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Abstract. The testing phase is becoming the most crucial part of the overall design process, which delays the time-
to-market of the digital devices. In order to reduce the complexity of test generation and to decrease the time-to-
market, one needs to begin the test design at higher levels of abstraction. In this paper a new approach for functional
delay test enrichment is described. The test enrichment procedure does not increase the test size and is fast because it
does not require test generation. The described approach enriches the test patterns using fault simulation. The per-
formed experiments demonstrate effectiveness of the proposed approach.

1. Introduction

The complexity of digital devices is growing con-
tinuously. The test design requires more time and is
becoming the most crucial part of overall design
process that delays the time-to-market of the digital
device. Many recent system-on-a-chip (SoC) integ-
rated circuits incorporate pre-designed and reusable
components, variously referred to as intellectual pro-
perty (IP) circuits or cores. Such circuits are frequent-
ly supplied by third-party vendors and are extremely
hard to test when embedded in a SoC because their
functions are specified only in high-level terms. This
is done either to protect the circuits' IP content or else
to allow system designers to synthesize their own low-
level (gate-level) implementations. IP components
pose new challenges for testing.

Test generation is developed in two directions. The
usual trend is when the test is generated for the circuit
at the structural level. In this case, the main problem is
the test generation time, because it directly influences
the time-to-market. The task of test generation is quite
complicated, especially for sequential circuits. There-
fore the design for testability is applied for such
circuits. This helps to reduce the cost of test develop-
ment. But the scan design allows a synchronous se-
quential circuit to be brought to states that the circuit
cannot reach during functional operation. As a result,
it allows the circuit to be tested using test patterns that
are not applicable during functional operation. This
leads to unnecessary yield loss.

The other important direction of test generation is
the functional test development at high level of abs-
traction. In the initial stages of the design, the structu-
ral implementation of the design is not known. There-
fore the task of the test generation is more complex,
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because the test has to be generated for all the possible
implementations. But the test development can be
accomplished in parallel with other design stages. In
this case, the time of test generation is not a critical
issue. During design process the software prototype of
the circuit is created according to the specification.
The software prototype simulates the functions of the
circuit, i.e. enables to calculate the output values
according to the input values. The functional test can
be generated on the base of the software prototype.
The test patterns generated in such a way can be used
for the verification purposes as well. If the generation
of the functional test encounters some difficulties, in
order to facilitate the task of test generation the state
variables of the software prototype can be used as the
primary inputs and the primary outputs. In such a
case, the generated test can be applied only for the
scan designed circuit, but the correspondence between
the state variables and the flip-flops of the scan regis-
ter has to be established.

The functional test is based on the function of the
circuit, which can be designed in many ways. The pos-
sible defects of the circuit depend on the implementa-
tion. The test is usually developed according to the
specific implementation and it is designed to detect
the defects of this particular implementation. The ma-
nufacturing test can be developed only on the base of
the specific implementation. Meanwhile, the functio-
nal test is not related to the particular implementation
because it is generated from a circuit’s specification
rather than its gate level implementation. The
implementation independence of functional test has
several advantages over implementation-dependent
test. The functional test can be used to correct
testability problems early in the design process [1], to
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identify the design errors [2], to test many potential
implementations [3-5], and to detect hard-to-detect
faults at the gate level implementation [4, 6]. Speed
binning and power sorting is typically done with
functional test patterns [7, 8] as well as interface re-
gion around the IP circuits in SOC is a good candidate
for high-level delay testing because its implementation
details are not known to either the SOC or IP
designers [9].

One of the approaches for deriving tests to achieve
high defect coverage is based on the generation of n—
detection tests. An n-detection test is one where each
fault is detected either by n different tests, or by the
maximum number of different tests that can detect the
fault if this number is smaller than n. Butler and Mer-
cer [10] stress that n-detection of target faults leads to
significant single detection of non-target faults, re-
gardless of the level of abstraction in which the circuit
and the faults are described.

In this work, we describe a postprocessing proce-
dure for functional delay test enrichment. The proce-
dure targets a test pattern set T for functional delay
faults. It modifies the test patterns in T so that the
number of detections of functional delay faults is in-
creased.

The remainder of this paper is organized as fol-
lows: in Section 2 we review the related work. Section
3 presents the procedure of functional delay test
enrichment. Section 4 presents experimental results,
and Section 5 concludes this paper.

