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Abstract:

The cost of testing consisis mainly of the cost of
test generation and the cost of test application. Scan
design approach is a represeniaiive of those techniques
that can reduce the cost of test generation for sequential
circuits. However, the length of a test sequence for the
scan design approach can grow quite large due 1o the scan
operation shifting the values into the scan chain, which
makes the cost of test application large. This paper
proposes a design-for-testability approach called Parity-
Scan Design which can reduce the cost of test application
as well as the cost of test generation for sequential
circuits. The parity-scan design approach is a
combination of scan technique and parity testing. Two
types aof parity-scan designs, pre-parity and post-paricy
scan design, are presented.  Experiments on ISCASE9
circuits show that as high as 91.2% (91.1%) test length
reduction and 32.4% (27.0%) average reduction can be
obtained for pre-parity (post-parity) scan design under the
single scan chain approach. More reduction can be
achieved by applying a multiple scan chain technique.
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I. Introduction

Testing has two main stages: the generation of
tests for a given circuit and the application of these tests
to the circuit. The cost of testing consists mainly of the
cost of test generation and the cost of test application.
Hence, design for testability should be considered o
reduce both costs of test generation and test application.
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As a representative of those technigues that can reduce the
cost of test generation, scan design approach [1, 2] can
greatly reduce the cost of test generation for sequential
circuits, However, the length of test sequence for scan
design approach can grow quite large due 10 the scan
operation shifting the values into and out of the scan
chain, which makes the cost of test application quite
large. Suppose a sequential circuit with a single scan
chain of Ny flip-flops and an automatic combinational test

generator generates N test patterns for the combinational

logic part of the sequential circuit. Each generated test
pattern is expanded into as many steps or shift clocks as
are required to serially shift the NI‘ pseudo-input values

into the scan chain. Hence, a set of N test patierns
results in a test sequence of length NN +1)+N, where
the first term NN +1) indicates the total number of shift
clocks and the second term N, is the total number of

normal clocks.

Several approaches have been proposad to reduce
test application ime. Parallel scan chains [1] can be used
whereby the total number of scan chains are divided into
K chains of length Ny divided by K. Therefore, the total

number of shift clocks can be reduced from Ny (N+1) 10
N{N+1)

K . This reduction can be very high if K is large.
However, K parallel scan chains require large pin
overhead; additional K primary inputs and K primary
outputs for K shift registers. Test set compaction [3] is
considered to reduce the number of test patterns by
combining some lest patlerns inlo one test pattern.
However, one cannot expect high reduction of test length
from the test set compaction approach. Partial scan
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design [4] can also reduce the length of test sequence by
including only a subset of flip-flops in the scan chain,
However, this requires a sequential test generator which
increases the cost of test generation and again one cannot
expect high reduction of test length from the partial scan
approach. The test application time can be reduced by
ordering the flip-flops in the scan chain [5]. However,
only a low reduction in range 14% to 18.8% can be
obtained according to the experimental results shown in
[5]. A selectable length partial scan approach [6] is
proposed where test length reductions in range 63% o
70.5% have been achieved for five large circuits.
However, the test length reduction achieved depends
highly on how effectively the scan flip-flops can be
partiioned into a high-frequency group and low-frequency
group.

This paper proposes a design-for-testability
approach which can reduce the cost of test application as
well as the cost of test generation for sequential circuits.
The proposed method called Parity-Scan Design is a
combination of scan technique and parity testing. First,
we shall show that the potential testability by parity
testing is very high according to the experiments on
ISCASBR9 benchmark circuits [7]. Then we shall
introduce the parity-scan design method by combining a
scan design technique and parity testing of pseudo-
outputs, and present the condition of an input sequence to
be a test sequence for a sequential circuit with parity-scan
design under a single scan chain. Two types of parity-
scan designs, pre-parily and post-parity scan design, are
presented. To obtain more reduction of test length, we
shall extend the parity-scan design under a single scan
chain 1o that under a multiple scan chain. The multiple
scan chain approach divides a scan chain into plural scan
chains without pin overhead by sharing scan-in and scan-
out pins among them. Experiments on ISCASE9 circuits
show that as high as 91.2% (91.1%) test length reduction
and 32.4% (27.0%) average reduction can be obtained for
pre-parity (post-parity) scan design under the single scan
chain approach. More reduction can be achieved by
applying the multiple scan chain technigue.

