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Abstract

With the continuous technological advancements in digital electronic cireciiinology
devicesare becoming even more complex, it is essentiet a highlevel of operational
reliability is maintained which is why there is always a requirement for new and improved test
methodologies. A fault condition in a digital circuitay bethe result of a manufacturing
problem causing physical imperfection in thevice,this imperfection may be open circuit or
short circuit connections, or flaw that changes other characteristics of tevice. The
propagation of a gate may be affected introducing a delay defect into the circuit, often creating
timing problems, which havalways proved difficult to detectThis paper presents a new
approach to the generation of test pattehad detect gross delay defects in combinational
VLSI circuits. In O'Dareand Arslan1] the authors presented a technitju&t implemented

a genetic algorithm (GAjpr the generation of test patternsditect single stuck-at-faults in
combinational VLSI circuits. In order to generate a test for delay faults it is necessary to
create a transition in logical state at the fault site within the circuirieway toachieve

this is by generating pairs of test patterns <P1,P2>. The first test pattern initialises the state of
all nodes within the circuit, the second test pattern is then udectéihe required transition

at the designated test node. The problem of test genefatiatelay faults is considerably
more complexthan that oftest pattern generatiofor single stuck-at-faults presented in
O'Dareand Arslan [1], with afncrease in search space size frdmt@ 22N for an ninput
circuit. The problem is further augmented by the necessity of applyirngdtest patterns in

a strict ordered sequence to creite required transition. The authors have therefore
developed a new genetic test techniqueviercomethe problem, using chromosomes-pairs to
represent the test patterns. TBAs primary component is a dynamically evolving Global
Record Table (GRT), which is used to guithe search towards optimal test pairs in an
otherwise complex solution space, producing a comgragtefficient set of test pattern-pairs

as the GA evolves. The experimental results presented in this papergrared with other
research results for well known combinational benchmark circuits.
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1 Introduction

Digital systemgproduced today arextremely intricate andre eveincreasing
in complexity, theyare required for use inwaideningrange of domestic and
industrial applications, Breuer [2]. @mder to ensureeliability of thesedevices
it is necessary toesttheir performance tadentify anydefects prior tausing
them in a fully operational environment.

In order to generate a test fofaalt condition it is necessary to model the
fault condition and simulat¢he circuit operation witthat modelledfault
condition present. This paper considers the generation of tests that detect gross
delay faults in combinational digital circui®arket al[3]. Thebasic elements
of such circuits are gatéisat produce a steady statetput denoted by 0 or 1,
which is purelydependant on theombination of its input values. The gates
within a combinational digital circuit considered in théper have thprimitive
functionsNAND, AND, NOR, ORandNOT. The interconnection of the gates in a
combinational circuit have no feedbdokps, and therefore hawtputs that
are totally independent of their previous values. The most corfambrmodel
is the Single Stuck-at-fault model, Johnson [4]which is simplyused to
represent an output or input node of a geienanently held ahelogic state 0
(Stuck-at-zero) ofogic state 1 (Stuck-at-one). Test pattern generation for
single-stuck-at faults was presented by the authors in O'Dare and[Afstae
stuck-atfault model however cannot be used to matkday defects, as the
actual size othe defect needs to be considered, BaiM [3]. Recently there
has been increased attention to tékstandmodelling of delaydefects, Parlet
al [5] present a quantitative delay fault coverage model that takes into effect the
delay defect size andhe system clock interval, Devad&$ al [6] present a
methodimplementing synthesiprocedures that produce netwonk&ich are
fully delaytestable under a non-robust fault model. In this pH#perauthors
implement agatedelay fault model, which assum#st the output of a gate
having a delaydefect has aslow-to- rise or a slow-to-falfault condition
present.

2 The Gate Delay Fault Model

In the gatedelay fault modethe delaydefect is considered to be a slow-to-rise
or a slow-to-fall fault condition, occurring at a single node within the circuit due
to a delay defect on the gate driving that node. A delay defect ofdeismay
cause an error at thimary output of thecircuit, figure 1 is used assimple
example of this fault condition. A series @bnnected elements in a
combinational circuiire shown, alime f the circuit isinitialised by applying a
signal (logic 0) to its primary inputs; in this examplenodes will reflect the
logical state of the input. Aime t; a second signal (logic 1) is applied to the
primary input ofthe circuit, and aime t the state of therimary output is
observed. Considegtyts. . .t, to be theactiveedges of a system clock, and
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t,-th.1 to be the cloclntervalz. The clock interval has a duratigreaterthan
thesum ofgatedelays, i.e. if each dhe gates A-D hasgatedelay A, thenr
> 4A for theexample circuishown, therefore, with a circliavingg gates in
it's longest path (from primary input to primary output), thengA.

10 A 10 B 10 C 10 D 10
Fault - Free Circuit
10 | A 10 B 11 c 11 D 11

Delay at Gate B

Figure 1: Delay model example.

