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IntroductionIntroduction

Proposed highProposed high--level test generation level test generation 
Functional test generation for behavioral codesFunctional test generation for behavioral codes

How to extend it for covering RTL codesHow to extend it for covering RTL codes
Sequential designs Sequential designs 

Preliminary Experimental ResultsPreliminary Experimental Results

Future Works Future Works 
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DesignIntroductionIntroduction

Sequential ATPG is becoming important Sequential ATPG is becoming important 
becausebecause

ScanScan--based designs have problems inbased designs have problems in
Performance Performance 
Area overheadArea overhead
OverOver--testingtesting
Power consumptions during testingPower consumptions during testing

However, the complexity of sequential However, the complexity of sequential 
ATPG is highATPG is high

It is extremely important to make sequential ATPG It is extremely important to make sequential ATPG 
more powerful  more powerful  



44 VLSI Design and Education Center (VDEC), University of TokyoVLSI Design and Education Center (VDEC), University of Tokyo

Aided
DesignAided

ComputerComputer

DesignOur MethodologyOur Methodology

Extract Polynomial 
Model

Generate High Level 
Test Patterns

SMT Solver

HED-based 
representation

RTL code

Inject fault by 
replacing X with 

X+FAULTi

Combined bit- and word-
level equalities/inequalities

Gate-level Circuit

Set of gate-
level TPs

Gate-level 
Fault Simulator

Extract Polynomial ModelExtract Polynomial Model
Generate High Level Test Patterns Generate High Level Test Patterns 
(HL(HL--TPsTPs))

Propagation PhasePropagation Phase
Justification PhaseJustification Phase

Convert HLConvert HL--TPsTPs to gateto gate--level level TPsTPs
Apply HLApply HL--TP to SMT solverTP to SMT solver

Coverage EstimationCoverage Estimation
Run fault simulator (Run fault simulator (FlexTestFlexTest))
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Suppose a highSuppose a high--level (behavioral) level (behavioral) 
description is givendescription is given

1

0

1

0

b1

+
X

Y

*

b2

*

-

Z

C
D

Primary Inputs: X, Y, Z
Intermediate Variable: C
Primary Output: D

1  IF ( b1 ) C = X+Y;
2  ELSE C = X*Y;

3  IF ( b2 ) D = C*Z;
4  ELSE D = C-Z;
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High Level Test GenerationHigh Level Test Generation

Fault Injection (based on the following fault model)Fault Injection (based on the following fault model)
Condition FailureCondition Failure

StuckStuck--at TRUEat TRUE
StuckStuck--at FALSEat FALSE

Bit FailureBit Failure
StuckStuck--at less than (at less than (--FAULT)FAULT)
StuckStuck--at greater than (+FAULT)at greater than (+FAULT)

1  IF ( b1 ) C = X+Y;
2  ELSE C = X*Y+FAULT1;

3  IF ( b2 ) D = C*Z;
4  ELSE D = C-Z;

1  IF ( b1+FAULT2 ) C = X+Y;
2  ELSE C = X*Y;

3  IF ( b2 ) D = C*Z;
4  ELSE D = C-Z;
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Horner Expansion Diagram (HED)Horner Expansion Diagram (HED)
Horner expansion:Horner expansion:

Const (Left) child (dashed line)Const (Left) child (dashed line)
Linear (Right) child (solid line)Linear (Right) child (solid line)

linearconst fxfyxf .,...),( +=
fconst

x

f(x)

flinear

ExampleExample
f(x,y,zf(x,y,z) = x) = x22y+xzy+xz--4z+24z+2

Variable ordering: x>y>zVariable ordering: x>y>z
Horner formHorner form

f = x(x(y)+z)+z(f = x(x(y)+z)+z(--4)+24)+2

x

f(x,y,z)

x

y

z

10 10

z

-42
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Useful Property for Test GenerationUseful Property for Test Generation

HighHigh--level Test Generationlevel Test Generation
F(X,F(X,……) = const + X * linear) = const + X * linear

