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Abstract

We propose a procedure to select flip-flops for partial scan
targeting the reduction of test length. We show that signifi-
cant reductions in test length can be achieved by this pro-
cedure. In addition, experimental results show that using
heuristics that target the test length does not have to
increase the numbers of flip-flops that need to be scanned
in order to achieve a given level of fault coverage. Conse-
quently, it may be possible to perform partial scan selec-
tion targeting the two parameters, test length and fault
coverage, without requiring more flip-flops than required
for one of the parameters.

1. Introduction

We investigate a procedure for partial scan selection based
on test sequence length. Test compaction techniques were
proposed before to reduce the length of test sequences
generated by test generation procedures, without reducing
the fault coverage [1]-[7]. Test length reduction is impor-
tant in reducing tester memory requirements and test
application time. Here, we show that it is possible to drive
a procedure for partial scan selection such that it aids a
test compaction procedure in reducing the test length for
the partial scan circuit. At the same time, the target fault
coverage, which is the primary goal of partial scan selec-
tion, is also achieved. In particular, we design a procedure
for partial scan selection to be applied in conjunction with
the static test compaction procedure of [7].

The selection of partial scan flip-flops in the pro-
posed procedure is based on a given compacted test
sequence. Partial scan selection is done so as to change the
time units where faults are detected by the compacted test
sequence. For example, if a fault f is the only one
detected by the last test vector of the test sequence, and if
S is propagated to flip-flop i by an earlier vector, then
inserting flip-flop / into the scan chain allows f to be
detected by the earlier vector, and the last vector of the
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test sequence can be omitted. As a result, the test sequence
length can be reduced. We show that by inserting flip-
flops into a scan chain so as to reduce the detection times
of selected faults, the static test compaction procedure of
[7] can continue and reduce the test sequence length,
achieving two-fold reductions in test length and even
higher compared to a compacted test sequence for the
original circuit.

We investigate a procedure for partial scan selection
based on the test length alone. However, our experimental
results indicate that for a given number of scanned flip-
flops, the fault coverage achieved by the proposed proce-
dure (targeting the test length) is comparable to that
achievable by partial scan selection procedures that target
the fault coverage directly [8], [9]. This indicates that,
without increasing the number of selected flip-flops, it is
possible to consider both the fault coverage and the test
length simultaneously. In this way, a more effective partial
scan selection can be made than if the two parameters are
targeted one following the other.

2. An example

We demonstrate the ability to enhance the effectiveness of
static test compaction by partial scan through the follow-
ing example.

We consider ISCAS-89 benchmark circuit s27. The
initial test sequence is shown in Table 1. This sequence
was obtained by compacting a random sequence of length
100. Compaction was done using the static compaction
procedure of [7]. In Table 1, u is a time unit, Tx] is the
input vector applied at time unit # to the circuit inputs
(1234), and S[u] is the present state at time unit u, defined
over present state variables (567). Next, we insert the flip-
flop corresponding to state variable 6 into the scan chain.
This changes present state variable 6 into a primary input,
and its corresponding next state variable into a primary
output. We refer to the new primary input as primary
input 6. To ensure that the fault coverage of the sequence
T shown in Table 1 does not go down, we assign to pri-
mary input 6 the values assigned to state variable 6 under



T. The resulting sequence is shown in Table 2. Whenever
state variable 6 is x in Table 1, we assign to primary input
6 the value 0 in Table 2. Applying the procedure of [7] to
compact the sequence of Table 2, we obtain the sequence
shown in Table 3. In this case, scanning a single flip-flop
allows us to reduce the test length by three vectors, from
14 to 11.