2. Related Work

The possibilities of test quality enhancement using
various approaches are analyzed in [11-25].

Neophytou, Michael and Tragoudas [11] presented
a method to enrich the transition-fault test with addi-
tional test patterns having certain property. This pro-
perty is related to the paths sensitized by the test
pattern. The idea is to add a number of new test pat-
terns to the set such that they still detect the targeted
transition faults but through paths that have not been
sensitized by the original test pattern set. The gene-
rated test pattern sets have higher quality since events
propagate through many critical paths and thus are
more likely to detect a delay violation in the circuit. It
is expected that, on average, this procedure will allow
the number of paths along which the event propagates
to increase proportionally to the number of test pat-
terns per transition fault [11].

To improve the quality of tests for path delay
faults, an m-tuple test generation procedure for path
delay faults is described in [12]. Under an m-tuple
test, each m-tuple of target faults is detected by at least
one test pattern. An m-tuple test has advantages simi-
lar to an n-detection test in that it results in several test
patterns for every target path delay fault p, thus in-
creasing the likelihood of testing p under worst-case
delay conditions. In addition, it increases the
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likelihood of accidentally detecting non-target path
delay faults [12].

Another possibility of test quality enhancement
called sensitivity of adjacent input patterns was pro-
posed in [13]. Sensitive adjacent input vectors can be
generated for each test pattern of the test set. Since a
change in the value of a single input of sensitive
adjacent input vectors changes the output vector, it is
likely that the presence of a fault on a path from a
sensitive input to a sensitive output will be detected.
Generated sensitive adjacent input vectors are likely to
be sensitive to the presence of a defect, and are likely
to result in higher fault coverage [13].

BareiSa et al. [14] suggested complementing the
existent test suites of the IP core with all sensitive
adjacent patterns or with a subset of them. Then the
suitable test patterns for the synthesized gate level
implementation have to be selected on the base of the
fault simulation. The experiment presented in [14]
proves that such a complement enhances the test qua-
lity for any synthesized IP core gate level description.
BareiSa et al. [14] point out that the application of
sensitive adjacent patterns is a cheap way to adopt test
patterns for the re-synthesized gate level description of
IP core, because the fault simulation is not so critical
task as test generation.

A deterministic procedure of adjacent stimuli ge-
neration was suggested in [15]. It is based on the
assumption that input stimuli, which are similar to test
patterns, have good testing features. The search among
such input stimuli improves the overall efficiency. It is
evaluated that the adjacent stimuli generation allowed
improving the efficiency of random search up to 30%.
Consequently, it is suggested the integrated applica-
tion of random and adjacent stimuli generation during
functional test design process [15].

The generation of n-detection tests and their capa-
bilities in detecting untargeted faults and defects were
studied in [16-20]. An n-detection test detects each
target fault n times, by n different test patterns. By
increasing the number of detections of target faults, n-
detection test generation for n >1 increases the likeli-
hood of detecting untargeted faults and defects.
Generation of an n-detection test requires repeated
applications of a test generation process to target
faults that are not yet detected n times. Each time a
fault is targeted, a different test pattern must be gene-
rated for it. This increases the complexity of test gene-
ration.

A procedure for forming n-detection tests without
applying a test generation procedure to target faults is
described in [21]. The proposed procedure accepts a
one-detection test. It extracts test cubes for target
faults from one-detection test and then merges the
cubes in different ways to obtain an n-detection test.
Merging of cubes does not require test generation.
Fault simulation is required for extracting test cubes
for target faults [21].



N-detection may lead to large tests where many
test patterns do not help increase the defect coverage
[22]. The problem of control of test size increment
was considered in [22-24].

Pomeranz and Reddy [22] introduced variable n-
detection tests where different target faults are targeted
different number of times. In a variable n-detection
test, only selected faults are targeted n times. Other
faults are targeted between / and n-/ times. The moti-
vation for introducing variable n-detection tests was to
control the size of test pattern set as n was increased.
The number of times each fault is targeted is deter-
mined by a parameter that measures the usefulness of
multiple test patterns for the fault in detecting defects.
This parameter is based on the number of paths
through the fault site [22]. The use of variable number
of fault detections while transforming the pin pair test
into functional delay test was suggested in [23]. The
performed experiments show the effectiveness of this
proposal. The restriction of the number of fault detec-
tions allowed shortening the test size almost twice
[23].

