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Context: SVA & PSL

Industrial standards for the specification of electronic systems, both born in 2005.

SystemVerilog Assertions Property Specification Language
Part of the SystemVerilog language. Not tied to a particular tool. Has “flavors.”

» Both are linear temporal logics built over a sub-language of “regular expressions”:

> “Sequences’ in SVA
» “Sequential Extended Regular Expressions” (SERE) in PSL

» Higher operators can combine these SERE, and also include traditional LTL
operators.

> As expressive as w-regular languages (unlike LTL).

@ 1850-2010 - IEEE Standard for Property Specification Language (PSL). IEEE, Apr. 2010.

@ 1800-2023 - IEEE Standard for SystemVerilog—Unified Hardware Design, Specification, and
Verification Language. |[EEE, Feb. 2024.


http://dx.doi.org/10.1109/IEEESTD.2010.5446004
http://dx.doi.org/10.1109/IEEESTD.2024.10458102

Context: Specification over Multiple Boolean Signals

assert ({1[*] ; req ; ack}[1=>{start ; busy[*] ; end}!)Q@(posedge clk)
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Context: Specification over Multiple Boolean Signals
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Context: Specification over Multiple Boolean Signals
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Conte: any prefix TR must rcede a sequence €]y Signals
matching this SERE

matching this SERE
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Context: Specification over Multiple Boolean Signals

assert ({1[*] ; r; a}[1=>{s; b[*] ;
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Context: Converting PSL/SVA to Biichi Automata

{a[->21}1&&({al->1] : b}[1=>{al->1] : c})&&({al->1] : ' b} [1=>{al->1] : ! c¢})

-

Boolear_1 formulas as abbreviations:
a3 = {abc, abc, abC, abc}

ab = {ab¢, abc}

How to convert a PSL/SVA formula T — plabyc)

into a Biichi automaton?
® Convert SEREs into DFAs/NFAs
(this talk!) ab

® Combine those automata...

ab aE



Context: Converting PSL/SVA to Biichi Automata
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Context: Converting PSL/SVA to Biichi Automata
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Context: Converting PSL/SVA to Biichi Automata

{al->21}'&&({al->1] : b} [1=>{al->1] : c})&&({al->1] : ' b} [I=>{a[->1] : ! c})




Context: Converting PSL/SVA to Biichi Automata

{al- >2]}'&& {al->1] : b}[] >{al->1] : c})&&({al->1] : 'b}[] =>{al->1]1 : ' ¢})
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Back to our Subject: What's a SERE?

Boolean formulas over signals
» AP is the set of “atomic propositions”,
» ¥ = 24P is our alphabet

» Boolean formulas denote sets of letters:

a A b= {abc, abc}

Challenges
» > can be large

» We want automata labeled by Boolean
formulas (to keep them small)

» We have to support more than the usual
regular operators.

SERE operators

Regular operators:
» Concatenation: e ; &
» Choice: e; || &
» Kleene star: e[*]
Additional operators:
» Intersection: e; && e,
» First match: first match(e)
» Fusion: e; : &
A lot of syntactic sugar:
» e[+], e[->n], el=n], ¢ & ey, ...




Fusion and First match

Count the number of prefixes that match the following SEREs:
» 1[x]; (allb);c
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Fusion and First match

Count the number of prefixes that match the following SEREs:
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In a DFA for SERE e, remove
the outgoing transitions of all
accepting states to obtain a
DFA for first_match(e).
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Fusion and First match

Count the number of prefixes that match the following SEREs:
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Fusion and First match

Count the number of prefixes that match the following SEREs:
» 1[x1;(all b);c 4 matches
» first match(1[*] ; (all b); c) 1 match _ N
» firstmatch(1[*]; (all b)) ; ¢ 0 match

» (1 ;a; b[->2]) : 2
(10%] 5 a; b[->21) : (al*2]) E : E 5152
P P o L

etter overlap




Fusion and First match

Count the number of prefixes that match the following SEREs:
» 1[x1;(all b);c 4 matches
» first match(1[*] ; (all b); c) 1 match _ N
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Classical RE-to-Automata Translations

Given a RE E, and letter £ € ¥.

