNAC S C*(

rank(e)
SubClock S

LPriority 3 —rank(e) 3 —rank(e) rank(e) rank(e)
RPriority 0 3 —rank(e) rank(e) 3 —rank(e) 3 —rank(e)

® How to select an expression operator to fill hole ?

We choose the operator that makes e with the lowest LPriority/RPriority
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An Example of Expression Operators Encoding

-

«l

27

€0 — Co C1

+—fint cond_e0 = ??}
2 assert cond e0>=0 && cond e0<4;

= ; —_ 3 if(cond e0==0){
_
= 0 3 4 e0 _cnt = UnionCnt(cO_cnt, c1_cnt, cO, cl);
= 1 0 | 5 —e08-={Union(cO0_cnt, c1_cnt, c0, c1);
ey = Co V €1 2 2 6 e0_op_priority = 3;
ey = Co A €y 3 1 7 }elseif(cond e0==1){
~— 8 e0_cnt = IntersectionCnt(cO_cnt, c1 cnt, c0, cl);
9 e6-+ Intersection(cO _cnt, c1_cnt, cO, cl);
10 e0_op_priority = 0;
C3 < 80 11 Yelse......
L2 int priority 3 =3-¢e0 _op_priority;
13 if(checkPrecedence(c3 cnt, e0 _cnt, ¢3, e0) ==0){return 0;}
L Priority 14 [minimize(priority 3):
RPriority 3 —rank(e) V

Choose the operator that makes ey with

the lowest LPriority/RPriority
Synchron 2021




Encoding Expression Clocks

® Challenges to encode expression clocks
— Generate a large set of possibilities for expression combinations
— Circular dependency (must be removed)

Q

)

Clocks

Co,Cq

Expressions
€g =Co * ?7?
et =77+
e, =Cy + €4

H

N
<

305(:0*31
81580"‘6'1
825C0+el

€o = Cp * €1
e =e, +0¢q
e, =Copt+e

€o = Co * €3
81580+C1
e, =Cy+ e

@@
> &

jl> @* Circular
Dependency
*‘ (e2)
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Example of Expression Clocks Encoding

€=CiE??

G

Clocks
Co,C1
Expressions
Co * 77
7?7+ ¢
co + €

ey =

Q ®
N
1l

G
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€y = Cp * Cq : 4 1 int exp_comb =?7?;

— ncoae _ .
e =co+cq - 2 assert exp_comb>=0 && exp_comb<3;

— i b==0
e, =co+ e \0\ 3t#{exp_comb == Of

\ 5 e0_cnt = IntersectionCnt(cO_cnt, c1_cnt, c0, cl);
e = Co % C \ 6 e0 = Intersection(cO_cnt, c1_cnt, cO, c1);
eO ; eO n Cl Encode \\k’ el _cnt = UnionCnt(cO_cnt, c1_cnt, cO, cl);
1 B 0 1 N 8 el = Union(cO_cnt, c1_cnt, c0, c1);
€2 =Co + €1 \ e2_cnt = UnionCnt(cO_cnt, e0_cnt, c0, e0);
\ 10 32 = Union(c0_cnt, e0_cnt, 0, e0);
e1 =Ct ¢ \\ 11 }else Mexp_comb == TK
ey = o * eq pEncode | I~y o —
e, =Cy+ e ﬁ\ .}}e@eﬁﬂexp comb == 2
N
%ﬂ ......

€1 =Co * (1 15 }else-#fexp comb == 3K

_ Encode | |
€, = (p + €1 3 (N s
eg = Co+ ey 17 '}




Experimental Settings

® Generates expected behaviors using TimeSquare (CCSL simulator)
® All the experiments were obtained on a Mac laptop with 2.5GHz Intel
CPU and 16GB RAM

ra ) - A
CCSL Specification InpUt ] generate Expected Behavior
2(1);2::_(;1 TImeSquare 1 2 3 4 5 6 7 8 9 10 L
Qe 1.0.0 ¢
input
@ random generate holes P
~) ) Q )
CCSL Specification input output CCSL Specification
(incomplete) ey =co* Cq
s | oy | ¢S |
ey Synthesizer <e
:e ) ’ )
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Case Studies - Synthesis Results

s 5 0 . Specmcatlon Statistics Hole Settlngs Time Accuracy .
ource pec perator Type ame
9