In the paper [24] three parameters of an n-detec-
tion test to measure the saturation of the test genera-
tion process were defined: 1) the fraction of faults
detected n times or less by the test; 2) the fraction of
faults detected fewer than n times by the test; and 3)
the test set size relative to the size of a one detection
test. Based on these parameters and the rationale for
computing n-detection tests, Pomeranz and Reddy
[24] defined saturation to occur at the value of n
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where one of the three parameters reaches a threshold
specified for it. The thresholds were selected based on
experimental results.

The main drawback of all reviewed techniques is
the test size increment. Another disadvantage of al-
most all mentioned approaches lies in the use of test
generation for enrichment of test pattern sets.

A. Bareisa et al. in [25] introduced an approach of
enrichment of static functional tests that doesn’t pos-
sess the disadvantages mentioned above. In the next
section we present the adaptation of the approach pro-
posed in [25] for enrichment of dynamic functional
tests.

3. A procedure of enrichment of functional
delay fault test

We consider the test sets that are generated for
detection of functional delay faults. A test for the
functional delay fault is a pair of input patterns <u, v>
that propagates a transition from a primary input to a
primary output of a circuit [26]. Under functional de-
lay fault model proposed in [26], a fault is a tuple (I,
0O, t1, t O), where 1 is an input of the circuit under test
(CUT), O is a CUT output, tI is a rising or falling
transition at I, and t O is a rising or falling transition at
O. Thus, four functional delay faults are related with
every input/output (I/O) pair and the total number of
faults is 4xnxm, where n is the number of inputs of the
CUT and m is the number of outputs of the CUT.

procedure EOFDT
INPUT: circuit C, corresponding functional delay fault set F, test pattern
pair set T, number of iterations It
OUTPUT: enriched test pattern pair set T®
1. 1=1
2. repeat
3. for each Ty € T do
4. determine Fy
5. for i=1 to n do
6. if (t'; # %) then
7. set the same signal value: tlk,i = tzk,i (tzk,i = tlk,i)
8. else
9. set signal value transition: tlk,i =NOT(t1k,i) (tzk,i =NOT(t2k,i))
10. determine Fy,
11. if F, C Fythen
12. F=F;
13. else
14. restore signal values tlk,i and tzk,i
15. end
16. end
17. I=1+1
18. until k> 1t
end procedure

Figure 1. The pseudocode of procedure EoFDT

The pseudocode of the procedure for Enrichment
of Functional Delay Test (procedure EoFDT) is shown
in Figure 1. In the rest of the paper the following no-
tations will be used:

e  T—the set of test pattern pairs;
e T, — the test pattern pair (7 € T)
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e ', — the signal value (1 or 0) of the first
pattern of the test pattern pair 7, on circuit
input 7;

e 1 — the signal value (1 or 0) of the second
pattern of the test pattern pair 7 on circuit
input 7;

e [ — the set of functional delay faults of parti-
cular circuit;

e [, — the set of functional delay faults that are
detected on test pattern pair 7;

e Fj — the set of functional delay faults that are
detected on the modified test pattern pair 7}

e n—the number of circuit inputs.

The procedure EoFDT modifies each test pattern
pair T} of the set 7' in such way that the modified test
pattern pair T} detects all functional delay faults
detectable on the initial pattern pair 7, and, probably,
some additional functional delay faults not detectable
on T;. Therefore, the enriched test pattern set 7° may
detect some functional delay faults that are not detect-
able on the test pattern set 7T or, at least, increases the
number of detections of some functional delay faults.
Modification of the test pattern pair bases on in [27]
proved lemma and its corollaries. In paper [27], the
necessary conditions are defined for function-robustly
propagation of signal value transition from the consi-
dered circuit input to the circuit output. Thus all func-
tional delay faults are detected on the enriched test
pattern set 7° in function-robustly manner.

