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Abstract

Models and methods of digital circuit analysis for test
generation and fault simulation are offered. The two-frame
cubic algebrafor compact description of sequential primitive
element (hereandfurther, primitive) informof cubiccoverings
is used.Problems of digital circuit testing are formulated as
linear equations. The described cubic fault simulation method
allows to propagate primitive fault lists from its inputs to
outputs; to generate analytical equations for deductive fault
simulation of digital circuit at gate, functional and algorithmic
descriptionlevels; tobuild compilativeandinterpretativefault
simulators for digital circuit. The fault list cubic coverings
(FLCC) dlowing to create single sensitization paths are
proposed. Thetest generation method for single stuck-at fault
(SSF) detection with usage of FLCCisdevel oped. The means
of test generation for digital devicesdesignedin Active-HDL
are offered. Theinput description of design isbased on usage
of VHDL, Verilogand graphical representation of Finite State
Machine (FSM). Theobtained testsareused for digital design
verificationin Active-HDL. For fault coverageeva uationthe
program implementation of cubic simulation method isused.

Also models and procedures of test generation for digital
systems verification based on genetic algorithms are offered.
Programimplementationof test generator isorientedtoprocessing
of digital circuits with large dimensionality and it combines
advantages of genetic algorithms (high speed operation of test
generation with specified fault coverage) with advantages of
determini sticones(reproducibility of generated test sequences).

1Introduction

Field Programmable Gate Arrays (FPGA) and Complex
Programmabl eL ogic Devices(CPL D) makeadeserved compe-
tition to microprocessor chips. Such success is defined by
usage of Hardware-Software Co-operation Design, minimum
timeof digital systemdesign (4-5months), high-speed operation
(under 500 MHz), high level of gate-array chip integration.

However, there are testing problemstogether with advan-
tagesof CPLD (FPGA). For solvingtheseproblemsitisrequired
to create models, methodsand CAD software. The mentioned
means have to support:

1) digital device testing at gate, functional and algorithmic
description levels, when the digital device has a high-level

integration and it is specified asFSM transition graphs, Bool -
ean equations, multi-level hierarchical structures;

2) test generation for SSF detecti on with fault coverage about
100%, where the test has a form of single sensitization path
cubic coverings;

3) acceptable operation speed of fault simulation algorithms;
4) desgnverificationanddiagnosisfor synthesisintoFPGA, CPLD;
5) possibility of concurrent execution of vector operation for
test generation and fault smulation;

6) VHDL standard support for digital circuit and obtained test
description;

7) opportunity of theintegrationinto existing CAD systemsof
world-wideleadingfirms(ALDECetc.).

Deductivefault simulationmethod[1,2] ismorepreferable
becauseof itshigh-speed operation. It allowstodetect all SSFs
by input test-vector during one iteration of digital circuit
processing. But this method is oriented to the gate level of
digital circuit description. It is connected with complexity of
output faultlist generationfor non-gateprimitives. Theoffered
cubicfault simulationmethodallowsto processdigital circuits
describedat gate, functional and algorithmiclevels. Intheother
side, the solution of the mentioned problemispresented asthe
method of test generationfor SSFdetectionwithusageof FLCC
allowing to create single sensitization path.

2M athematical appar atusof primitive
analysis

FSM model of sequential primitiveis: M=<X, Y, Z,f, g>,
Wha'eX:(X]_,Xz,...,Xi,...,xm),Y:(Yl,Y2,...,Yi,...,Xh),
Z=(Z21,Z5,....Z;,...,.Zy) aresetsof input, internal and output State
variables. The primitiveis described by the cubic covering

C=(C;,C,...,.C,...,.Cp), (@)
where G = (Ciy, G, ..., Cjj, ..., Cig) isacubeincluding input,
internal and output coordinatesC = (Ci%, C;¥, Ci%), g=m+h+k.

Fig.1. FSM model of flip-flopandlatch
The main feature of suggested modelsis compactness of
truth- and transition tables for complex functional primitives
and FSM descriptions; universality and completness of table



models for solving problems of forward propagation and
backward implication; universality and simplicity of cubic
model analysis algorithms for: deterministic test generation,
fault-freeand fault simulation.