FAULT

Test PatternFault-independent 
Behavior

Const Child Linear Child

F(FAULT,F(FAULT,……) = const + FAULT * linear) = const + FAULT * linear
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Example 1 Example 1 -- Single FaultSingle Fault

1  IF ( b1 )    C = X+Y;
2  ELSE        C = X*Y + FAULT;

3  IF ( b2 )    D = C*Z;
4  ELSE        D = C-Z;

D

Z

1

-1

FAULT

b1

b2

-1

b1

b2

-1

X

Y

Z

Y

Z

b1

b2b2
-1

b1-1

TestPattern

TestPattern = (1-b1)*b2*Z+(1-b1)*(1-b2)

(1)  1-b1 ≠ 0 & b2 ≠ 0 & Z ≠ 0
OR

(2)  1-b1 ≠ 0 & 1-b2 ≠ 0

TestPattern ≠ 0
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Example 2 Example 2 -- Multiple FaultsMultiple Faults

1  IF ( b1 )        C = X+Y + FAULT1;

2  ELSE            C = X*Y + FAULT2;

3  IF ( b2 )        D = C*Z + FAULT3;

4  ELSE            D = C-Z + FAULT4;

D

Z

1

-1

FAULT1

b1

b2

-1
b1

b2
-1

FAULT2

Z

b1

b2

b1

b2

-1

FAULT3

FAULT4

Fault-free 
Behavior

TestPattern1 = b1*b2*Z+b1*(1-b2)

TestPattern2 = (1-b1)*b2*Z+(1-b1)*(1-b2)

TestPattern3 = b2

TestPattern4 = (1-b2)
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Example 3 Example 3 -- Condition FaultCondition Fault

1  IF ( b1+FAULT ) C = X+Y;

2  ELSE C = X*Y;

3  IF ( b2 ) D = C*Z ;

4  ELSE D = C-Z;

TestPattern = ((1-b2)+b2*Z)*(X+Y-X*Y)

(1)  b2 ≠ 0 & Z ≠ 0 & X+Y-X*Y ≠ 0
OR

(2)  1-b2 ≠ 0 & X+Y-X*Y ≠ 0

-1

D

Z

1

FAULT

b2b2

-1

TestPattern

X

Y

Const-Child

Y

TestPattern ≠ 0
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NonNon--linear term in HEDlinear term in HED

FAULT

Fault-independent 
Part

If injected fault results in a nonIf injected fault results in a non--linear termlinear term

(f(f1 1 + FAULT)*(f+ FAULT)*(f2 2 + FAULT) + FAULT) 
= f= f11*f*f22 + (f+ (f11 + f+ f22)*FAULT + FAULT)*FAULT + FAULT2 2 

FAULT

1TestPattern
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Register Transfer Level Test GenerationRegister Transfer Level Test Generation

How to extend our technique to RTL designs?How to extend our technique to RTL designs?
Pipelined design without feedback (High performance Pipelined design without feedback (High performance 
computing)computing)

Sequential design with feedbackSequential design with feedback
Clk

Clk
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Polynomial Model of Sequential CircuitsPolynomial Model of Sequential Circuits

FSM with FSM with DatapathDatapath (FSMD)(FSMD)
I : set of primary inputsI : set of primary inputs
S: finite set of control statesS: finite set of control states
V: set of storage variablesV: set of storage variables
Z: set of primary outputsZ: set of primary outputs
TRANS: STRANS: S××AR AR S : state transition functionS : state transition function
OUT: SOUT: S××AR AR U : update function of the output and storage U : update function of the output and storage 
variablesvariables

WhereWhere
U = {x <= e | xU = {x <= e | x∈∈ Z Z ∪∪ V and e V and e ∈∈ E E }: set of storage and output }: set of storage and output 
assignmentsassignments
E = set of arithmetic expressions of input and storage variablesE = set of arithmetic expressions of input and storage variables
AR = set of status signals as arithmetic relations between two AR = set of status signals as arithmetic relations between two 
expressions from Eexpressions from E
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DesignExample (FSMD)Example (FSMD)