Further we provide a short explanation of lines 6-9
of procedure EoFDT. There are four possibilities of
modification of test pattern pair 7;. Namely, if the
signal values are not equal in test patterns of 7; on
circuit input i (£'; # £;), we can change signal value
either of the first test pattern or of the second one. In
case when the signal values are equal (¢'; = %)), we
have the same choice as well. Therefore, the four
different operation modes of procedure EoFDT are as
follows:
1.if tlkj ;ﬁ tzkyi then tzkj = tlkyi and if tlkyi = tzkv,'

then tlk,i :NOT(tlk,,-), let’s name this Mode M_1 1;
2.if tlk'i * t2k,i then tzk'i = fl/(,,' and if tlk),‘ = tzk_i

then £, =NOT(#;.;) Mode M_1_2);

3. ifl‘lk‘i ;é lzk,- then tlk,,- = lzk,- and ifl‘lk‘i = tzk,i

then #';; =NOT(#';.,) Mode M_2 1);

4. if tlkj ;ﬁ tzkv,' then tlkyi = tzkv,' and if tlkj = l‘zkyi

then £; =NOT(#;.;) Mode M_2_2).

The most prominent features of the proposed func-
tional test enrichment procedure are: 1) procedure
EoFDT does not expand the initial test pattern set 7,
i.e. there is no test size addition; 2) procedure EoFDT
does not require test generation. The described
approach enriches the test patterns using functional
delay fault simulation. Thus, the computing time of
the procedure EoFDT depends linearly on the test size.

A Bareisa et al. in [25] showed that their test en-
richment procedure can be incorporated into test
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generation system and then used as dynamic test
enrichment procedure or it can be applied for relaxa-
tion of test pattern sets. The procedure EoFDT can be
employed for these purposes as well. When procedure
EoFDT is used for dynamic test enrichment, it pro-
cesses each test pattern pair T} before 7} is included
into test pattern set 7. In this case, many faults not yet
detectable on the generated test pattern set 7 may be
detected, particularly at the beginning of the test gene-
ration. The outcome of dynamic test enrichment
should be the reduction of test size.

The procedure EoFDT can be easily modified to
use it for the relaxation of test pattern sets. The
relaxation of test patterns means changing, where it is
possible, of fully specified test pattern bits into
unspecified (don’t care) bits. The modification affects
Lines 6-14 of the procedure EoFDT. These lines have
to be changed to:

6. £1,; =NOT(t);

7. determine F; Z;

8. if F; = Fy then;

9. f';;="unspecified”; ;= "unspecified”;
10. else;

11. 74, =NOT(#4).

Moreover, there is needed only one iteration. The
motivation behind relaxing of test pattern sets is to
make these tests amendable to addressing additional
issues beyond detection of the targeted faults [19]. For
example, the unspecified bits can be specified in such
manner that power dissipation during test application
is minimized or the unspecified bits can be specified
appropriately to detect additional faults. Such flexible
tests are important in various compression schemes
for on-chip or off-chip test embedding [19].

4. Experimental results

In this section we present results of the application
of the proposed test enrichment procedure to
ISCAS’85 benchmark circuits.

The test pattern sets for functional delay faults
were generated for the black box model of the circuits
[28]. The black box model represents a system by
defining the behaviour of its outputs according to the
values applied to its inputs without the knowledge of
its internal organization. The black box models written
in the C programming language were used by the test
generation for the functional delay faults.

We used three various types of functional delay
tests for the experiments. First tests, let’s name them
T1, are single-input transition (SIT) tests designed
using deterministic test generation technique [29].
Other two tests T2 and T3 are multi-input transition
(MIT) tests. The tests T2 are obtained using random
test generation techniques where each test pattern of
the pair <u, v> is generated randomly, and tests T3 are
constructed using deterministic test generation ap-
proach [29]. The initial test pattern sets T1 and T2



ensure 100% coverage of targeted functional delay
faults, whereas the test pattern sets T3 are incomplete.

The results of test pattern set enrichment are repor-
ted in Tables 1-4. In Tables 1 and 2, after the circuit
name we show the number of detected functional de-
lay faults (DFDF), and the average number of functio-
nal delay faults detections under T, computed as
follows. The sum of detections of all functional delay

Table 1. Results of complete SIT test pattern set enrichment

E. BareiSa, V. Jusas, K. Motiejunas, R. Seinauskas

faults is divided by the number of detected functional
delay faults. Next for each of four test enrichment
modes, we show the average number of detections
under enriched test pattern set T, the improvement of
the average number of detections, expressed in per-
cent, and the number of iterations. Table 3 contains the
data of the same kind except column 2 which is omit-
ted. The best results are shown in bold.