II. Parity Testability of Flip-Flops

As mentioned in the preceding section, here we
consider a design-for-testability method that can reduce
both costs of test generation and test application for
sequential circuits. To satsfy the former, i.e., to reduce
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the cost of test generation, we adopt the scan design
technique. Assuming scan design we further consider (o
reduce the cost of test application. In a scan design
approach, all flip-flops in the circuit are interconnected
into one or more shift registers and the contents of the
shift registers are shifted in and out. All the states of the
circuit are completely controlled and observed [rom
primary inputs and outputs, and thus all flip-flops can
behave as primary inputs/outputs. Therefore, it turns out
that the sequential circuit can be thought of as purely
combinational and the complexity of test generation for
the circuit can be substantially reduced, Suppose that a
sequential circuit is scan-designed with a single scan chain
of Ny flip-flops and an auwlomatic combinational test
generator such as FAN [8] generates Nt test patterns for

the combinational logic part of the circuit. Then the

length of the test sequence becomes

(number of flip-llops) x (frequency of scan) + (number of
lest-patlerns) = Nf iy] * i]+Nl.

Here, if we can reduce the frequency of scan process, the
length of the test sequence, and hence the cost of test
application, can be reduced.

The purpose of scan process is (a) 1o set the flip-
flops in a circuit 1o any desired state and (b} 1o observe the
internal state of the fip-flops in a circuit. The former is
the controllability enhancement of flip-flops, and the
latter is the observability enhancement of flip-flops. To
reduce the scan process, we have W consider something o
substitute for it. Before resolving the controllability
issue, let us first consider what can be substituted for the
scan process o enhance the observability of [lip-flops.

Figure 1 shows a sequential circuit with a
double-latch design. All clocked flip-flops are
implemented as a set of master-slave latches L and L.

Cutting the feedback loops where the clocked flip-flops
are, we can get pseudo-inputs and pseudo-oulpufs as
shown in Figure 2. Further, inserling a cascade of
Exclusive-OR gates on pseudo-outpuls, we can get a
circuit with parity testing for pseudo-outpuls in Figure 2.
In this circuit of Figure 2, if an error of & {ault propagates
to the odd number of pseudo-outputs, the error can be
observed at the output of the Exclusive-OR cascade.
Here, it is an intercsting issue Lo investigate how many
percentage of faulls can be detected by such a parity
testing. To see this, we have made an experiment on the
ISCASRY circuits [7]. The ISCASS9 circuils have been



changed into the structure of Figure 2. Then the FAN

algorithm [8] has been applied to the modified ISCASES

circuits with the structure of Figure 2. The results are

given in Table 1. The following columns are contained

in the table:

1. Circuit Mame - The assigned name for the circuit,

2, #gates - The number of logic gates. Primary inputs
and primary outputs are considered gates.

3. #DFFs - The number of D flip-flops which are
contained in the circuit.

4. #faulis (otal) - The total number of fault equivalence
classes generated from the circuit.

5. #faults (redund) - Then nomber of redundant faults
identified by FAN

6. #faults (abort) - The number of faults aborted by
FAN due to a backtrack limit of 100,
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Figure 1 A Sequential Circuit

7. #patterns - The number of test patterns generated by
FAN,

8. #tdetected faults (PO) - The number of faults that can
be detected at primary outputs with test patlerns
generated by FAN,

8, #detected faulis {odd) - The number of faults that can
be detected at the odd number of pseudo-outputs with
at least one test pattern generated by FAN but that
cannot be detected at primary outputs (i.e., detectable
at the parity output with at least one test pattern but
undetectable at the primary outpuls).

10. #detected Faults (even) - The number of faults that can
be detected only at the even number of pseudo-outputs
when detected with test patterns generated by FAN
(i.e.. detectable at the peudo-outputs but neither
detectable at the parity output nor at the primary
outputs).

11, Parity Testability - The ratio of the number of
detectable faults by parity testing to the total number
of detectable faults, i.e.,

— #PO+#odd o 100%
#PO + #odd + #even
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Figure 2 Parity Testing of Pseudo-Outputs
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From the results shown in Table 1, we can scc
that the parity testability of ISCASS9 circuits is 94.6%
on average and is in the range of 83.5% to 100%. Hence,
most of the detectable faults can be tested at primary
outputs including the parity output. This suggests that
the parity testing approach of Figure 2 could be
substituted for the scan process of observing the contents
of flip-flops.