I = {A, B, C1, C2};   S = {S0, S1, S2};  
Z = {OUT};  V = {Temp}; 
E = {A+B, A-B, Temp×A×B}
AR = {C1=0, C1=1, C2=0, C2=1}
U = {Temp=A+B, Temp=A-B, OUT=Temp×A×B}

reset

4

1

2

C2=1

OUT = Temp × A × B

If (C1) then Temp=A+B
Else Temp=A-B

C2=0

S0 S1

S2
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Transition Function Transition Function 

Output FunctionOutput Function
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DesignExample (FSMD)Example (FSMD)
I = {A, B, C1, C2};   S = {S0, S1, S2};  
Z = {OUT};  V = {Temp}; 
E = {A+B, A-B, Temp×A×B}
AR = {C1=0, C1=1, C2=0, C2=1}
U = {Temp=A+B, Temp=A-B, OUT=Temp×A×B}

reset

4

1

2

C2=1

OUT = Temp × A × B

If (C1) then Temp=A+B
Else Temp=A-B

C2=0

S0 S1

S2
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0LD
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Propagation PhasePropagation Phase

Move all registers to the periphery of the design Move all registers to the periphery of the design 
(Time Frame Expansion)(Time Frame Expansion)

by removing state conditions andby removing state conditions and
considering time slices insteadconsidering time slices instead

Faulty variable needs to be reached to one of the Faulty variable needs to be reached to one of the 
primary outputsprimary outputs

Justification Phase Justification Phase 
Determine the status of signals modified by the Determine the status of signals modified by the 
transition function (not output function)transition function (not output function)

PrePre--image is computed until an initial state is reachedimage is computed until an initial state is reached



1919 VLSI Design and Education Center (VDEC), University of TokyoVLSI Design and Education Center (VDEC), University of Tokyo

Aided
DesignAided

ComputerComputer

Design
ExampleExample-- Fault Propagation Phase Fault Propagation Phase 
A+B unit is affected by FAULTA+B unit is affected by FAULT11
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0

1
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DesignExampleExample--Justification PhaseJustification Phase
Determine the status of signals Determine the status of signals 
modified by the transition function modified by the transition function 
not output functionnot output function

PrePre--image is computed until an initial image is computed until an initial 
state is reachedstate is reached

First preFirst pre--image computation image computation 
PP33(PS,2) (PS,2) PP33(PS,1)(PS,1)

Second preSecond pre--image computationimage computation
PP33(PS,1) (PS,1) PP33(PS,0): if (C(PS,0): if (C22=1)=1)
CC2121 = 1= 1

TempTemp11 = C= C2121 * Temp* Temp00

)])(1())([(B× 00101001021222 BACFAULTBACCAOUT −−+++××=

OUT

2

FAULT1

A2

B2

C21

1

C10

A0
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How to deal with sequential loopsHow to deal with sequential loops

A
B +

*+

FAULT1

0

1

CClk

OUT
-

VT
W

S Z

B A

Ai
Bi

+
*+

FAULT1

0

1

Ci+1

OUTi+2
-

Vi+1Ti
Wi+1

Si+1 Zi+2

Bi+1
Ai+2

Ai
Bi

+
*+

FAULT1

0

1

Ci+1

OUTi+2
-

Vi+1Ti
Wi+1

Si+1 Zi+2

Bi+1
Ai+2

Zi+1

Ti = Ai + Bi + FAULT1

Vi+1 = Ti

Wi+1 = Vi+1 – Bi+1

Si+1 = Ci+1*Wi+1 + (1-Ci+1)*Zi+1

Outi+2 = Zi+2*Ai+2
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Word-level Test Patterns

SMT Solver (CVC3)

Bit-level Test Patterns

Fault Simulator
(FlexTest)Gate-level Circuit

Fault Coverage



2323 VLSI Design and Education Center (VDEC), University of TokyoVLSI Design and Education Center (VDEC), University of Tokyo