Brzozowski's derivatives

¢—'E is a RE, such that
LUTE) ={w | twe ZL(E)}.

al(ab+a)* =(b+e¢)(ab+ a)*%

GIA
Build a DFA: —»@<
G

A

@ Brzozowski. Derivatives of regular expressions. J. ACM, Oct. 1964.


http://dx.doi.org/10.1145/321239.321249

Classical RE-to-Automata Translations

Given a RE E. and letter £ ¢ ¥ Antimirov's partial-derivatives

. — doE is a set of REs such that
Brzozowski's derivatives Unea,e Z(r) = {w | tw e Z(E)}.

¢(71E is a RE, such that . N N
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@ Antimirov. Partial derivatives of regular expressions and finite automaton constructions. 7CS,
Mar. 1996.


http://dx.doi.org/10.1016/0304-3975(95)00182-4

Classical RE-to-Automata Translations

Given a RE £, and letter £ ¢ ¥ Antimirov's partial-derivatives
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@ Antimirov. Partial derivatives of regular expressions and finite automaton constructions. 7CS,
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http://dx.doi.org/10.1016/0304-3975(95)00182-4

one gains from this optimization.

Brzozowsk inal Brzozowski construction.®

¢—'E is a RE, such that
LUTE) ={w | twe ZL(E)}.

al(ab+a)* =(b+e¢)(ab+ a)*%

ly
Build a DFA: —(E)y—_.
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3. The components t(P, x) of the transition function should be computed through
the function If(_) which gives a whole tuple of transitions {(x, 0:(P)) | x € &/} in one
pass over P. This is more efficient than to compute separately each derivative w.r.t.
x € of that requires one pass over P for each x. The bigger the alphabet, the more

Therefore, our modification can be implemented much more efficiently than the orig-

Antimirov (1996)

0.(ab+ a)* = {b(ab + a)*, (ab + a)*%

61@61@ r,-eﬁglE
E—==
62@62@ S,'E&ng

Linear Forms
LF(E) = {(61, rl), (fl, I’z), e

(52, 51), (62, 52), 5 o }

NFA: —

[4 Antimirov. Partial derivatives of regular expressions and finite automaton constructions. TCS

Mar. 1996.
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t

When ¥ = 247, we wan
LF(E) = (.- (biri) - 3

where b; is @ Boolean formula.




Antimirov's Linear Forms

LF(L) =2
LF(e) = @
LF(0) = {(¢,¢)}
LF(ri v rn) = LF(r1) U LF(r)
LF(r*) = LF(r).r*
LF(ri . n) = (LF(r) . n) u (A(n) . LF(r))



Antimirov's Linear Forms

LF(L) =2
LF(e) = @
LF(0) = {(4,e)}
LF(ri v rn) = LF(r1) U LF(r)
LF(r*) = LF(r).r*
LF(ri . n) = (LF(r) . n) u (A(n) . LF(r))



Linear Forms for SEREs

LF(0) =
([*0]) Sz
LF(b) = {(b,)}
LF(rn || ) = LF(n) u LF(r)
LF(r[*]) = LF(r); r[*]
LF(r i r2) = (LF(n) ;) v (A(n) 5 LF(r))



Linear Forms for SEREs

LF(0) = @
LF([x0]) = @
LF(b) = {(b,e)}
LF(ri Il ) = LF(r) U LF(r)
LF(r[*]) = LF(r); r[*]
LF(ri; n) = (LF(r); rn) v (A(n); LF(r))

(pj: 5) € LF(r2)

(pi A pjysi&& s;) | (piysi) € LF(n), (pj, 55) € LF(r2)}
(p;, first_match(s;)) | (p;,s;) € det(LF(r))}

(pi,si) € LF(n), A(s;) = g,}

LF(first match(r)) =



Algorithm 1: Translation

input : A SERE ¢
output: An automaton A such that
Z(A) = Z(¢)
Q,0,F — {p},2,9;
todo.push(¢y);
while todo # & do
f — todo.pop();
foreach (p,s) € LF(f) do
if s¢ Q then
Q< Qu{s}
todo.push (s);
if ¢ = s then
| F—Fu{sh
§—dou{fd sy
return (Q,6, ¢, F), M
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[ Initial state is the input formula ¢ ]
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Two Simplifications on Linear Forms