3Fault ssimulation based on cubicalgebra

Let' sconsiderthemode W=(M,L,T),whereM isaprimitive
model represented by cubic covering C, L isafault list cubic
covering (FLCC), Tisatest. Problemsof digital circuittestingare
formulated on condition that one of componentsisnot defined.

FLCC L for the vector T and the primitive covering C is
computed by alinear equation

TOC=L, )
where ] —is a binary operation XOR, which determines
interaction of componentsT, C, L inthethree-valued al phabet:
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Theuniversal formulaof FLCCanalysiscanbeobtainedas
aresult of application of (3) tothetest-vector T and to covering
of themulti-output primitive C. Thementioned formulacanbe
used for definition of faults L detected at output.

4 Algorithm of cubic SSF simulation for
combinational cir cuits

Thecubic deductive SSF simulation algorithm for combi-
national circuit is defined according to the procedure (3):

LFirst, thefault-freesimulationof next primitiveR (i = L_M) a

the test-vector T (t = 1,_N) is executed. If t = N, then a
detected fault list L(T) at thetest T is formed. The end of
simulation. Otherwisg, if t < N, then moveto point 2.

2.1f al circuitelementsareprocessed(i = M) , thecomparison
of two consecutive fault-freevectorsisexecuted. If vectorsare

equal (T{ =T{ "), thenthereistheend of simulation T, and

moveto point 3. Otherwise, moveto point 1.
3 Primary input fault lists are defined in the form of a

complement totheir fault-freestate Lj ={j"/} .
4. Thefault simulation according tothe procedureisexecuted
for primitive B (i =1,M) . Theprimitiveoutput fault identified

as {1/ is added to the obtained list,
5.1f (i =M), then detected fault list L(T,) generation and

motion to point 1 are executed. Otherwise, if 1 <M, then
moveto point 4.

Cubicfaultsimulationalgorithm for digitalsystemsat func-
tional description level has an operating speed
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where g;, n; isa number of variables and cubes in cubic
covering; L isanumber of linesincircuit; bisanumber of faults;
M isanumber of functional elements; (0,01x L) isanaverage

number of activeadjacent patternsof circuitlines; bisanumber
of non-equivalent faultsin circuit.

The operation speed of digital systems simulation at the gate
description levelis evaluated by following expression:
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Fig. 2. A digital functional module
In [3] the operation speed evaluation for concurrent algo-

rithmis Cp, = (b2 W) xG> andfor deductive one ( CHIEFS

system) is Cy =b2xQxG2 Q=G =b2G3, where W is a

lenght of word; G is a number of equivalent gates; Q is an
average number of gates sensitized by faults.

Sinceanumber of circuit linesislessthan anumber of gates
atleastintwotimes, theproposed cubicsimulationmethod has
a better operaiotn speed in comparison with dedutive algo-
rithm. Thisgain will be bigger under processing of circuits at
functional level, when anumber of linesislessthananumber
of gates by dozens of times.

5Fault simulationinsequential primitive
elenemts

Output fault list isafunction, which is specified according
two consecutive input vectors, where each coordinate is
specifiedin thefollowing combinations:

r=001101X X X0

Thetwo-frameformat of aninput vector isdirected forward
the sequiential  FSM analysis, since, in genera case, its
covering is specified in the two-frame aphabet. Hence, we



can in form of table represents [J-operation between
coordinates of the test-vector and the literals of two-frame
cubic covering.

Each coordinate of thetableisacompact form of fault lists
L =T 0O C. Forinstance, if input test-vector T=(01) and cubic
covering C=Pthefault list cubic coveringisfollowing: L=S

Output coordinates of FLCC at two frames also can be
represented in form of table. For instance, for the coordinate
L=V, itsvalueinpreviousframe is 0,andincurrent frameis1i,
anditisspecifiedininthat tableby letter E. Determinationsof
symbolsS, Pare exceptions. Thereisaninterpretationdifference
depending on the fact, whether an output variable is the
function ortheargument to the output, for which adetectable
fault list is generated. In the first case, determination of the
above-mentioned symbolsgives(J, E), inthesecond one—(X,
X), thatindi catetotheabsenceof FL CCforthespecifiedoutput
intheframet-1.