Mode M 1 1 ModeM 1 2 Mode M 2 1 Mode M 2 1
Circuit | DFDF |Av. TI[ Ay | Imp. It Av. | Imp. in It Av. |Imp. in It Av. |Imp.in It
TI® | in% | | TI® % | Tt % STt Y '
c432 540 1.9 9.2 394 3 3.1 65 2 9.1 388 3 3.1 67 3
c499 5184 1.8 349 | 1874 | 4 2.0 16 2 349 | 1874 | 4 2.0 16 1
c880 1326 2.0 20.7 914 5 154 652 4 20.3 895 4 154 654 5
cl355 5184 1.8 35.7 | 1925 4 1.9 8 1 35.7 1925 4 1.9 8 1
c1908 3004 43 17.5 | 311 3 6.2 45 2 17.5 310 3 6.2 45 3
€2670 3320 19 | 36.0 | 1777 | 5 20.1 950 4 359 | 1774 | 4 | 203 958 4
c3540 2588 29 13.3 | 352 4 6.2 111 3 13.3 351 4 6.2 111 3
c5315 10540 | 4.2 | 46.6 | 1008 | 5 46.8 1014 3 464 | 1004 | 5 46.9 | 1016 3
c6288 3068 3.9 5.1 30 2 5.0 26 2 5.1 30 2 5.0 26 2
c7552 12188 5.4 36.2 573 4 26.2 387 3 36.1 572 3 26.2 387 3
Aver. 4694 3.0 255 | 916 | 3.9 | 133 327 26 | 254 912 | 36| 133 329 2.8
Table 2. Results of complete MIT test pattern set enrichment
Mode M 1 1 ModeM 1 2 Mode M 2 1 Mode M 2 1
Gireuit | DFDE | Av. T2 ?2@ Im& Mo TA;@; Im& e | Av. 28 Im& o ?ZVE' Im& G
c432 540 4.7 8.4 79.3 4 6.4 373 3 7.6 61.8 3 6.8 44.6 4
c499 5184 10.1 | 103 2.4 4 10.2 0.7 1 10.3 2.0 4 10.2 0.9 2
880 1326 11.8 | 269 | 1272 | 4 | 253 | 1141 | 3 22.3 88.3 3 255 | 1158 | 4
cl1355 5184 9.5 9.6 1.3 4 9.5 0.4 1 9.6 1.2 4 9.6 0.6 2
c1908 3004 15.6 | 30.6 | 96.8 3 18.6 | 193 2 29.4 89.1 3 18.6 19.8 3
€2670 3320 116 | 294 | 153.1 | 3 | 247 | 113.0 | 3 26.5 | 128.1 3 246 | 111.6 | 3
¢3540 2588 106 | 18.6 | 75.6 4 155 | 46.5 3 19.0 79.0 3 16.6 57.1 3
c5315 10540 | 263 | 55.2 | 109.7 | 4 | 49.2 | 86.6 4 52.8 | 1004 | 4 51.2 94.5 3
c6288 3068 17.5 | 18.1 33 2 17.9 2.1 1 18.5 5.5 2 18.3 43 1
c7552 12188 | 45.5 65.7 44.2 3 57.5 26.2 4 59.9 31.7 3 56.8 24.9 4
Aver. 4694 163 | 273 | 693 | 3.5 | 235 | 446 | 25| 256 587 | 32 | 238 474 | 29
Table 3. Results of incomplete MIT test pattern set enrichment
Mode M 1 1 Mode M 1 2 Mode M 2 1 Mode M 2 1
Crewtt AV o T3 Im};; o, %V,g Im};; M1 | Av. T3 Im};; Ta | Av. T3 Im};; I
c432 3.9 5.0 26.3 3 4.7 20.0 2 4.1 5.0 2 4.8 22.2 3
c499 10.07 | 10.15 0.7 2 | 10.13 | 0.6 1 10.11 0.4 1 10.16 0.8 2
880 10.1 19.8 96.5 4 19.7 | 96.0 3 15.9 57.7 3 19.8 96.5 4
c1355 9.51 9.55 0.4 2 9.54 0.3 1 9.55 0.4 1 9.56 0.5 2
c1908 16.5 20.2 22.8 3 17.8 8.2 2 18.9 14.9 3 17.6 7.0 3
€2670 15.1 24.5 62.4 3 23.1 53.2 2 20.4 355 3 22.7 50.2 3
¢3540 10.0 13.5 35.0 3 13.4 | 34.0 3 14.0 39.8 3 14.6 45.6 3
c5315 30.0 44.1 47.0 3 37.1 | 238 3 41.2 37.4 4 394 31.4 4
c6288 14.40 14.41 0.1 1 14.41 0.1 1 14.74 24 1 14.74 2.4 1
c7552 44.6 59.0 323 3 20.3 25.6 4 52.4 17.4 3 52.8 18.4 5
Aver. 16.4 22.0 323 | 27| 203 | 256 | 2.2 20.1 21.1 2.4 20.6 27.5 3.0