Table 1: Initial

Tlu] | STul TTu] | Slul Tlu} | Siul
u| 1234 | 567 u|12346| 57 u| 123461 57
00011 | xxx 0(00110¢ 22 000110 | 22
111101} 0x0 111010} 00 1]10110| 00
210011 | 101 200110 11 2100011 00
3 (1011 | 000 3110110| 00 301101} 00
410001} 010 4100011} 00 4110001 00
5[0011| 010 5(00111| 00 5101100| 10
60110 | 010 601101 | 00 601010] 00
711000 010 7110001 | 00 7110110 01
810110 100 8101100 10 8| 10100 | 10
90101 | 000 9101010} 00 9100010| 10
10| 1011 | 001 10| 10110 | O1 10| 00010 00
111010 100 1110100 | 10
1210001 | 100 12 | 00010} 10
13 | 0001 | 000 1300010 | 00

3. The selection procedure
In this section, we describe a procedure for selecting flip-
flops to be inserted into a scan chain so as to allow the
static test compaction procedure of [7] to reduce the test
length of an already compacted sequence. We first
describe the overall procedure, and then describe the
heuristic used to select the flip-flops. We denote the pre-
sent state variable corresponding to flip-flop i by y;, and
the next state variable corresponding to flip-flop i by Y;.
We point out that the procedure of [7] produces highly
compacted sequences compared to other static compaction
procedures.

The proposed procedure accepts a test sequence T
that has already been compacted by the procedure of [7]
as much as possible. The scan selection procedure selects
one by one the flip-flops that may allow the length of T to
be reduced. When flip-flop i is selected, the flip-flop is
inserted into the scan chain, and the test sequence T is
modified to reflect this change. The change is made as
illustrated in Section 2, by copying the value of state vari-
able y; into the new primary input corresponding to flip-
flop i, and replacing x values on y; by Os. The static test
compaction procedure is then called to compact T If the
length of T is reduced by static compaction, flip-flop i
remains in the scan chain. Otherwise, flip-flop i is taken
out of the scan chain, and the test sequence before the

Table 2: Scan 6 Table 3: Compaction

modification is restored. This is repeated as long as we
can select additional flip-flops to be inserted into the scan
chain.

Next, we describe the selection of the flip-flop to be
inserted into the scan chain at every iteration. Our goal is
to identify a flip-flop that can potentially allow the length
of T to be reduced after its insertion into the scan chain.
The following heuristic is used for this purpose. Let fault
f be detected by T at time unit w4, (f). Suppose that f is
propagated to a next state variable ¥; at time unit u(f),
where ug,(f) < ug(f). By inserting flip-flop i corre-
sponding to Y; into the scan chain, it is possible to reduce
the detection time of f from uy,(f) to u,(f). This may
allow us to omit test vectors between time units u,(f) and
ug(f) of T, if these test vectors are only necessary in
order to detect f. For example, we consider s27 under the
test sequence shown in Table 1. The fault fio is detected
by this sequence at time unit 13. The results of simulating
the fault free circuit and the faulty circuit in the presence
of fio are shown in Table 4. Here, f. free stands for the
fault free circuit, and z[«] is the primary output sequence.
Comparing the fault free and faulty states, it can be seen
that by scanning state variable 7, fijp can be detected at
time unit 5. Thus, we have uy,,(fio) = 13 and ug,(fio) = 3.
By inserting the flip-flop corresponding to state variable 7
into the scan chain, test vectors previously required to
detect fjo may now be omitted.

Table 4: Simulation of 527 in the presence of fio

T[u] S[u] 567 z[u]
u | 1234 | ffree faulty | ffree faulty
0 | 0011 XXX XXX x X
1 1101 0x0 0x0 1
2 | 0011 101 101 1 1
3 1011 000 000 0 0
4 | 0001 010 010 0 0
5 | 0011 010 011 0 0
6 | 0110 | 010 010 0 0
7 1000 | 010 010 1 1
8 | 0110 100 101 1 1
9 | 0101 000 000 1 1
10 | 1011 001 001 1 1
11 1010 100 100 1 1
12 | 0001 100 100 1 i
13 | 0001 000 001 0 1

The heuristic above is based on the selection of a
fault for which the detection time ug,,(f) may be reduced
by inserting a flip-flop into the scan chain. It is possible to
consider the faults in increasing or decreasing order of
Uge( f). Our experiments indicate that increasing order of
detection times yields the best overall results, and we use
it in our experiments.



