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An Improved Genetic Algorithm for Delay-fault Test Generation

Wang Yong Chen Guangju
(CAT Lab., UEST of China Chengdu 610054)

Abstract In this paper,the energy functions for hazard-free delay testing are presented, thus the problem
of RRT (restricted robust test) generation for delay faults becomes an energy minimization problem. An
improved genetic algorithm for RRT generation is given. This algorithm can inhibit premature convergence by
modifying the population size with the degree of the evolution. The experiment shows that this method is
effective.
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Correct operation of digital systems requires proper logical behavior as well as proper timing behavior.
Logical defects are tested by applying tests for stuck-at-faults. Some defects do not affect the logical
function, but affect the speed of a gate. These failures are called delay faults. The goal of delay fault testing
is to make sure that a logical circuit meets timing specification and operates correctly at the desired clock
rate.

Delay faults are described using the gate delay faults model or path delay faults model [- 2, The former
assumes isolated failures at distinct gates, while the later assumes distributed failures along a path. It is
believed that path delay faults model is a better model for testing, since it considers cumulative propagation
delays of gates along the path which directly determine the circuit performance. The usual method to detect
delay faults is to apply an input vector V| to the circuit at time ¢, After all signals in the circuit have been
stabilized, a second input vector ¥, is applied at time #;, such a rising or falling transition is propagated
from the input of the path, along the tested path, to the output of the path. By sampling the path output at
time 1, where (£,—1;) is the pre-specified signal propagation delay through the circuit, one can ascertain the
existence or non-existence of a delay fault. For a delay fault, ideal test pattern does not care about any
arbitrary gate delay, which is known as RT (robust test). Another test is NRT (non-robust test), which can
detect the delay fault in the target path if the arrival times of all off-path inputs are not late ( i.e. not faulty ).

In certain cases, static and dynamic hazard on off-path inputs can invalidate delay tests. To illustrate
the hazard make test invalid, consider a falling transition delay fault on path b-d-f shown in Fig.1. When
test is as follows: Vy: (a/=1, b;=1) and V,: (a=1, b,=0), signal e maybe occur a static hazard, thus signal /
would occur a dynamic hazard. In this case, test becomes invalid. So we must consider whether there exist

race and hazard when applying test vectors, thus RT can be classified as general robust test (GRT) and

hazard-free robust test (HFRT). The L 1

restricted robust test (RRT), which is 7 a1 _”_

the HFRT and guarantees a single-path &3 . A
propagation along the tested path, is f
important in the diagnosis of delay _L I

faultP. So, this paper only deals with the A Q@ .

test generation of the RRT. )
o Figl The hazard make test invalid
Artificial neural network has
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learning ability, parallel processing ability and nonlinearity, thus

0 1 using parallel processing ability of neural network to deal with
L} 0 1o 0 the problem of TPG had caused extensive interests of many
h—{ 110 1 researchers. In 1988, Chakradhar et al. presented primitive gate’s

Hopfield neural network models™. Using these models, the
Fig2 The AND gate’s truth table L .
problem of TPG becomes an energy minimization problem. This
method had acquired satisfying results’™. Based on this principle, we construct energy functions for hazard-
free delay testing. In the process of using these functions to generate RRT, we present an improved genetic
algorithm which modifies the size of population to accelerate converge. Because this method can be

parallelized, it is of positive significance.

1 Energy Functions for Hazard-free Delay Testing Generation
We illustrate the derivation of the energy function for an AND gate. Energy functions for the other
primitive gates can be derived from the AND gate energy function.

For a digital circuit, when applying a pair of vectors (7, ¥3) at time ¢, and time ¢, respectively, eight
kinds of waveform probably exist in the circuit ¥l C. J. Lin et al. classified these eight kinds of waveform
as four groups: S0, S1, U0, U1, XX (refer to Fig.3 of the Ref. [7]). We must avoid occurring hazard in the
circuit to make sure the RRT is valid. For the AND gate, if a pair of input vectors is (01, 10) or (10, 01), the
output of the AND gate probably occurrs static hazard, when this static hazard continues to propagate in the
circuit, the dynamic hazard will occur. So we must avoid using (01, 10) or (10, 01) as the input vectors for
the AND gate when applying RRT.