I1Il. Parity-Scan Design

Parity-Scan Design is a variation of the scan
design approach which is a combination of the scan
design and parily testing. Examples of parity-scan flip-
flops are shown in Figure 3 which consist of a shift-
register latch (SRL) used in LSSD [2] and an Exclusive-
OR gate for parity test. The SRL consists of two latches,
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Figurc 3  Parity-Scan Flip-Flop

Ll and LZ' which have the scan input I, the data input D,

the system clock C, and two shift-control inputs, A and
B. Figure 3 (a) shows a pre-parity fype parity-scan flip-
flop where the Exclusive-OR gate is located before the
flip-flop to take the parity of the data input to the flip-
flop. On the other hand, Figure 3 (b) shows a post-parity
type parity-scan {lip-flop where the Exclusive-OR gate is
located after the flip-flop to take the parity of the flip-
flop.

Using these parity-scan flip-flops, two types of
general structures for double-latch parity-scan design are
obtained as illustrated in Figures 4 (a) and (b). All
storage elements arc implemented as a set of master-slave
laiches, Ly and Lo, Each of master-slave latches is

connected in series and clocked by two nonoverlapping
clocks C and C5, where C, is equivalent to B. Each of

Exclusive-OR gates is also connected to form an



Exclusive-OR cascade with a parity ouiput. Figures 4 {a)
and (b) show the pre-parity type and post-parity type
parity-scan designs, respectively.

In the shift register mode, these latches are
chained to form a shift register under the control of clocks
A and B, Test patterns are applied to the combinational
circuit by scanning them into the shift register and
applying them at the primary inputs. Then the clock Cy

is set to 1 and the response of the combinational circuit is
captured in the Ly laiches and at the primary outputs.

The result of the test captured in the register is then
scanned out.

The Parity-Scan Design has also the capability
of parity testing for the contents captured in the Ly

latches or flip-flops before or after capturing. The pre-
parity scan design can take the parity of the data input to
the {lip-flops and the post-parity scan design can take the
parity of the flip-flops. If an error of a fault propagates to
the odd number of flip-flops, the error can be observed at
the parity output of the Exclusive-OR cascade. This
parily test operation will be used as a substitute for the
scan operation of observing the contents of flip-flops.
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Figure 4  Parity-Scan Design

IV. Test Sequence for Parity-Scan Design

Let us consider a sequential circuit with scan
design, The circuit can operate either in its normal mode
or in the scan mode. Testing of the circuit can be
separated inlo two parts; testing of the shift-register {or
testing the scan operation) and testing of the
combinational logic part of the circuit. The former can be
performed ecasily by shifting in and out an alternating
sequence of ones and zeros. Most part of the Lest sequence
for the circuit is composed of the latter, i.e., the testing of
the combinational logic part, which is as follows:

{1} Switch te the scan mode and set the starting state (or
the pseudo-input pattern) for the first t2st by shifting
the pseudo-input pattern into the flip-flops.

(2) Return to the normal mode and apply the primary
input pattern for the present test.

(3) Switch to the scan mode and shift out the final state
{or the pseudo-output pattern) while setting the
starting state (or the pseudo-input pattern) for the
next test. Return to step 2.
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Figure 4  Parity-Scan Design
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Next, suppose a sequential circuit which is
parity-scan designed with a single scan chain of N flip-

flops. Suppose also that an automatic combinational
test generator such as FAN [8] generates N, test pauerns

to get 100% fault coverage for the combinational logic
part of the circuit. If the function of parity testing of the
parity-scan design is not used and only the function of
scan operation is used, the length of the test sequence
becomes

{number of flip-flops) x (frequency of scan) + (number
of test-patterns)

This length can be reduced if some of the scanning
operations are omitied from the test sequence. Scan
operation has two objectives; observation and control of
flip-flops. To omit a scan operation from a Lest sequence,
these two functions of observation and control provided
by the scan operation have to be substituted by others.

Let us classify all detectable faults in the
combinational logic part of a sequential circuit, i.e.,
combinational irredundant faults, into two groups; one is
a set of faults that are detectable at primary outputs and/or
a parity output, and the other is a set of faulls that are
detectable only at the even number of pscudo-outputs.
Let us call the former parity-testable faults and the latter
parity-untestable faults.