In the procedure described above, the same flip-flop
may be selected more than once. This is needed if the fol-
lowing scenario occurs. In iteration j,, flip-flop i; is
selected. However, it is determined that scanning flip-flop
iy does not help the static compaction procedure reduce
the test length, and flip-flop #; is removed from the scan
chain. At this point, we set tried{i;] =1 and we do not
allow flip-flop i; to be tried again. In iteration j, where
Jj2 > j1, flip-flop i; is selected and left in the scan chain
because it helps reduce the test length. The next time a
flip-flop needs to be selected, it may be possible to use i,
to reduce the test length. Therefore, we set tried[i;] =0
after flip-flop i, is selected, and we allow flip-flop i; to be
selected again. The procedure terminates when no addi-
tional flip-flop can improve the test length, i.e., when
tried[i] = 1 for every flip-flop i which is not in the scan
chain.

4. Experimental results

The results of the proposed procedure are reported next.
As initial test sequences, we use the test sequences pro-
duced by the test generation procedure of [10], and com-
pacted by the procedure of [7]. We use the test sequences
of [10] for static compaction since they achieve high fault
coverages. However, we expect the results to be relatively
independent of the test generation procedure, since the test
sequence is compacted before it is considered by the pro-
posed procedure. Note that since the initial test sequence
is compacted, further reductions in test length are due to
partial scan selection.

The results are shown in Table 5. After circuit
name, we show the number of flip-flops in the circuit.
Next, we show the length and the number of detected
faults for the initial compacted sequence, before applying
the proposed procedure to it. Under column modified seq
we show the results of the proposed procedure at an inter-
mediate stage (subcolumn interm), and after it terminates
(subcolumn firal). For each stage, we show the number
of scanned flip-flops, the compacted test length, and the
number of detected faults. The intermediate stage was
selected such that approximately half the number of flip-
flops included in the scan chain at the end of the procedure
are included in it at the intermediate stage. Additional
intermediate results are reported below. It can be seen that
two-fold reductions and more in test length can be
achieved by selecting the partial scan flip-flops appropri-
ately.

Next, we report on the results of applying test gen-
eration to several circuits obtained during the application
of the proposed scan selection procedure. The purpose of
this experiment is to check the effectiveness of the scan
selection heuristic based on static compaction in achieving

Table 5: Experimental results of test length reduction

modified seq
init seq interm final
circuit | ff | len det |ff len det | ff len det
$298 14 117 265! 3 87 268( 7 36 274
s344 15 57 329| - - -l 1 46 331
s382 21| 516 364 7 88 383i15 39 394
s400 21| 611 380 6 138 387[12 44 393
s444 21 608 424, 5 267 435|111 101 440
$526 2111006 454 7 539 481|115 59 495
s641 19| 101 404} 5 73 40710 56 408
$820 5] 491 814] 2 241 830 4 165 830
s1196 18| 238 1239 7 201 1239|15 145 1242
s1423 | 741024 1414|127 567 144854 274 1477
s1488 6| 455 1444 2 290 1464 5 138 1475
s5378 {179 646 363920 359 367440 202 3730

increased fault coverage. The test generation procedure
we use is MIX, described in [11]. The results are com-
pared to the results of the partial scan selection procedures
from [8] and [9].

The results of this experiment are reported in Table
6. For every circuit considered, each row in Table 6 corre-
sponds to a different number of scanned flip-flops. The
number of flip-flops inserted into the scan chain is shown
under column ff. For each circuit and each number of
scanned flip-flops considered, we show the total number
of faults, the number of detected faults, the number of
faults proved undetectable, the number of faults aborted,
and the fault coverage of MIX. In addition, we report the
test length, and the run time of MIX in seconds on an HP
C180. When the number of flip-flops inserted into the
scan chain equals that reported in [8] or [9], we show the
fault coverage from [8] or [9] for comparison.