In the procedure of testing, the first input vector ¥, is applied at time f,, after the signals in the circuit
have been stabilized, the second input V), is applied at time ¢;. Therefore, for the AND gate in circuit under
test, the inputs a;,b; and its output ¢ meet the truth table as shown in Fig. 2 during the time from £, to ¢,.
When the circuit does not occur hazard during the time from ¢, to t,, if there isn’t any delay fault at the
AND gate’s inputs and its output, the stabilized signal values a,,b, and ¢, will also meet this truth table.
Otherwise, ay, by, c; will not meet this truth table. So, we can construct the AND gate’s energy function for
delay testing as follows

E'ano=FE1+ E2+ Es n
where £ is the energy function during the time from ¢ to #; when the inputs and output meet the truth table
as shown in Fig. 2 during the time, £,=0. Otherwise, £,>0. E, is the restrain condition, when a pair of input
vectors are not (01, 10) or (10, 01), £5=0. Otherwise, £,>0. E; is the energy function during the time from ¢,
to £, when there is no delay fauit at the AND gate’s inputs and its output, if the signal values a,, b, and ¢,
meet the truth table as shown in Fig. 2, £5=0. Otherwise, £;>0.

We construct £y, £, and £ as follows

Ei=abi+c-2abc 2
E2 = abashr + ashraibn 3
Es = abr+c2—-2a:bac2 O

We can verify that £y, E,, Ej satisfy the above discussion, so new AND gate’s energy function can be
written as follows

E ao = aib + 1 - 2aibict + aibiazb2 +

a:baanbi + a2b2 + c2 — 2az2b2c2

%

From the new AND gate energy function, we can derive other primitive gates energy functions. As an



B T B % . mhEeiisE R ik 159

example of the NAND gate, when we invert the output of an AND gate, we obtain a NAND gate. Therefore,
if we replace ¢, ¢, in the AND gate energy function (6) by ¢, cz, respectively, we can get the energy
function for NAND gate

E' nanp = arhy + ¢1 — 2aibict + anbazba +

asbraibi + asbz + c2 — 2azbacs (©)
Energy function for the other primitive gates can be derived similarly as follows

E'or= 215_1 + ci— z;_l—glzlj‘ algl_gz_bz_ 7

azbranbr + arb2 + c2 — 2azxb2c2
Eyvr = EI_ZEI i Ci —25_151& + all_)léz_bz + (8)

axbanbr + axbz + ¢ — 2asbrca
E' puer = a1 o1~ 2a1c0+ a2+ c2 — 2a2c2 9
E' wor =ai+c1—2aici + ax + ¢2 — 2asc: (10)

Based on the above energy functions, we can make the problem of RRT generation be an energy

minimization problem. In the next section, we use genetic algorithm to minimize energy function.

2 Generation of Delay Testing Based on Genetic Algorithm
For restricted robust test (RRT), it must guarantee  a single-path propagation along tested path, so we
modify the sensitization condition as shown in the Fig.6 of the Ref, [7] as the single path sensitization

condition as shown in Tabie 1. To combine the single
Table 1 Single path sensitization condition

path sensitization condition with the hazard-free delay
On-path Transition

testing energy, we get the algorithm of RRT for a path Gate
delay fault as follows: Rising Falling
1) Replace every gate in the circuit by its energy AND or NAND =%l x5l
f . OR or NOR x=x,=0 x,=x,=0
unction.

2) Construct energy function for the circuit. It is the summation of individual gate energy function.

3) Derive off-path input values by using Table 1.

4) Simplify energy function by substituting off-path input values.

5) Minimize energy function. Hf the minimum is 0, we obtain a RRT. Otherwise, no RRT is possible
for the path delay fault. L

Set initial population ‘

Genetic algorithms are evolutionary algorithms that mimic

the way nature improves the characteristics of living beings. L Evaluate cach individual ]

These algorithms are able to provide robust search in complex l

bl .
problem space and be parallel processed. Therefore, they have Calculate selection rate

long been used as a possible solution for many search and of each individual

optimization problems, specially for test generation using energy l

functions whose variables are only {1, 0}. Obtain next generation

For the genetic algorithms, every solution (individual) is by genctic operation
represented as a string (chromosome) of elements (genes) and is S

assigned a fitness value based on the value given by the fitness Fig3 The flow chart of genetic algorithms
function. The fitness function measures how close the individual
is to the optimum solution. A set of the individuals constitutes a population that evolves from one

generation to the next through the creation of new individuals and the deletion of some old ones. The flow