6 Modified genetic algorithms for test
generation

Geneticalgorithmsareorientedtodetermination of function
extremum|3]. Dependingonitspropertiesof convexity, linearity
and differentiability the appropriate algorithm of search of
minimum or maximum is selected. If the function is rather
complex, multimodal and if it has alot of break points then
finding of effectiveal gorithm of extremum searchisadifficult
problem. As regards discrete functions, it’'s possible to find
appropriate extremum here without any assumptions about
function properties (linearity, monotonicity, conservability
andaugmentability). Here, thespecial deterministicalgorithms
[2] which use values of function in one or another point of
Boolean space are necessary.

Geneticalgorithms(GAs) aretheal gorithmsof optimization
based on usage of natural selection mechanism. Therearethe
following features of GA application in contrast to other
agorithmsof optimization. They are:

1) GAswork with vectorsor codes of set of parameters.

2 GAs execute search of extremum in the population
presenting set of points of Boolean space in each iteration.

3 GAs use only the value of function in the point of
discrete space without taking into account itsother properties.

4) GAs aren’'t deterministic methods but they are
probabilistic ones.

Modified models of test generation for digital systems
verificationintermof geneticalgorithmsisoffered. Themain
purpose of improving is maximal elimination of factor of
randomness from procedures of initial population definition,
crossover, mutation and natural selection.

Advantageof GAsisconsiderabl e high-speed operation of
test generationwith ordered fault coveragein comparisonwith
deterministic methods. Drawback of GAs is probabilistic
procedures generating test, which can't be reproducible
iteratively. It isunacceptable for digital systems verification.
That’ swhy, factor of randomnessshoul dbemaximally excluded.

For that themodification of listed proceduresof crossover,
mutation and natural selectionisexecuted with substitution of
probabilistic components by deterministic ones.

7ATPG Systemsusing developed fault
simulationand geneticalgorithmsmethods

Test generationsystemfor booleanequation TESTBUILDER

Theprogramisintended for ATPG with respect to SSFsof
digital designs described in language of Boolean equations.

Program operations:

1. Pseudo-randomtest generationinterm of built-inbinary
code generators and decimal code generators.

2. Deterministic binary test-vector generation, where the
mentioned test-vectorssensitizesinglelogical pathsincircuit.

3. Single stuck-at fault simulation with purposes of fault
coverage evaluation of obtained test.

4. Test formatting in standard of VHDL - Testbench.

The program has processed:

—10combinational circuitsfromlistISCAS 85; averagetime
of deterministic test generation is 28 minutes.

—140 combinational and sequential circuitsfrom PRUS; 45
sequential circuitswithlargecomplexity from PRUS;

— 22 sequential circuitsfrom list ITC' 99; average time of
deterministic test generation is 2 hours.

— 216 sequential circuits;averagetimeof deterministictest
generation is 14 seconds.

—72 combinational circuits; averagetime of deterministic
test generation is 57 seconds.

Average complexity of designis1000lines. Averagetime
of pseudo-random test generationis5 minutes. Test coverage
ismorethan 90 %.

Test generation system used GA.

Program implementation of the method has proved its
effectiveness in the view of speed operation and quality of
generated tests. The strategy of processing of digital device
presented in form of circuit contains next steps:

- algorithmictestsselectionforinitial popul ation depending
on structural and functional complexity of object;

- definition of fitness-function of population by fault
simulation where fitness-function istest quality;

- execution of proceduresof crossover and mutationinterm
of deterministic procedures usage;

-formingof individua s-offspringsforthenext popul ationwhich
doesn’t subdtitute previous one but it's dways expansion to it.

Fault smulator.

Fault simulator isintended for singlestuck-at fault simula-
tion of digital circuit, where the digital circuit is described at
functional level inform of cubic coverings.

The problems solved by the program:

1. SSFsamulationoncubiccoveringsof functiond primitivedements.
2. Simulation of complementsto statesof circuitlinesoncubic
coverings of functional elements.

3. Algorithmic and pseudo-random test generation.

4. Length test optimization by improving its quality.

5. Optimizationof number of algorithmicgeneratorshy coverage
problem solving.

Initial descriptions of testing object are VHDL and repre-
sentation of circuit in form of Boolean equations.

Result of program work isthetest for digital design repre-
sentedin VHDL (Testbench) format.