Aided
DesignAided

ComputerComputer

DesignExperimental ResultsExperimental Results

VHDL VHDL 
SpecSpec

GateGate--level Speclevel Spec

#lines#lines PIPI POPO CGCG FFFF TFTF CFCF

b03b03 141141 44 44 149149 3030 832832 599599

b04b04 102102 1111 88 797797 6666 28462846 20482048

b05b05 332332 11 3636 812812 3434 29702970 17591759

b06b06 128128 22 66 3636 88 358358 229229

b07b07 9292 11 88 415415 4141 19421942 13131313

BenchBench
markmark

A subA sub--set of ITCset of ITC’’99 benchmarks99 benchmarks
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ARTISTARTIST HTestHTest HEDHED--based Approachbased Approach

FC FC 
(%)(%)

Time Time 
(sec)(sec)

FC FC 
(%)(%)

Time Time 
(sec)(sec)

FC FC 
(%)(%)

Time Time 
(sec)(sec)

##TVecTVec #Paths#Paths

b03b03 74.3374.33 51315131 78.078.0 814814 81.0481.04 4.34.3 112112 1818

b04b04 89.4289.42 69056905 89.689.6 768768 94.1494.14 4.14.1 245245 1212

b05b05 33.5033.50 3339333393 48.048.0 2324123241 80.080.0 8.38.3 812812 4141

b06b06 97.0297.02 23152315 97.997.9 535535 96.8496.84 3.83.8 145145 2929

b07b07 57.5357.53 22512251 70.870.8 538538 88.1188.11 3.93.9 318318 2626

BenchBench
markmark

After considering After considering 
platform platform 
differences differences 

Not available Not available 
for other for other 
techniques techniques 

ARTIST: RTL ATPG tool ARTIST: RTL ATPG tool 
developed at University of developed at University of 
TorinoTorino, Italy, Italy
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LargeLarge--datapathdatapath circuitscircuits

Modified b03 and b06Modified b03 and b06
Added more 32Added more 32--bit multipliersbit multipliers

Bench-marks #Mul F.C. (%) Time (Sec) #TVec #TF #TG

b06_1 2 99.30 4.1 512 14890 5313

b06_2 4 99.05 4.2 608 15008 5444

b03_1 2 98.12 4.7 640 15580 5482

b03_2 4 98.04 4.9 704 15700 5619

IntelIntel@@ 933MHz, Main memory: 256MB, OS: 933MHz, Main memory: 256MB, OS: WinXPWinXP
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LargeLarge--controller circuitscontroller circuits

Benchmarks #gates #TF F.C.(%) Time (Sec) #TVec

b03_2 237 766 84.45 4.4 240

b03_3 299 1000 89.52 4.4 254

b03_4 350 1181 85.27 4.5 262

b03_5 410 1389 72.66 4.5 271

B3

A3

gt3

gt2

B2

A2

req3

req2

req1
gt1

Adder
0
1

A1

B1

Controller

0
1

0
1

0
1

0

0
0
1

0
1
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DesignConclusion and Future WorkConclusion and Future Work
A highA high--level test generation technique guided level test generation technique guided 
gategate--level ATPGlevel ATPG

Generate high level test patterns using HEDGenerate high level test patterns using HED
Apply them to SMTApply them to SMT--solvers as constraints to solve SATsolvers as constraints to solve SAT--
based ATPG problem more efficientbased ATPG problem more efficient
Test generation timeTest generation time

Almost 2 orders of magnitude faster than Almost 2 orders of magnitude faster than HTestHTest
Almost 3 orders of magnitude faster than ARTISTAlmost 3 orders of magnitude faster than ARTIST

Fault coverageFault coverage
14% improvement compared to 14% improvement compared to HTestHTest
25% improvement compared to ARTIST25% improvement compared to ARTIST

How to automate all phases in our methodologyHow to automate all phases in our methodology
Compare our methodology with commercial ATPG Compare our methodology with commercial ATPG 
tools at pure gate level tools at pure gate level 
Investigate the effect of synthesis constraints Investigate the effect of synthesis constraints 
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