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Abstract

To reduce the high test time for serial scan designs, the
use of multiple scan chains has been proposed. In this paper
we consider the problem of optimally constructing multiple
scan chains so as to minimize overall test time. Rather
than follow the traditional practice of using equal length
chains, we allow the chains to be of different lengths, and
show that this can lead to lower test times. The main idea
in our approach is to assign those scan elements that are
more frequently accessed to shorter scan chains. Given a
design with N scan elements, and given that k scan chains
are to be used for agplying tests, we present an algorithm
of complezity O(kN?) for configuring the chains such that
the overall test application time is minimized. By analyz-
ing a range of circuit topologies, we demonstrate test time
reductions as large as 40% over equal length chain config-
urations.

1 Introduction

Full and partial scan designs [1, 2] are used to reduce
the cost of test generation for sequential circuits. However
the use of scan design techniques leads to high test ap-
plication cost because test data (both input patterns and
output results) needs to be shifted in and out of the circuit
serially through a single scan chain. Due to the ever in-
creasing amount of test data and the mounting cost of test
equipment, the importance of reducing test time assumes
great significance.

The primary focus of this paper is on minimizing the
shifting time for scan designs by the use of multiple scan
chains. Each scan chain requires its own scan-in and scan-
out pins, which may be multiplexed with system I/O pins.
The popular approach to multiple scan chaining is to make
all chains have equal length [3]. The scan flip-flops are
assigned to specific chains based purely on geometric con-
straints, in an attempt to minimize the routing area over-
head. In [4], heuristic rules are used to guide the assign-
ment and ordering of scan registers in the chains. However
the approach does not consider the number of test patterns
required to test the various logic blocks and this can have
a significant impact on the total test time.

We present a structured methodology to configure mul-
tiple scan chains so as to minimize the test application
time. In most scan designs there is a broad distribution in
the frequency of usage of the different scan flip-flops [5].
The assignment of flip-flops to the chains in our method-
ology is performed based on the number of tests applied
through each flip-flop. Some flip-flops are involved in ap-
plying a larger number of tests than other flip-flops. By
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Figure 1: Circuit 1.

placing these flip-flops in shorter chains, we demonstrate
test time reductions as large as 40% over equal length chain
configurations. An efficient algorithm based on dynamic
programming is developed to optimally configure the mul-
tiple scan chains.

2 Test Application Scheme

Throughout the paper we will assume that a full scan
methodology is used in the selection of scan flip-flops al-
though the results are also applicable to certain partial
scan designs [6]. In a full scan design of a sequential circuit,
the scan flip-flops provide complete access to the combi-
national portions of the circuit. This combinational logic
can be partitioned into a set of kernels, or disjoint por-
tions of logic that can be tested independently. A kernel
is essentially a maximal region of connected combinational
logic. All inputs/outputs of a kernel are connected to ei-
ther primary I/O or to scan flip-flops. Test generation can
be carried out as a separate process on each kernel to de-
termine the number of test patterns required to fully test
the kernel. Note that since the kernels are disjoint, every
scan flip-flop and every primary I/O can apply test pat-
terns to at most one kernel and receive test results from
at most one kernel.

Consider the circuit shown in Fig. 1 consisting of three
combinational kernels K, K> and K3 and six scan regis-
ters. The scan flip-flops in each of the registers are assigned
to the four chains C1,C>,Cs and C; as shown in Fig. 2.
Note that two of the flip-flops in register R, are assigned
to chain C; and the other two to chain Cs. If any flip-flop
in a chain C is used to either apply test patterns or receive
test results from a kernel K, we say that C is involvedin
testing K. Hence chains C1,C2 and Cy are involved in
testing K1; C1,Cs and Cy are involved in testing K2; and
Cs is involved in testing K3. Using the four chains, we
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Figure 2: A four-chain configuration for Circuit 1.

Test Kernels No. of Chains Chajn
sesslon teste patterns active cycle
TS, K,,K>, K3 30 C1,C2,C3,C4 10
TS, Ko, K3 70 C1,C53,C4 10
TS K3 400 Cs 8

Table 1: Summary of test sessions for Circuit 1

apply the appropriate number of tests to each kernel using
the overlapped application scheme [7].