Suppose two conseculive test patterns T(i) and

T(i+1). Suppose also a fault f that is tested by the test
pattern T(i). If the fault f is parity-lestable, it is detected
at the primary outputs when T(i) is applied and/or at the
parity output. In case of pre-parity scan design, the fault
is detected at the parity output at the same time when T(i}
is applied. In case of post-parity scan design, the fault is
detected at the parity output at the next time when T(i+1)
is applied. For parity-testable faults in both cases, hence,
the scan operation to observe the flip-flops can be
omitted. Furthermore, the scan operation for setting flip-
flops to the values of pseudo-inputs for the next test
T(i+1) can be omitted if the values at the pseudo-outputs
of the current test T(i) is identical to the values at the
pseudo-inputs of the next test T(i+1). Therefore, if the
values at the pseudo-outputs of the current test T(i) is
identical to the values at the psendo-inputs of the next
test T(i+1) and if T(i) is aimed at testing parity-lestable
faults only, then the scan operation between T(i} and
T(i+1} can be omitted. Let us call this state no scan with
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clock. This is illustrated in Figure 5 (a).

In case of pre-parily scan design, we can further
omit scan operation. If no system clock to the flip-flops
is applied between T(i) and T(i+1}, the flip-flops can hold
the same contents and hence the values at the pseudo-
inputs of the next test T(i+1) is identical 1o the values at
the pseudo-inputs of the current test T(i). In case of pre-
parity scan design, hence, if the values al the pseudo-
inputs of the current test T(i) is identical to the values at
the pseudo-inputs of the next test T(i+1) and if T(i) is
aimed at testing  parily-festable faults only, then the scan
operation between T(i) and T(i+1) can be omitted. Letus
call this state no scan without clock. This is illustrated
in Figure 5 (b).

If the fault f is parity-untestable, the error caused
by the fault is propagated only to the even number of
pseudo-outputs when the test patiern T(i} is applied. So,
in order to detect the fault { at this time by the test patiern
T(i), the values with error captured at (lip-flops have 0 be
shifted out to observe at the scan output. Therefore,
either if the values at the pseudo-outputs of the current
test T(i) is not identical to the values at the pseudo-
inputs of the next test T(i+1) or if T(i) is aimed at Lesling
some parity-untestable  fault, then the scan operation
between T(i) and T(i+1) cannot be omited. Let us call
this state scan. This is illustrated in Figure 3 {c).

Without loss of generalily, a test sequence for a
circuit with parity-scan design is represented by

Test-Patiern: T(1)
Scan/Mo Scan: S(0)

T(2)
51}

Tin)

S(2) S(n-1)  S(n}

where each S{i) indicates either scan or no scan.
Obviously, S(0) is scan. Let us abbreviate this test
sequence as T(1)T(2)... T(n)/S(0)5(1)...5(n).

From the above discussion, we can define a test
sequence for a sequential circuil with parity-scan design.
A test sequence T(1)T(2)...T(n)/S(0)5(1)...5(n} satisfying
the following conditions is called a parity-scan test
sequence

(1) for each detectable fault I, [ is tested by some 1est
patiern T(i) (i=1,2,....n),

(2} S(0) is scan,

(3) foreach §(i) (i=12,....n-1), (i) 5(i) is no scan with
clock if the values at the pseudo-outputs of the
current test T(i) is identical (o the values at the



pseudo-inputs of the next test T(i+1) and if T is
aimed at testing parity-testable faults only, (ii) S(i)
is no scan without clock (in case of pre-parity type
only} if the values at the pseudo-inputs of the
current test T{i) is identical to the values at the
pseudo-inputs of the next test T(i+1) and if T(i) is
aimed at testing parity-testable faults only, and (iii)
5(i) is scan either if the values at the pseudo-outputs
of the current test T{i) 15 not identical to the values
at the pseudo-inputs of the next test T(i+1) or if T{i)
is aimed at testing some parity-untestable fault,

(4)  5(n} is no scan with clock if T(n) is aimed at testing
only parity-testable faults, and S(n) is scan if T(n) is
aimed at testing some parity-untestable faolt.

Let us evaluate the length of a parity-scan test
sequence. Let Np and N, be the number of flip-flops and

test patterns, respectively. Let No and N o be the number
of scan states and no scan (with/without clock) stales,

respectively. If each test pattern appears only once in the
parity-scan test sequence, Ne+ No. = N+1. Then the

length of the parity-scan test sequence becomes

{number of flip-flops) x (frequency of scan) + (number
of test-patterns)
= N Ng + N,

The test length reduction of the parity-scan design to the
original scan design is

NiN; + N, N[an

= NiN+1) + N, - N{N+1)+ N,

For given NI and Nt' this reduction is maximized when

N5 18 maximized or N (= Nl +1 - an ) is minimized.

