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OutlineOutline

AssertionAssertion--Based Verification and PSLBased Verification and PSL
AssertionAssertion--Checker GenerationChecker Generation
Automata Synthesis of Sequences (Automata Synthesis of Sequences (SEREsSEREs))

3 Key Algorithms3 Key Algorithms
Experimental ResultsExperimental Results
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IntroductionIntroduction

Temporal sequencesTemporal sequences: crucial for temporal : crucial for temporal 
assertion languages such as SVA and PSLassertion languages such as SVA and PSL
Need hardware implementation of Need hardware implementation of sequencessequences for for 
resourceresource--efficient efficient assertion checker circuitsassertion checker circuits
Assertion checkers useful in Assertion checkers useful in 

Hardware emulationHardware emulation
PostPost--fabrication fabrication silicon debugsilicon debug
OnOn--line monitoringline monitoring
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AssertionsAssertions

Assertion Based Verification: Assertion failures Assertion Based Verification: Assertion failures 
used to identify bugs in designused to identify bugs in design
Assertion: Assertion: Formal statement for describing correct Formal statement for describing correct 
behavior of designbehavior of design

Formal (static) or simulationFormal (static) or simulation--based (dynamic) verificationbased (dynamic) verification
IEEE 1850 Property Specification Language (PSL), SVAIEEE 1850 Property Specification Language (PSL), SVA

Sequential Extended Regular Expressions (Sequential Extended Regular Expressions (SEREsSEREs) ) 
used to express temporal sequences of eventsused to express temporal sequences of events

How to implement automataHow to implement automata--based based SEREsSEREs for for 
dynamic verification checkers?dynamic verification checkers?
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Verification With AssertionsVerification With Assertions

alwaysalways {~{~req;reqreq;req} |} |--> ( { [*0:5] ; > ( { [*0:5] ; gntgnt } } abortabort ~~rstrst ))
Does the property hold? Does the property hold? 

-- Inspect waveform or write code to check the Inspect waveform or write code to check the 
property (often tedious!)property (often tedious!)

++ Assertion does the monitoring for usAssertion does the monitoring for us
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Property Specification LanguageProperty Specification Language

Base primitives: Boolean expressionsBase primitives: Boolean expressions
BooleansBooleans

SequencesSequences

PropertiesProperties

Sequential regular expressions of BooleansSequential regular expressions of Booleans

HighHigh--level temporal relationships between level temporal relationships between 
sequences and Booleanssequences and Booleans
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Property Specification LanguageProperty Specification Language

HDL Boolean expressions, implication HDL Boolean expressions, implication 
and equivalence, PSL builtand equivalence, PSL built--in functionsin functions

BooleansBooleans

SequencesSequences

PropertiesProperties

Concatenation, Disjunction, Fusion, Concatenation, Disjunction, Fusion, 
Repetition, Goto repetition, NonRepetition, Goto repetition, Non--consecutive consecutive 
repetition, Intersectionrepetition, Intersection

……, Sequences used in , Sequences used in conditionalconditional and and 
obligationobligation contexts in propertiescontexts in properties
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PSL PSL SEREsSEREs –– Base OperatorsBase Operators

Sequential regular expressions Sequential regular expressions rr composed of:composed of:
bb Boolean expressionsBoolean expressions
{r}{r} Grouping (like parentheses in RE)Grouping (like parentheses in RE)
rr1 1 ; ; rr22 ConcatenationConcatenation
rr1 1 : : rr22 Fusion (overlapped concatenation)Fusion (overlapped concatenation)
rr1 1 | | rr22 DisjunctionDisjunction
rr1 1 && && rr22 Intersection, lengthIntersection, length--matchingmatching
[*0][*0] Empty SERE (like Empty SERE (like εε in RE)in RE)
rr[*][*] Kleene closure (like * in RE)Kleene closure (like * in RE)

Example: {{Example: {{busybusy[*2] ; [*2] ; ackack } | {} | {busybusy[*5] ; [*5] ; error error }}}}
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PSL PSL SEREsSEREs –– SugaringSugaring

SERE sugaring rules in PSL (nonSERE sugaring rules in PSL (non--exhaustive):exhaustive):
rr[*[*cc]  =  ]  =  rr ; ; rr ; ; …… ; ; rr Fixed count repetition, c>0Fixed count repetition, c>0
rr[*[*ll::hh]  =  ]  =  rr[*[*ll] | ] | …… | | rr[*[*hh]] Bounded repetitionBounded repetition
bb[[-->]  =  (~>]  =  (~bb)[*] ; )[*] ; bb Goto repetitionGoto repetition
bb[[-->>cc]  =  {]  =  {bb[[-->]}[*>]}[*cc]]
bb[=[=cc]  =  ]  =  bb[[-->] ; (~>] ; (~bb)[*])[*] NonNon--consecutive repetitionconsecutive repetition