In this example if a delaglefect was present gatevidth a slow to rise fault
condition, it's effect will be observed thie primary output. This statement is
only true if thedelay defect sizetogetherwith the sum ofthe delay sizes for
eachgate is greater than tlsgstem clock interval, however tife delay defect
size isgreater than theystem clock interval it will beletected if thefault
condition is propagated @rimary output, Parket al [3]. A delay fault with
these characteristics is referred to as a gtelssyydefect,which isthe condition
considered in thisvork, anotherassumption of thenodel isthat there isonly
one fault condition present ayone time, thenodel is therefore referred to as
non-robust, Parlet al[3]. In order to test fodelaydefects it is necessary to
initialise the state o&ll nodeswithin the circuit, before gest patterrmay be
applied tothe primary inputs ofthe circuit. Avalid test for delay defects
therefore comprises of a pair té#st patterns <P1,P2=3pplied inordered
sequence. Pbeingthe test pattern thatitialisesthe circuit and P2 thiest
pattern that causes the requiteansition at theest nodewithin the circuit.
The problem is considerabiyore complex thathat of stuck-at-fault testing,
with an increase in the search space frémta@ 2N for ann input circuit,this
problem is made even more complex by thetfaat the test patterns need to be
applied inordered sequenceGAs are suited to the NP - completenestesif
pattern generatiomaving alreadyproved successful for single-stuck-&ult
detection in botttombinational and sequential circuits, O'Dare and Afdlan
Rudnicket al[7], Prinettoet al [8], Hayashiet al[9], O'Dare and Arslan [10].

3. Genetic Implementation

Genetic algorithms (GAs) have grown in populafajowing Holland'swork in
the fidd, Holland[11]. Thetechniqueadopts themechanics othe biological
genetic process, usiftgnarystrings as a substitute fonromosomesIn nature
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the characteristics of tHeing organismare encoded into chromosomes. GAs
have been successfully applied many real world problems, Goldberd 2],
Davis[13]. GAs have been applied successfullptioer areas of VLSdlesign
including channetouting, Buttita [14] and celplacement, Hegdfl5]. Aylor

et al[16] alsoemploy GAs with a covering heuristic teduce thesize oftest
sets, that were produced by a random test pattern generation.system

3.1 Population Initialisation

The first stage of the GA is toitialise apopulation of chromosomes. In the
single-stuck-at fault modethe population of chromosomes were a direct
representation of the test patteapplied tothe testircuit, the length otach
chromosome being equal tthe number of inputs tothe circuit. The
initialisation of chromosomes for thdelay fault model is similar, ahe test
patterns arélirectly represented as chromosomes, however,teattonsist of

a pair oftest patterns, itvas therefore necessary to generate chromosome -
pairs to directly represent the potential delay test pattern - pairs.

Theexample circuit of Figure 2 igsed to illustrate a@est - patterrpair
applied to aestcircuit, pattern 100 ifirst applied inorder to initalisethe all
circuit nodes, then the second vectoraisplied to causeany necessary
transitions. The diagram also shathve direct chromosomal representation of
the test pattern - pair applied.

A O[] )_D

0 [0] 1[1]

B

1[0]
com ) >—k

Test Pattern - Pair: 100 - 080Chromosome Pair: 100 - 000

Figure 2: Test - pattern pair applied to test circuit.

3.2 Fitness Evaluation Function

To evaluate thefficiency ofthe chromosome - pairs &st patternshey are
applied in anordered sequence to tipeimary inputs of a compiled circuit
model. Once thestates of the circuit nodes have bemst by thdirst
chromosome thealuesare stored in th&lobal RecordTable (GRT), and the
second chromosome is then appliedthie testircuit's primary inputs. A
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comparison of théogical state for each node made withthe value stored in
the GRT for the first chromosome, a changstate of O to 1 is recorded as a
test for aslow-to-fall fault and a 1 to O i®corded as a test forséow to rise
fault condition. Inorder to validate these testéud fault simulation is required
to prove that the potential fault condition would be propagated ¢bservable
primaryoutput. Ifduring thefault simulationthe chromosome - pair detects a
fault condition by causinghe required transition and propagating it to an
observableoutput, afitness value is assigned tihe chromosome pair
reflecting it's efficiency as a del#gst,fitness is a biologically deriveiérm used

to measure theroficiency of individuals irnthe quest for producingffspring
that have a greatability to solve a given problerthan their parents. The
fittest chromosome - pair in the first generation is the dieytestentry into
the test set, the test patterpair togetherwith it's associated fault coverage is
recorded in the GRT, the test pattenpair may also be avalid test forcertain
single stuck-at-faultsvithin the circuit,this information is alssecorded and
updatedwithin the GRT. for subsequedelaytestentries into theest set the
GRT is updated with the nefault coverage fothe testircuit, atest pattern -
pair isonly entered into the test set ifimprovesthe overall coverage of the
circuit, thisprocedure ensures thdtiplicates areot entered into the set and
that the fault coverage for the circuit always improves with each entry.