212



On the Enrichment of Functional Delay Fault Tests

The following points can be seen from Tables 1-3.
The procedure EoFDT was able in all cases to enrich
the test pattern sets generated for detection of
functional delay faults, i.e. for all circuits, in all
operation modes and for all types of tests. The
application of procedure EoFDT produced the best
outcome for complete SIT test pattern sets T1 where
the improvement of the average number of detections
ranges from 327% (Mode M_1 2) to 916% (Mode
M 1 1) on average. The enrichment of MIT test pat-
tern sets T2 and T3 brings far worse outcome: the best
result of 69.9% was got for complete MIT test pattern
sets T2 in operation Mode M_1 1 and the worst im-
provement (20.3%) of the average number of detec-
tions is in operation Mode M_1 2 for incomplete MIT
test pattern sets T3. However, there is simple expla-
nation of such big difference in improvement of the
average number of detections between SIT and MIT
tests. Namely, if we consider not the improvement but
only average number of detections we can see that this
number is very low (3.0, on average) for initial SIT
test pattern sets T1. Whereas the initial MIT pattern
test sets T2 and T3 possess much higher average
number of detections (T2 — 16.3, T3 — 16.4, on ave-
rage). After application of procedure EoFDT, the
average numbers of detections become comparable,
and actually the enriched MIT test pattern sets T2 dis-
play the best outcome in ratings.

Table 4. Functional delay fault coverages of T3 and T3"

Now let’s consider the efficiency of separate ope-
ration modes of procedure EoFDT. The procedure
EoFDT converges after maximum five iterations. Nor-
mally, four iterations are needed in test enrichment
Mode M 1 1, three iterations are enough almost in all
cases for other modes. The Mode M_1 1 showed out-
standing outcome for all types of analyzed functional
delay test pattern sets. Therefore, if the primary goal
of functional delay test enrichment is improving of
test quality in detecting of functional level faults we
have to prefer the operation Mode M_1 1 of proce-
dure EoFDT.

In Section 3, it was predicted that the enriched test
pattern set T* may detect some functional delay faults
that are not detectable on the initial test pattern set T.
The experimental results of the enrichment of incomp-
lete test pattern set T3 reported in Table 4 support this
assumption. In Table 4, after the circuit name we show
the number of detectable functional delay faults, the
number of functional delay faults detected on initial
test pattern set T3, and the functional delay fault cove-
rage of T3 expressed in percent. Next, for each of four
test enrichment modes, we show the number of func-
tional delay faults detected on enriched test pattern set
T3F, the functional delay fault coverage of T3 expres-
sed in percent, and the improvement of the functional
delay fault coverage. The best results are shown in
bold as well.