From Table 6, it can be seen that scan selection
based on the effectiveness of static test compaction helps
increase the effectiveness of the test generation procedure
MIX as well. Comparing to the results from [8] and [9],
one must note that different test generation procedures
were used in [8] and [9]. Nevertheless, we observe that the
fault coverage reported for the circuits with the scan flip-
flops selected by the procedure proposed here is higher in
several cases. We believe that this indicates that the pro-
posed selection procedure is at least competitive with the
ones from [8] and [9], and the proposed heuristics based
on test length can be incorporated into a partial scan selec-
tion procedure based on fault coverage in order to improve
both the fault coverage and the test length simultaneously.

In the experiment above, we first obtained a com-
plete, compacted test sequence for the circuit, and then
used the proposed procedure for partial scan insertion.
However, it is not necessary to apply the procedure to a
complete test sequence. Instead, it is possible to apply it



Table 6: Experimental results of test generation

f.c

circuit | ff tot det und abr f.c len time | [8] [9]
$298 1 308 308 0 0100.0 139 0.6]94.8

s298 (10 - - - - - - - 994
s344 1 342 335 5 2 98.0 138 4.5|96.2

s344 5 - - - - - - - 98.8
$382 2 399 388 5 6 972 801 350|970

$382 3 399 388 9 2 972 378 8.8|97.2

s382 6 399 395 4 0 990 158 1.9 99.3
s382 |15 399 399 0 0 100.0 123 04

s400 2 424 395 20 9 93.2 508 96.0|955

s400 3 424 407 15 2 96.0 375 6.7|958

s400 S 424 410 14 0 96.7 184 8.6 97.6
s400 |12 424 417 7 0 983 124 138

s444 2 474 449 17 8 947 785 70.0{ 945

s444 6 474 454 19 1 958 160 33 96.0
sd44 (11 474 460 14 0 97.0 100 4.7

$526 2 555 513 14 28 92.4 1145 231.0,914

$526 5 555 533 21 1 96.0 533 9.2198.7

s526 |15 555 554 1 0 99.8 341 1.1 98.7
$641 1 467 408 59 0 87.3 188 2.0}95.7

s641 7 467 408 59 0 873 79 1.1 994
$820 0 850 815 35 0 959 823 20.0{94.2

$820 1 80 841 9 0 989 653 220|989

$820 2 850 850 0 01000 764 171 100.0
s1423 | 7 1515 1463 17 35 96.6 2203 5579| 50.3
s1423 134 1515 1492 14 9 985 681 367|976
s1423 |41 1515 1499 14 2 989 563 126 97.9
s1423 |54 1515 1500 14 1 99.0 219 9.3

s1488 | 0 1486 1446 40 0 973 676 191 94.4
s1488 | 1 1486 1466 20 0 98.7 402 11] 99.1
s1488 | 2 1486 1486 0 0 100.0 320 8.7 99.9
s5378 |17 4603 4003 585 15 87.0 1664 617| 88.0
$5378 {27 4603 4291 312 0 93.2 1799 170|938
s5378 {40 4603 4321 282 0 93.9 1257 54

s5378 |48 - - - - - - - 97.1

using a partial test sequence generated by imposing an
upper bound on run time for test generation, or even using
a random sequence. As flip-flops are inserted into the scan
chain, a more complete test sequence can be obtained,
until the target fault coverage is achieved.

6. Concluding remarks

Test compaction procedures alone may not be sufficient in
reducing the test length for a given circuit in applications
where the test sequence length is critical (e.g., if the tester
memory is limited). We showed that after a static test
compaction procedure achieves the maximum level of
compaction it can achieve for a given circuit, inserting
selected flip-flops into a scan chain can allow the proce-
dure to continue and reduce the test length for the circuit.

We proposed a procedure for selecting flip-flops to be
scanned so as to increase the effectiveness of static test
compaction, and demonstrated its performance. We also
investigated the performance of the resulting flip-flop
selection heuristic as a heuristic for increasing the fault
coverage that can be achieved for the circuit. The results
indicated that it is possible to perform partial scan selec-
tion targeting the two parameters, test length and fault
coverage, without requiring more flip-flops than required
for one of the parameters.
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