Unique Suffix

LF(E) ={...,(p1,5), (p2,5),---}

@0




Two Simplifications on Linear Forms

Unique Suffix
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P1 p1V P2
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Two Simplifications on Linear Forms

Unique Suffix

LF(E) = { T (P1,5)7 (P2,5)7‘ : } US("F(E)) = { ) (pl vV P2;5>»- : }
P1 p1V P2
- ~O—0
@Cp;@

Unique Prefix

LF(E) = {..., (p,51), (P, 52), ...}

5

Not a determinization because p;s are Boolean formulas. @




Two Simplifications on Linear Forms

Unique Suffix

LF(E) ={..., (p1,5), (p2,S),--.} US(LF(E)) ={...,(p1 Vv p2,5),..-}
P1 p1V P2
~E0 o0
P2
LF(E) ={...,(p,51),(pP,%2),---} UP(LF(E)) ={...,(p,s1 || 5),...}
- pcandl
®
p

Not a determinization because p;s are Boolean formulas. @




Benchmarking UP Effects
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Algorithm 1 + UP (states)


https://spot.lre.epita.fr

Linear Form Equality

Property

LF(E) = LF(F) — Z(E)\{e} = Z(F)\{e}

(@) = LF(a; alx]) = {(a.al)}Y




Improving the Translation

a a a

Algo 1: —(A a/g\ ?.(c ; LF(4) = LF(B)
g O\U/O LF(C) = LF(D)
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Improving the Translation

Algo 1. —(A a/g\ ?.(c ; LF(A4) = LF(8)
¢ O\:J/OK\é LF(C) = LF(D)

a a a
a
Algo 2: labeling with linear forms —(LF(A), L 2 LF(C), T @ LF(D), L



Algorithm 2 is an Improvement
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Improving the Translation

Algo 1. —(A a/g\ ?.(c ; LF(A4) = LF(8)
¢ O\:J/OK\é LF(C) = LF(D)

a a a
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Improving the Translation

=] a a
=]

Algo 1: —(A)—2 /g\ 2.(c) 3 LF(4) = LF(B)
g O\:J/O LF(C) = LF(D)

Algo 2: labeling with linear forms %&—» é
a a
, 0
Algo 3: using transition-based acceptance —(LF(A) LF(C)_ Da




Algorithm 1

input : A SERE ¢
output: An NFA A such that
Z(A) = Z(p)

Q,6, F «— {“#9}7®7®;
todo.push(y);
while todo # & do
f < todo.pop();
foreach (p.s) c LF(f) do
if s¢ Q then

Q— Qu{s}

todo.push (s);

if == s then

L F — Fu{s};

§—duffsy
return (Q, 0, ¢, F);

Algorithm 3

input : A SERE ¢
output: A tNFA A such that

Z(A) = Z(p)
LL, bL A I—F((D)’ [A(Qp) = 5];
Q,0 — {L},9;

todo.push(L,);
while todo # @ do
L < todo.pop();
foreach (p.s) | do
L', b — LF(s),[\(s)
if L'¢ Q then

L Q< Quil}

todo.push (L);

§e—dufL 21y,
return (Q,6,L,, b);

el;



Algorithm 3 is Better
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Algorithm 3 is Better
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UP Works Better with Algorithm 3
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UP Works Better with Algorithm 3
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Wrapping up

Contributions
» Extended Antimirov's linear forms

» Support alphabet ¥ = 24P
> Support SERE operators

» Evaluation of UP / US simplifications’ performance

» Labeling of automaton states with linear forms

» Translation using transition-based acceptance




Wrapping up

Contributions
» Extended Antimirov's linear forms

» Support alphabet ¥ = 24P
> Support SERE operators

v

Evaluation of UP / US simplifications’ performance

v

Labeling of automaton states with linear forms

» Translation using transition-based acceptance

v

Build on this to translate PSL / SVA to Biichi automata

Evaluate performance of translation in a model checking context.
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