Coincidence 2 0 1 0 0 1
S1 Precedence 2 0 1 0 0 1 510 100 Yes
Sy Causality 2 0 1 0 0 1 512 100 Yes
S3 Subclock 2 0 1 0 0 1 5019 100 Yes
. s Exclusion 2 0 1 0 0 1 4420 100 Yes
TimeSquare *
# of Samples 5 S5 Union 3 1 1 0 1 0 1554 100 Yes
Samples Length 50 Se Intersection 3 1 1 0 1 0 2515 100 Yes
Sy Infimum 3 1 1 0 1 0 2672 100 Yes
Sg Supremum 3 1 1 0 1 0 2584 100 Yes
Sg Delay 2 1 1 0 1 0 707 100 Yes B L. | t
S10 Periodicity 2 1 1 0 1 0 713 100 Yes ISI_m ulation
with Spec;
3 0 0 6907 100 Yes
Specy Composite 4 1 3
0 1 2 30961 100 Yes
s c 0 0 0 0 0 10 24608 100 Yes
- pec, omposite 1 1
Synthetic 8 0 2 21468 100 Yes
i O Isamp'es EOO 10 0 0 20038 100 No
Samples Length 200 Specs Composite 10 5 10

Our approach can achieve the highest accuracy!
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Case Studies — Impact Factors of Synthesis Accuracy & Time

® |mpacts of the types and number of holes
— Generally more holes require more synthesis time

Specificati 0 tor T Spemﬂca‘uon Statistics
ecification erator e _
i S # of Samples: 5

Length of Samples : 50

Specs Composite
— 1 1 1 [ [ N r——
100 b — Relation I
3 | i i | | | ] 25 || —— Expression e —
BO |- = y
9 20 [
= »
O B0 [ — =
© 215 [
& 40 e | 10
| 7 Relation SR
20 [T —e— Expression [ S I T A A A R
i | == Clock e
0 | | | | \ \ \ I 0 | | | | | | \ \
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Number of Holes Number of Holes
(a) Accuracy information (b) Time information
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Accuracy(%)

Accuracy(%)

100

Case Studies — Impact Factors of Synthesis Accuracy & Time

Spec(x, Y, Z) indicate holes settings for <clocks, expression operators, relation operators>

100

80 bl ]

ao Ll N

1Y —— Spec1<3,0,0>
20 (/[ [ spec2<8,0,2>

| —=— Spec3<10,0,0>
I I I I I

0 i
10 20 30 40
Schedule Length

(a) Accuracy information

50 60 70 80 90 100

60 1 1 I 1 1
—— Spec1<3,0,0>
50 || —+— Spec2<8,0,2> S S S——
—#- Spec3<10,0,0>
40 |- RN R R T R
)
7]
£ 30
i=
20
10 -
0

Schedule Length

(b) Time information

# of Sampled Behaviors Number : 2

i =
70 % i

= Speci<3,0.0>
—— Spec2<8,0,2>

i

—=— Spec3<10,0,0> N
I

0

3 4
Number of Schedules

(c) Accuracy information

I i i i i i
10 20 30 40 50 60 70 80 90 100

| | —— Spec1<3,0,0>
| | —— Spec2<8,0,2>
| | —=— Spec3<10,0,0>

| l
1 2 3 4
Number of Schedules

(d) Time information

Length of Sampled Behaviors : 50

® |Impacts of schedule lengths

— Our approach can achieve the highest
synthesis accuracy

— Longer samples will lead to better
accuracy

® |Impacts of the number of samples

— QOur approach can achieve the highest
synthesis accuracy

— More samples will lead to better
accuracy
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Conclusion

® Automated CCSL specification synthesis is hard

— Limited expertise in formal timing modeling
— Difficult to explore all the possible timing behaviors of systems

® Contribution of this paper

— A SKETCH-based framework that automates CCSL synthesis
— Effective priority policies to generate the tightest CCSL constraints

® Experimental results

— Results on benchmarks collected from TimeSquare and complex
synthetic examples show the effectiveness of our approach
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