In our example, the test begins with the first test ses-
sion, denoted by 7'S;, in which 30 patterns are applied
to K, which is the kernel with the fewest test patterns.
Simultaneously, the first 30 patterns for both K, and K3
are also applied. In order to test the three kernels, all four
chains are used and are said to be “active” in this test ses-
sion. The test session T'S; is summarized in the first row
of Table 1. To apply each test pattern in this session, the
corresponding input patterns for the kernels are merged
and shifted simultaneously into the four scan chains, while
at the same time the previous test results are shifted out.
A scan chain is said to be flushed if the number of clock
cycles for which it is placed in the shift mode is equal to
the length of the scan chain (in terms of the number of
flip-flops). Since the longest active chain C; has 10 flip-
flops, 10 clock cycles are required to entirely flush all the
four chains; this number is called the chain cycle of the
session 1'S;. Note that all the chains active in a session
operate in a synchronized manner. A single clock cycle
is required for the test patterns to propagate through the
kernels before the test results can be shifted out and the
next pattern shifted in. Thus the duration of T'S; in clock
cycles is 30(10 + 1) = 330.

After the first test session is completed, K; has been
fully tested but there are 70 remaining patterns to be ap-
plied to K2 and 470 to K3;. The second test session T'S;
is carried out in a similar manner as the first, and is sum-
marized in the second row of Table 1. During TS, 70
patterns are applied to K2 and K3 and only chains Ci, C3
and C, are active. The chain cycle of T'S; is therefore 10
and its duration is 70(10 + 1) = 770 clock cycles. Finally
in the third test session T'S3, the remaining 400 patterns
are applied to K3 using chain C3 and the time required is
400(8+1) = 3600 clock cycles. Thus, the total test time is
equal to 330 + 770 + 3600 + 10 = 4710 clock cycles where
the last 10 clock cycles are required to flush out the final
results from all the chains.

3 Optimal Chains

If a single scan chain is used to test Circuit 1, the chain
cycle used in each session is equal to 32 and hence the total
test time is 500(32 + 1) + 32 = 16,532 clock cycles. Mul-
tiple scan chains greatly reduce the time spent in shifting
data; however the standard practice of configuring equal
length chains does not achieve the largest possible reduc-
tion in test time. In Fig. 3, two alternative four-chain
configurations are shown for the circuit of Fig. 1. The
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Figure 3: (a) Equal length chains (b) Optimal four-
chain configuration

configuration in Fig. 3(a) has four chains of equal length.
The chain cycle used in each test session will be equal to
8 and the total test time is equal to 500(8+1) + 8 = 4508
clock cycles. Consider the four-chain configuration shown
in Fig. 3(b). Test sessions T'S; and T'S; will employ a
chain cycle of 12 since chains C; and C; are involved in
testing K; and K,. However in test session 7'Ss, only
chains C3 and C; are used and hence a chain cycle of 4
is sufficient to apply the remaining 400 patterns to Ki.
The total test time is equal to 30(12+1) + 70(12+1) +
400(4+41) + 12 = 3312 clock cycles. A 26% reduction in
test time is obtained over the configuration in Fig. 3(a).
The reduction is a direct consequence of placing flip-flops
that are frequently used, i.e., flip-flops involved in testing
K, in the two short chains C; and Cy. In fact the configu-
ration shown in Fig. 3(b) represents an optimal four-chain
configuration in terms of minimizing the test time.

Given the number of chains to be configured as an in-
put parameter, the goal of this paper is to generate op-
timal configurations such as the one shown in Fig. 3(b).
The test time improvements over configurations with equal
length chains are clearly dependent on the number and test
lengths of the kernels in the circuit as well as the num-
ber of flip-flops involved in testing each kernel. Note that
the simple division of flip-flops into equal length chains
does permit an arbitrary assignment and ordering of the
flip-flops in the chains. This leads to improved routing
area and performance optimizations. In configuring opti-
mal chains, we constrain the assignment of the flip-flops to
the chains, but place no restrictions on the order of flip-
flops within a chain. In addition we will indicate ways to
incorporate routing constraints in our model to generate
solutions that trade off test time with area overhead.