Mode M 1 1 Mode M _1 2 Mode M 2 1 Mode M 2 1
_— DFDF | Cov.T - - - -

Circuit| FD | ., 3 | DFDF| Cov. | | DFDF | Cov. || DFDF | Cov. | | DFDF | Cov. |
T3E T3E p. T3E T3E mp. T3E T3E mp. T3E T3E mp.
c432 540 438 | 81.11 | 462 |85.56(4.44 | 447 |82.78|1.67| 463 |85.74 | 4.63 448 | 82.96 | 1.85
c499 | 5184 | 5177 | 99.86 | 5180 | 99.92 |0.06 | 5180 |99.92 | 0.06 | 5178 | 99.88 | 0.02 | 5180 | 99.92 | 0.06
c880 1326 | 1115 | 84.09 | 1250 |94.27 [10.18 | 1245 | 93.89 | 9.80 | 1260 | 95.02 | 10.94 | 1253 | 94.49 | 10.41
cl355 | 5184 | 5174 | 99.81 | 5182 |99.96 | 0.15 | 5179 [99.90 | 0.10 | 5176 | 99.85| 0.04 | 5180 | 99.92 | 0.12
c1908 | 3004 | 2409 | 80.19 | 2540 | 84.55|4.36 | 2518 | 83.82 | 3.63 | 2524 | 84.02 | 3.83 | 2559 | 85.19 | 4.99
c2670 | 3320 | 2311 | 69.61 | 2393 | 72.08 | 2.47 | 2393 | 72.08 | 2.47 | 2416 | 72.77 | 3.16 | 2415 | 72.74 | 3.13
c3540 | 2588 | 2223 | 85.90 | 2332 |90.11 |4.21 | 2308 | 89.18 | 3.28 | 2330 | 90.03 | 4.13 | 2324 | 89.80 | 3.90
c5315 10540 | 8077 | 76.63 | 8255 | 78.32 |1.69 | 8135 | 77.18 | 0.55 | 8248 | 78.25| 1.62 | 8208 | 77.87 | 1.24
c6288 | 3068 | 2887 | 94.10 | 2888 |94.13|0.03 | 2888 | 94.13 [0.03 | 2903 | 94.62 | 0.52 | 2903 | 94.62 | 0.52
c7552 12188 [ 11188 91.80 | 11422 | 93.72 | 1.92 | 11327 [ 92.94 | 1.14 | 11418 | 93.68 | 1.89 | 11323 | 92.90 | 1.11
Aver. | 4694 | 4100 | 86.31 | 4190 |89.26 [2.95 | 4162 | 88.58 [ 2.27 | 4192 | 89.39 | 3.08 | 4179 | 89.04 | 2.73

The application of procedure EoFDT increased the
coverage of functional delay faults in all cases. The
best outcome we got for circuit c¢880 where the
improvement of functional delay fault coverage is ap-
proximately 10% in all operation modes. The average
improvement ranges from 2.27% (Mode M_1 2) to
3.08% (Mode M_2 1). The operation Mode M 1 1
displays the second best result, namely 2.95%, which
is very close to the outcome of operation Mode
M_1 2. Thus the conclusion, that the operation Mode
M_1 1 of procedure EoFDT is preferable for improv-
ing of test quality in detecting of functional level
faults, stays valid.
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Many authors state that the n-detection tests are
effective in detecting untargeted faults and defects
[16-20]. In order to examine the influence of the im-
provement of the average number of detections on
detecting untargeted faults, we will use the surrogate
fault approach described in [30]. A surrogate fault
model consists of faults that are not directly targeted
by the test generation procedure being used. Under
this approach, the test set is generated for a target fault
model and simulated on the surrogate faults. The sur-
rogate fault coverage is taken as an indication of the
untargeted defect coverage achieved by the test set.
The premise behind the use of surrogate faults is that



if test sets Ty and T, are generated for a fault model
M, and if Ty achieves a higher coverage than T, of
faults belonging to a surrogate fault model Mgy,
which is different from the target fault model M, then
T also achieves a higher defect coverage than T, [30].
We will use transition faults as surrogates for untarge-
ted defects.
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The results of transition fault simulation are repor-
ted in Tables 5-7, after the circuit name we show the
transition fault coverage of the initial test pattern set T
and of the enriched test pattern sets TEM_I_I, TEM_l_z,
TEMJJ and TEMJJ. The fault coverage is expressed in
percent. The best transition fault coverages are shown
in bold, and the worst results, which are below of fault
coverages of initial test sets, are in italic.

Table 5. Results of transition fault simulation: complete functional delay SIT test

Circuit Tl Tl T1% 1 2 T1%y 24 T1% 2
c432 95.57 96.66 96.58 96.44 96.58
c499 94.40 87.35 94.40 87.35 94.40
c880 98.91 99.33 99.54 99.33 99.54
cl355 97.13 89.82 97.13 89.82 97.13
c1908 95.24 94.97 95.85 94.97 95.85
c2670 96.51 98.32 98.32 98.32 98.32
€3540 83.08 95.71 88.15 95.68 88.02
c5315 98.41 99.55 99.54 99.55 99.53
c6288 99.75 99.75 99.90 99.75 99.90
c7552 97.05 99.05 98.82 99.05 98.83
Average 95.61 96.05 96.82 96.03 96.81

Table 6. Results of transition fault simulation: complete functional delay MIT test