160 BT xEER BLE

chart of genetic algorithms is shown in Fig. 3.In the procedure of genetic algorithms, evolutionary

operations are most important, which include
Table 2 Standard crossover and mutation operations

selection, crossover, and mutation. Selection is a
operation Old individual new individual

process that selects superior chromosomes that will
cen e aee ...b . .

crossover "2 W Gn N bpb, survive to the next generation, and also selects

blbz.“bkblﬁl."bﬂ blb2"'bkak+l."an

mutation  4,a,**a,"**a,*'a, aya, b, b a,

inferior chromosomes that will perish. Crossover

generates offsprings of the new generation by

exchanging genetic material between pairs of highly fitted chromosomes. After crossover, chromosomes
are subjected to mutation. Mutation helps to prevent irrecoverable loss of potentially important genetic
materials by increasing the variability of the population. Standard crossover and mutation operations are
shown in Table 2.

Fundamental genetic algorithm only provides framework. For concrete problem, we must select
appropriate GA parameters, so we consider the following respect for RRT generation.

The problem of RRT generation by using energy is a minimization problem, so we use the following
map mechanism for fitness function and energy function

f= k

E+k
where k is a positive integer that is lower than 10, and should be determined by the scale of the circuit

(1n

under test, the circuit’s scale is greater, k is bigger.

The global searching ability for genetic algorithms is powerful, but local searching ability of the
genetic algorithms is weak, thus it maybe occurr premature convergence to a locally superior solution for
GA searching process. In respect of ensuring diversity of population to inhibit premature, it seems that the
population size should be as greater as possible, but the quantity of the computation would be increased.
Therefore, we present an improved genetic algorithm which modifies the size of the population with the
degree of searching. This improved genetic algorithm starts with N random initial chromosomes. Through
M genetic operations, we could get M successive generations. To compare the maximum fitness in M
successive generations with one of the initial population, if the increment is lower (such as less than 15%),
it means that search fallsinto locally superior solution, thus we can break away from local searching
through expanding search space at this time, i.c., inserting another P random chromosomes into successive
generations, to continue genetic operations. Therefore, we get the algorithm as the following:

In the population each chromosome is represented by Z={x,...x;...x,}, where x; is only 0 or 1, the th
population is represented by P ().

1) Generate 2N random chromosomes as initial population, it means that P(0) ={a, j=1,...,2N}, set
=0,

2) Calculate the fitness f; of each chromosome, inserting the best chromosome into the next population

P(t+1). For each chromosome, we could calculate its selection rate as the following
S

Zf (12)

J

Pselect(i) =

3) According to the roulette wheel selection scheme, we select 2 chromosomes a; and g, from the P(f)
and perform crossover operation for a; and g, with crossover rate, the crossover point is chosen randomly,

thus we obtain chromosomes a/ and a/;

4) Perform mutation operation for a;"and a’ with mutation rate, and insert the new chromosomes into
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the P(t+1);

5) If P(¢++1) is not full, go to 3), otherwise r=t+1;

6) When =40, if {maximum fitness of the P(40)}/{maximum fitness of the P(0)}<1.15, we insert another
0.1N random chromosomes into the P(40), then go to 2) until the minimum solution is found or after the given

iteration limit is reached.
Table 3 The results of the experiment

Circuit Number of number of the time of the time of the
name the node path under test TPG (1) TPG (2)
Cl17 11 5 0.35s 0.27 s

Considering RRT for falling transition on 5 paths in the C17 benchmark circuit, we practice the above
algorithm on a i486/66 computer. We chose £ =2 in Eq. (11), the size of the initial population is 40, crossover
rate is 0.8, mutation rate is 0.01, and the given iteration limit is 300. The results of the experiment are shown in
Tab.3.

In Tab.3, the time of TPG (1) is the result obtained by traditional genetic algorithm, the time of TPG (2) is
the result obtained by improved genetic algorithm.

3 Conclusion
In this paper, we construct hazard-free delay testing energy functions and present an improved genetic
algorithm to generate RRT. The experiment results shows the feasibility of this method.
Minimizing delay testing energy function by improved genetic algorithm , we can get RRT vectors. This
method possesses good internal parallelism and conforms to the nowadays trend on algorithms research.
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