Example: {{Example: {{busybusy[*]} && {[*]} && {resetreset[[-->]}}>]}}

reset

busy

Start matchingStart matching
MatchedMatched
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MBAC Checker GeneratorMBAC Checker Generator
CircuitCircuit--level checkers from assertion statementslevel checkers from assertion statements

Assertions
A1
A2
…
An PSL

Device Under 
Verification

HDL

Assertion
Checkers

HDL

A1
A2
…
An

MBAC
Checker

Generator

Asr. 
Fail
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assert alwaysassert always ({a} |=> { {c[*0:1]; d} | {e} })({a} |=> { {c[*0:1]; d} | {e} })

Checker Generation ProcessChecker Generation Process

AssertionAssertion

s3

s2

fail

HDLHDLFinite AutomatonFinite Automaton
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SERE Modes in PropertiesSERE Modes in Properties

alwaysalways {~{~req;reqreq;req}} ||--> ( > ( { [*0:3] ; { [*0:3] ; gntgnt } } ))

0 1 2
~req req

0 4

Conditional Obligation

Conditional ModeConditional Mode: Identify all occurrences of : Identify all occurrences of 
expression for a given start conditionexpression for a given start condition
Obligation ModeObligation Mode: Identify the first failure of : Identify the first failure of 
expression for a given start conditionexpression for a given start condition

1 2 3
~gnt ~gnt ~gnt~gnt

“|->” is temporal 
implication
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SEREsSEREs vs. Regular Expressionsvs. Regular Expressions

SEREsSEREs extend traditional extend traditional REsREs with:with:
LengthLength--matching intersectionmatching intersection
Fusion (overlapped concatenation)Fusion (overlapped concatenation)
Based on Based on Boolean expressionsBoolean expressions ((not mutually exclusive not mutually exclusive 
symbols as in symbols as in REsREs))

SEREsSEREs in properties in properties →→ failure detectionfailure detection also also 
Obligation mode needed, not only occurrence detectionObligation mode needed, not only occurrence detection

C a r s 0 2
‘C’

1
‘h’ Bool2 0 2

b1
1

b3
Bool1

Bool3
h
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SERE FA Construction SERE FA Construction 
(Conditional mode)(Conditional mode)

Inductive construction [Inductive construction [Hopcroft’00]Hopcroft’00]
Base case: Top Base case: Top levellevel BooleanBoolean Expressions Expressions bbii

Inductive cases: Inductive cases: 
DisjunctionDisjunction
ConcatenationConcatenation
Kleene Kleene closureclosure
FusionFusion
Intersection (Intersection (lengthlength matchingmatching))

0 1b

} Custom algorithms Custom algorithms →→ same same 
effect as: NFA Construction effect as: NFA Construction 
[Hopcroft[Hopcroft’’00] + 00] + εε RemovalRemoval
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SERE FA Construction SERE FA Construction –– FusionFusion

Example for Example for {{bb11; ; bb22[*]}:{[*]}:{bb33; ; bb44}}

0 1
b1

b2

1 2
b40

b3:

0 1
b1

b2

3 4
b4b32

b2 ∧ b3

b1 ∧ b3

=
m states n states

O(m+n)
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SERE FA Construction SERE FA Construction –– FusionFusion

Example for Example for {{bb11; ; bb22[*]}:{[*]}:{bb33; ; bb44}}

0 1
b1

b2

1 2
b40

b3

0 1
b1

b2

3 4
b4

b2 ∧ b3

b1 ∧ b3

O(m+n)

m states n states

: =
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SERE FA Construction SERE FA Construction ––
IntersectionIntersection

Example for Example for {{bb11[*];b2}&&{[*];b2}&&{bb33; ; bb44}}

b1 b4b3&&

0,B

1,C

0,A

b1 ∧ b3
b1 ∧ b4

=
State construction stack:State construction stack:

0,A:0,A:
1,B: 1,B: 

““b2 b2 ∧∧ b3b3”” 1,B; 1,B; 

““b1 b1 ∧∧ b4b4”” 0,C;0,C;0,B: 0,B: 
no edges in no edges in 11..