Since the values N . and N are influenced by the

ordering of test patterns in a parity-scan test sequence, the
problem is how to determine an ordering of test patterns

that leads to the minimum test sequence. For N test

patterns, however, the number of possible orderings is
Nt!1 which makes it almost impossible o get the

optimum length when N, is large. It is also important to

construct a parity-scan test sequence with low time
overhead compared to the test generation time for the
combinational logic part of the circuit under test. So, we
shall consider a simple procedure for scarching an ordering

of test patterns that reduces the number of scan
operalions.

The procedure for constructing a parity-scan test
sequence T(1) T(2) ... T(n) / S(0) S{1) 5(2) ... §(n)
operaies as follows.

T(i+1)

SO(T(i)) = SI(T(i+1)) and

T(i) is aimed at testing parity-testable [aults only

(@)

SI(T(i)) = SI(T(i+1)) and

T(i) is aimed at testing parity-testable faults only

(b)

T(i) Tii+1)

Either SO{T(i}) # SI{T{i+1)) or
T(i) is aimed at testing some parity-untestable fault
(<)

Figure 5 Scan /No Scan Stuates
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First, choose a fault f from the fault table of the
circuit under test. Generate a test patiern Ty for the fault f

by using the combinational test generation algorithm
such as FAN [8]. Specify all undetermined values or X's
at primary inputs and/or pseudo inputs of Ty by arbitrary
values O or 1 and perform fault simulation to find all
detectable faults by the test pattern Ty and to classify

those detected faults into parity-testable and parity-
untestable faults. Then, select Ty as the first test pattern

T(1) for the parity-scan test sequence. Let 5(0) be the
scan  state 10 initialize the pseudo-inputs of Ty Those

parity-testable faults can be detected by Ty even when S(1)

is non-scan. Those parity-uniestable faults, however, can
be detected by Ty only when 5(1) is scan, i.e., by scan-out
processing.

Next, for some fault g which has not yet been

detected, find a test pattern TE such that the values at the

pseudo-inputs of Tg arc identical to those at the pseudo-
outputs of T(1). In case of pre-parity scan design, find a
test pattern TE such that the values at the pseudo-inputs

of 'I‘g are identical to those either at the pseudo-inputs or

at the pseudo-outputs of T(1). Here, the test pattern Tg

is either generated by FAN or taken from a hash table
which stores test patterns generated by FAN for reuse.
For each fault, FAN is used at most once o avoid

wasting CPU time. If such a test pattern Tg is exists,

put it on the second test patern T(2) and make the state
5(1) between T(1) and T(2) be noscan.  If such a test
pattern '.['E does not exist, put an arbitrary test pattern,

which can detect a new fault, on the second test pattern

T(2) and make the state 5(1) between T(1) and T{(2) be
scan. During this process of searching a test pattern TE‘

all test patterns, which have been newly generated by
FAN and have not been adopted as a test pattern, are
stored in the hash table to reuse them afterward. After test
pattern generation, fault simulation is performed to find

all other detectable faults by the test patiern Tg and to

classify those faults into parity-testable and parity-
untestable faults, Again, those parity-testable faults can

be detected by '1"g even when 5(2) is non-scan. On the

other hand, those parity-uniestable faults can be detected
by TE only when S(2) is scan, i.e., by scan-out
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processing, :

Continue the above process until all faults are
detected. The test sequence T{1) T(2) ... T(n) / S(0) §(1)
5(2) ... S(n) generaled by the process mentioned above
always satisfy the condition of the parity-scan test
sequence,

V. Experimental Results

We have made experiments on the ISCAS89
circuits [7]. The ISCAS89 circuits contain flip-flops
which are assumed to be fully scannable and parity-
testable as shown in Figures 4 (a) and (b). The FAN
algorithm [8] was used to generate test patterns for each
combinational logic part of ISCASEY circuits. From the
generated test patterns, parily-scan (est sequences were
constructed for both pre-parity and post-parily lypes. The
experiments ran on a SUN 4 / 330, a 16 MIPS machine
with a 32 Megabytes of memory. The results for pre-
parity and post-parity types are given in Tables 2 and 3,
respectively. The following columns are contained in the
tables:

[y

Circuit Name - The assigned name for the circuit.

2. #scan frequency (scan) - The frequency of scan
operation for scan design,

3. #scan frequency (parity-scan) - The frequency of
scan operation for parity-scan design.