8Experimental results

Two testgenerationsystems(TestBuilder usesdeterministic
and geneticalgorithms, Nemesis) havebeen eval uated by three
parameters: the test generation time, test quality and test size.
Test-examplesaresd ectedfrom| SCAS85 combinational circuits,
maximumsizeis7552 equivalent gates. Ingeneral, thedevel oped

Tablel
test ATPG algorithm time FC[%] [testsize
PRT

] genetic algoritm 0,12 99,99 104

c1355 |teSPulder gororministic 311 99,080 70
nemesis |without random 4,11 99,05

; enetic algoritm| 0 100 7

cl7 testbuilder geterminis%ic 0 100 4
nemesis |without random 0 100

. genetic algoritm 511 98,1 76

c1908 |1eS®Ude Goterministic go1 903 4
nemesis [without random 7,809 99,05

) enetic algoritm)| 4,3 96,3 169

casap [testouiiderlgc 105 96,16 s8
nemesis [without random 8,677 95,7

i enetic algoritm 0,20 99,23 45

cazp [testouiided 05 99,23 22
nemesis [without random 0,649 99,2

; enetic algoritm| 0,80 100 65

c499 testouilden ?jeterminisgtic 0 100 49
nemesis |without random 0,104 98,9

. genetic algoritm 4,16 99,9 121

c5315 |teSulder gororministic 343 98 70
nemesis |without random 3,8 98,8

; enetic algoritm| 4,11 99,65 48

BREa| oS oilden geterminisgtic 6,545 99,65 21
nemesis [without random 6,238 99,5

. genetic algoritm 9,45 96,5 128

7552 |testouilder jeterministic 15.05| 94,06 55
nemesis |without random 22,93 98,2

) enetic algoritm)| 0,40 99,3 57

c880 testouilden geterminisgtic 0,4 99,44 31
nemesis |without random 0,332 100

toolsof test synthesishased on genetic algorithm method have

advantagescomparingwith Nemesi sand deterministic method:

1. Intime. On average 49% saving of time have been
received (fig.3). (Ingeneral for bigsizecircuits)).

2. Inquality of test 0,06%(fig.4). Genetichasadvantage.

9Conclusionsand futurework

The cubic fault smulation method is a new technology of
digital circuits processing at gate, functional and algorythmic
description level. It allowsto simulate all singlestuck-at faults
detected by test-vector during one iteration. The application
conditionconsistsinusageof digital circuitsdescriptioninterms
of cubic coveringsof primitiveelements. Theproposed method
effectively processes sequiential digital circuits described by
two-frame cubic coverings as well. The last ones formalize
agorithmdescriptionsintheformof primitivescorrespondingto
transition graphs, FSM-charts, state tables of digital circuits.
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Fig. 3. Comparative analysis of test generation time
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Fig. 4. Comparative analysis of test pattern quality

The proposed technology of testing by the equation
TOC =L providesthe possibility of fault smulation on the
basis of the cubic covering analysis. It dso allows to obtain
deductiveformulasfor any typical functiona element, todesign
compilativesimulatorsfor processingof digitd circuitsat optional
descriptionlevel, togeneratetestsfor digital circuitsonthebasis
of FLCC usage, to verify results of fault smulation and test
generation and to design high-speed hardware simulators.

Thepractical implementation of genetical gorithmsmethod
for test generation hasbeen proposed. It combines advantages
of genetic al gorithms (hi gh-speed operation of test generation
withreservedfault coverage) with advantagesof deterministic
ones (reproducibility of generated input sequences).

Program realization of method has proved effectiveness of
proposed models and methods of test generation. It takes
intermediate position between agorithmic and deterministic
methods. For effective usage of software containing
implementation of genetic a gorithms method it’ s necessary to
defineparametersof circuitprocessngskilfully. Theseparameters
depend on structure of tested digital device (Unit Under Test).

The proposed modelsand methodsarereaizedintheform
of program applications. The last ones are used for test
generation of digital designs based on FPGA and CPLD. The
class of processed structuresis FSM in the form of transition
graphand Boolean equationsonflip-flopcircuit. Digital circuit
descriptionlanguageisVHDL . Programapplicationsaredirect-
ed toward their usein design systems: Aldec, Xilinx.
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