→
→
→

B CA

Worst case 
O(mn)

m states n states

0
b2 1

1,B
b2 ∧ b3

0,C

b2 ∧ b4

0,C: 0,C: →
1,C: 1,C: →

““b1 b1 ∧∧ b3b3”” 0,B 0,B 

no edges in no edges in CC..
““b2 b2 ∧∧ b4b4”” 1,C 1,C 

(1 & C final)(1 & C final)no edges in no edges in CC..
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SERE FA Construction SERE FA Construction ––
IntersectionIntersection

Example for Example for {{bb11[*];b2}&&{[*];b2}&&{bb33; ; bb44}}

b1 b4b3

0,B

1,C

0,A

b1 ∧ b3

State construction stack:State construction stack:

0,A:0,A:
1,B: 1,B: 

““b2 b2 ∧∧ b3b3”” 1,B; 1,B; 

““b1 b1 ∧∧ b4b4”” 0,C;0,C;0,B: 0,B: 
no edges in no edges in 11..

B CA

Worst case 
O(mn)

m states n states

0
b2 1

b2 ∧ b4

0,C: 0,C: 
1,C: 1,C: 

““b1 b1 ∧∧ b3b3”” 0,B 0,B 

no edges in no edges in CC..
““b2 b2 ∧∧ b4b4”” 1,C 1,C 

(1 & C final)(1 & C final)no edges in no edges in CC..

&& =
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Obligation Mode Obligation Mode SEREsSEREs in  in  
Properties Properties –– FirstFailFirstFail()()

Example for Example for {{bb11[*0:1]; [*0:1]; bb22}}

1 20
b1 b2

b2

1,20

1

2

b1 ∧ ¬b2

b1 ∧ b2

¬b1 ∧ b2

b2

b2

1,20

1

2

b1 ∧ ¬b2

b1 ∧ b2

¬b1 ∧ b2

b2

b2
F

¬b1 ∧ ¬b2

¬b2

¬b2

Strong DeterminizationStrong Determinization
Worst case Worst case OO(e(enn ))

Pseudo Negation:Pseudo Negation:
-- Failure ConditionsFailure Conditions

n states
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Obligation Mode Obligation Mode SEREsSEREs in  in  
Properties Properties –– FirstFailFirstFail()()

Example for Example for {{bb11[*0:1]; [*0:1]; bb22}}

1 20
b1 b2

b2

1,20

1

2

b1 ∧ ¬b2

b1 ∧ b2

¬b1 ∧ b2

b2

b2

0

1b1 ∧ ¬b2

F

¬b1 ∧ ¬b2

¬b2

Pseudo Negation:Pseudo Negation:
-- Failure ConditionsFailure Conditions

-- Remove old final statesRemove old final states

n states

Strong DeterminizationStrong Determinization
Worst case Worst case OO(e(enn ))
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Experimental ResultsExperimental Results

Properties MBAC IBM FoCs 2.03
(Xilinx 8.1.03i for XC2V1500-6) FF LUT MHz FF LUT MHz
never { a;d;{b;a}[∗2:4];c;d } 12 12 622 25 24 622
never { {a[∗];b[∗1:3]} | {c;d[∗1:2];e} } 4 4 622 24 23 454
never { {[∗];a} && {b[=0]} } 1 2 N.A. 6 4 622
never { a ; {b;c;d} & {e;b;a;d} ; a } 6 6 680 13 12 622
never { {a[∗]} : {b[∗]} } 1 2 680 7 7 483
always {a} |=> { {b;c;d} & {e;d;b} } 4 6 483 No Output
always {a} |=> { e;d;{b;e}[∗2:4];c;d } 15 21 378 No Output
always {a} |=> { b ; {c[∗0:4]} & {d} ; e } 7 11 487 7 10 359’
always {a} |=> { b ; {c[∗0:6]} & {d} ; e } 9 15 428 No Output
always {a} |=> {{{c;d}[+]} && {e[–>2]} } 5 7 517 6 10 425
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ConclusionConclusion

Introduced an efficient Introduced an efficient automatonautomaton--basedbased
implementation of implementation of SEREsSEREs for creating checkers for creating checkers 
for dynamic verification and silicon debugfor dynamic verification and silicon debug

BooleanBoolean--expressions in automata symbolsexpressions in automata symbols
FusionFusion and and intersectionintersection algorithmsalgorithms
First failureFirst failure detection algorithm for use in propertiesdetection algorithm for use in properties

These techniques for These techniques for SEREsSEREs +                 +                 
property implementation fromproperty implementation from [HLDVT[HLDVT’’06] =           06] =           
efficient assertion checking circuits for PSLefficient assertion checking circuits for PSL
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