Circuit T2 T2 1 T2 12 T2% 24 T2% 25
c432 96.08 97.82 97.24 96.73 97.46
c499 93.00 91.22 93.47 88.98 93.18
c880 99.67 99.29 99.83 99.46 99.83
cl1355 95.01 92.18 95.64 90.69 95.13
c1908 94.58 95.21 95.11 95.05 95.21
€2670 98.21 98.87 99.19 98.62 99.29
c3540 94.21 96.48 94.69 96.41 94.44
c5315 99.91 99.96 99.98 99.96 99.98
c6288 99.88 99.89 99.89 99.89 99.89
c7552 99.17 99.15 99.45 99.17 99.35
Average 96.97 97.01 97.45 96.50 97.38

Table 7. Results of transition fault simulation: incomplete functional delay MIT test

Circuit T3 T3 1 T3 12 T3 24 T3 25
c432 87.28 87.65 87.28 88.44 87.28
c499 91.43 90.61 92.42 88.37 90.06
c880 90.90 98.46 99.21 98.58 98.71
cl355 92.36 92.03 93.61 90.54 91.31
c1908 81.58 82.03 82.18 83.15 83.95
€2670 90.44 91.11 92.38 95.15 94.95
c3540 88.28 91.84 91.60 92.00 91.74
c5315 97.94 98.52 98.32 98.43 97.89
c6288 98.72 98.72 98.72 98.72 98.72
c7552 97.84 97.78 98.16 97.91 98.07
Average 91.68 92.88 93.39 93.13 93.27

From Tables 5-7, it can be seen that the results of
transition fault simulation are not so unambiguous as
in case of the improvement of the average number of
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functional delay fault detections. The test enrichment
accomplished using the proposed procedure EoFDT
contributed to test quality improvement in eleven
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cases out of twelve if we take into account average
transition fault coverage. The average improvement of
transition fault coverage ranges from 0.04% (Mode
M_1 1, MIT tests T2) to 1.71% (Mode M_1 2, MIT
tests T3). However the test enrichment Mode M_2 1
produces test sets which transition fault coverage is on
average 0.47% lower than of initial test sets despite of
the fact that the average number of functional delay
fault detections was increased at 58.7% on average.
Therefore, we can conclude that the increment of de-
tections of targeted faults not always brings increment
in detection of untargeted faults and defects. The
reasons of such phenomenon are in changed condi-
tions of signal propagation from circuit input to circuit
output. This problem is investigated in detail in [31].
However, the statement that n-detection tests are
effective in detecting untargeted faults and defects is
true when the initial test sets stay unchanged, and
additional tests patterns are generated in order to
increase the number of detections of targeted faults. In
our case, the procedure EoFDT modifies the patterns
of the initial test set, and there is no test size
increment.

If we examine tests for separate circuits, we can
see that the test enrichment contributed to augmen-
tation of fault coverage of untargeted faults in 86 cases
out of 120, and in 22 cases out of 120 there was
reduction of fault coverage of untargeted faults. These
22 cases belong to test set enrichment Modes M 1 1,
M 21 and M 2 2. Contrarily, application of
procedure EoFDT in Mode M _1 2 allowed us to
improve the transition fault coverage in 26 cases out
of 30 and there was no reduction of transition fault
coverage. Therefore, if the primary goal of increasing
of the number of functional delay fault detections is
detecting of untargeted structural level faults and de-
fects, we have to use the procedure EoFDT in Mode
M1 2.

At the end of this section we emphasise, however,
that detection of transition faults is used only as an
indication of the relative delay defect coverage achie-
ved by various enriched functional delay fault test
sets. All delay defect models are expected to benefit
from the use of enriched in operation Mode M_1 2
functional delay fault test sets compared to conven-
tional functional delay fault test sets. For example, for
crosstalk faults, the detection of each functional delay
fault more than one time increases the likelihood that
one of the tests for the fault would create the appro-
priate conditions to activate the crosstalk fault and
detect it.

5. Concluding remarks

We described an approach for functional test en-
richment. The proposed postprocessing procedure mo-
difies each test pattern of the test in such way that the
modified test pattern detects all functional delay faults
detectable on the initial test pattern and some additio-
nal functional delay faults. The test enrichment
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procedure does not increase the test size and it is fast
because the procedure does not require test generation.
The described approach enriches the test patterns
using functional delay fault simulation. The performed
experiments demonstrated that the proposed postpro-
cessing procedure for functional delay test enrichment
is an efficient and simple way to enhance the quality
of initial test pattern set.
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