The fitness evaluation function employed thne delay test system is a
function of circuit size and complexitypvolving a relationshigbetween the
number of primary inputs andateswithin the circuitbeing tested. If a
chromosome - pair deteatielay fault condition that is previousiyndetected
(Pu) ascoreis assigned to the fitness value for that pair:

score= 2(v G+ ). (1)

Where G represents th@umber ofgates in the circuit ah represents the
number of inputs to the circuit. The fitness evaluation funda yepresented

by:
F = Zk: Pu (scorg + Zk: Pd. (2)

Wherek is thenumber of possible delay fauftsesent in the circuit, Pu and Pd
(previouslydetectedault condition)are both randomariables 0 or 1 based on
the probability of distribution resulting form fault simulation of a chromosome -
pair.

3.3 Parent Selection

Having determined fitness valués theinitial population, it is necessary to
select parents to engage in crossover. The techadpm@ed by theystem is



@% Transactions on Information and Communications Technologies vol 16, © 1996 WIT Press, www.witpress.com, ISSN 1743-3517

the roulettewheel method oparent selectignthis method ensurebat the
fitness values assigned tioe test patterns, are proportionatheir chances of
being selected as parentstomoting thesurvival of the fittest concept,
Goldberg [12], Davis [13].

3.4 Crossover and mutation

Two - point crossover ismployed with each chromosome tloé chromosome
- pair having é&0% chance of selection, the/o parents selected for crossover
exchange informatiolying betweentwo randomlygenerated pointwithin the
binary string. The resultargffspringinherit characteristics from theguarents,
this procedure is repeatadtil a whole new population of chromosontese
been created.

The next genetioperator to beapplied tothe population is mutation,
employed tantroducediversity nto the population. Theelaytestsystem uses
a mutation function with a bit alteration probability of 1%.

4 Global Record Table

As well as holdinghe test pattern pairs and their relate fault coverage the
GRT alsoplaysanother important function, providinige delay fault simulation
function with information necessary tbe fitness allocation, bynforming the
simulation function of undetected delay faults existintpéncircuit. Thditness
scoring function uses this information to assign a fitness value to chromosome -
pairs that are candidates for entry into the test set..

Global Record Table
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G+A // | 1 LJ

Fitness/Fault

Simulation Scoring
Function Function
y
Fittest . [ Test et 1
Chromosome - pair 10001100 - 10110114 |
‘i’ ‘ 11100101 - 0011010 ‘
. 00101010 - 1101101d
Check for improvemeit ‘
in fault coverage | j
|
|
| |
77777 ]

Figure 3: Interaction of Global Record Table with Main Functions.
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Figure 3 illustrates the interaction of tfmain system functions witithe GRT.
The Fitness/faultsimulation function consulthe GRT before the scoring
function assigns a fitness valtlee fittest chromosome - pair is then entered as
a valid delaytest if theoverall fault coverage dahe circuit is improved, the
GRT is then updated with the ndault coverage anthe chromosome - pair is
recorded in the test set.

5 Results and Discussion

The delay test system has been successfully applied to a number of
combinationaltest circuits and to the ISCAS 198%mbinational benchmark
circuits Brglez[17], where it producedavourable results when compared to
result presented by other researchers, detectotgonly delay faults but
producing compadest sets that detectedhigh number of singlstuck-at-fault
conditions. The results presented in this paper howevenotl@oncentrate
solely on the performance of tdelay systembut represent also represent the
characteristics of the GA in it's application to the delay test problem.

Circuit Test Set Size Generations Coverage
C432 28 35 99.23%
C880 30 31 100%
C7552 121 121 95.59%

Figure 4: Table to illustrate some of the results achieved for the ISCAS
Benchmark Circuits.

The results shown in figure &e asample ofthe some of the resuléshieved
for a range of ISCAS benchmark circuithe fault coverage is higher in most
of the considered circuitwhen compared to results for singlecit-at fault
coverage. presented Byyari and Kaminska[18]. Furthermore, thgenetic
delay system by comparisoften reduces the test sgte even further than the
test set compaction system presented in Ayari and Kaminska [18].

In figure 5the graph illustrates threlationship betweetihe populatiorsize
used in the genetidelay system anthe number of generations required to
reach adelay faultcoverage of 100%, for a populatisize less thai00 the
generations required to reach 10f#4lt coverage often exceed88, but for a
population sizegreater than 100 #ault coverage ofl00% wasgenerally
achieved in less than 20 generations.
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Figure 5: Graph to show population size against the number of generations of
the GA.
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Figure 6: Graph to show population size against the number of test pattern -
pairs in the test set.

The graph illustrated in figure 6 represehisrelationship betweetine number

of test pattern pairs in thetest setrequired to detect 100% of theércuits
delay faults andhe size ofthe population used by the genetystem to
generate that test set.he maximumnumberfor the populatiorsize shown on
the graph is 400beyond this there was no notable improvement in the
reduction of the test set size.
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6 Conclusions

The Genetically based delatest patterngeneration system presented has
provedsuccessful in this complex search probléme, results achieved by the
system clearly indicate it's effectiveness as a fdatection tool for the
detection of both grosslelay defects and single stuck-at-faultsshilst
producing a compact arefficient test set forcombinationatestcircuits. The
GRT wasinstrumental in guidinghe GAs search fasptimal solutions in an
otherwise complex search space.
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