4. Test Sequence Length (scan) - The length of test
sequences for scan design,

5. Test Sequence Length (parity-scan) - The length of
test sequences for parity-scan design,

6. Test Length Reduction - The ratio of the reduced test

length for parity-scan design 1o the test length for

scan design, i.e.,
| Length of Parity-Scan Test Sequence

Length of Scan Test Sequence

7. CPU time (scan) - The total CPU time in seconds
required to generate test patlerns for scan design
{including fault simulation time),

8. CPU ume (parity-scan) - The wtal CPU time in
seconds required (o construct a parity-scan test
sequence for parity-scan design (including fault
simulation time).

x 100%

From the results shown in Table 2, as high as
91.2% test length reduction (32.4% on average) is
achieved for pre-parity scan designs of ISCAS89



benchmarks. From Table 3, as high as 91.1% test length
reduction (27.0% on average) is achieved for post-parity
scan designs of ISCAS89 benchmarks. The time
overhead or the extra CPU time required to construct a
parity-scan test sequence from generated test patterns is
not 5o high for both types. Both of the pre- and post-
parity scan design approaches can reduce the cost of test
application,

Tables 2 and 3 show the results for parity-scan
designs under a single scan chain technigue. One can
easily extend the single scan chain approach to a multiple
scan chain. More reduction can be expected to achieve by
applying the multiple scan chain technique, which is
described in the next section,

VL. Multiple Scan Chain

Let Ny be the number of flip-flops and N be the
number of test patterns for the combinational logic part of

Tale 2 1SCASEY Test Length Heduznon far Pre-Parity Type

a circuit under test, For a circuit with a single scan chain,
the length of the test sequence is NN +1)+N,. To reduce

the length of the test sequence, parallel scan chains can be
uscd whereby the total number of scan chains are divided
into K chains of length Np divided by K (see Figure 6 (a)).

The total number of shift clocks can be reduced from Np

N{N+1)

1:Nt+1} o K

require large pin overhead, ie., additional K primary
inputs and K primary outputs for K shift registers. To
overcome this pin overhead, we consider a variation of the
parallel scan chain approach. Figure 6 (b) shows the
approach called a multiple scan chain. In this scan
design, a long scan chain is divided into K scan chains
without pin overhead by sharing one scan-in pin and one
scan-out pin among them. Parallel scan chains can get K
different serial input sequences [rom K scan-in pins and
shift in and out them in parallel. The multiple scan
chain, however, cannot get K different input sequences in

. However, K parallel scan chains

Tahke 1 [SCASES Test Length Reduction for Post-Pany Type

Circuit | Sewa Preguesey | Tost Sequence Length | TesiLang® | CPU Time faec; Ciruit | Fean Frequency | Tost Sequence Longsn | Test Leagih | CPU Time (es]
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parallel but in serics. So, the multiple scan chain
approach cannot be expected to achieve the same high
reduction of the number of shift clocks as the parallel scan
chain approach.

For the conventional scan design approach, the
multiple scan chain cannot contribute to the reduction of
the number of shift clocks. For the parity-scan design
approach proposed in this paper, however, the multiple
scan chain can contribute to reduce the number of shift
clocks. When we construct a parity-scan test sequence
from the generated test patterns, we have lo pul scan
operation between Iwo conseculive lesl patierns if the
values at the pseudo-outputs of the current lest pattern is
not equal to the values at the pseudo-inputs of the next
test pattern. However, this inequality of values occurs
usually at very few scan locations or flip-flops, i.e., most
of the flip-flops retain their state. Hence, in the multiple
scan chain, only the sub-chains at which the inequality
occurs need 1o be updated by scan operation while the
remaining sub-chains retain their state without scan
operation. This partial scan operation in the multiple
scan chain can thus reduce the number of shift clocks or
the number of scan operations. The advantage of this
partial scan operation can also be applied in the case that
we have to observe the contents of flip-flops when a
parity-untestable fault is tested (see the conditions of a
parity-scan test sequence).

VII. Conclusions

A new design for testability approach called
parity-scan design which can reduce the cost of test
application as well as the cost of test generation has been
presented. This technique is useful in reducing the scan
operations or the number of shift clocks, and hence the
overall test sequence length. Significant reductions of test
sequence length have been achieved on ISCAS89
benchmark circuits, as high as 91.2% (91.1%) reduction,
and 32.4% (27.0%) on average for pre-parity (post-parity)
scan design under the single scan chain approach. More
reduction can be achieved by applying the proposed
multiple scan chain technique. We are currently
implementing a program for constructing a parity-scan
test sequence of a circuit with multiple scan chain design.
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