4 Model of the Problem

Let us generalize the test application scheme to a circuit
consisting of an arbitrary number of kernels. Without af-
fecting the evaluation of the test time, two or more kernels
with equal test lengths can be merged into a single kernel.
Each scan flip-flop associated with either of the original
kernels is now associated with the merged kernel. Let n
denote the number of kernels with different test lengths in
the circuit and let KSEQ = {K1, K2,..., Kn} represent
the set of kernels ordered in terms of strictly increasing
test lengths. Let WSEQ = {Wh,W>,...,W,} denote the
ordered set obtained by replacing every kernel in KSEQ



by its test length. By definition, W1 < W2 < ... < W,.
The application of tests using the overlapped scheme is
divided into a sequence of n test sessions. In each test
session, a fixed number of test patterns are applied to a
subset of kernels until the test set of the kernel with the
smallest test length is exhausted. In the first session, W
test patterns will be applied to all kernels until the test
set of K, is exhausted. Similarly, in the second test ses-
sion, (W2 — ng test patterns will be applied to kernels
K, ..., Ky, until the test set of K> is exhausted. In gen-
eral the overlapped scheme is described by the following
rule (assume Wy = 0): In test sessionTS; (1 <i < n),
apply W — Wi_, test patterns to kernels K, ..., Kn.

Definition 1

The chain cycle of a test session is equal to the minimum
number of clock cycles required to flush all chains active
in the session, i.e., the length of the longest chain used in
the session.

Let CCi (1 < i < n) denote the chain cycle of test
session T'S;. In configuring muitiple chains, the flip-flops
in a single register are treated as being independent, i.e.,
they may be assigned to different chains. Let k denote
the number of scan chains to be configured and let N de-
note the total number of scan flip-flops in the circuit. Let
S ={r1,r2,...,7n} denote the set of N scan flip-flops. A
weight factor wfm (1 < m < N) is attached to each scan

flip-flop rm by means of the following rule.

wfm = maz(test length of kernel fed by rm, test length
of kernel feeding rm).

For example, consider all flip-flops in register R; of Circuit
1. Each of them will have a weight factor equal to 500, i.e.,
max(500,100). Since 500 is the third element in WSEQ,
each of these flip-flops will be used in all three sessions
TS, TS, and T'Ss.

Definition 2

A multiple scan chain configuration of k chains, denoted
by MC, is defined as a k-way disjoint partition of the flip-
flops in the set S and is represented by an ordered set of
scan chains {Cy,Cz,...,Ck}.

In addition a chain C; (1 < j £ k) is characterized by
the following two parameters.
a) I(C;): the length of the chain in terms of the number of
flip-flops in the chain; and
b) W(C;): the weight of the flip-flop with maximum weight
factor in the chain, i.e.,

W(C;) = max (weight factor of ).
rm€C;

Without loss of generality, assume the chains in MC to
be ordered in terms of non-increasing lengths, i.e., I(C1) >
I(C2) > ... > I(Ck). The four-chain configuration in Fig.
2 is shown again in Fig. 4(2) and the weight factors of
the flip-flops and the parameters of each of the chains are
displayed. Since the weight of Ci is equal to 100, which
is the second entry in WSEQ, the chain will be active in
sessions T'S; and T'Sz. In the general case, if a chain has
weight equal to Wi, it will be used in every session from
TS to TS;.

Given a multiple chain configuration MC, we can now
evaluate the chain cycle CC; (1 < i < n) utilized in each
test session T'S; of the test application scheme.

CC; = maz[I(C;)1 € j < k and W(Cy) > Wi].

The total test time 7 is equal to the sum of the durations
of each test session. The duration of test session T'S; is
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Figure 4: (a) The four-chain configuration of Figure
2. (b) Transformed configuration.

equal to (W; — W;_1)(CC: + 1). Therefore the total test
time is given by

n
T =) (Wi—Wia1)(CC:i +1) + CCu.

i=1
Note that the final term CC} in the above expression rep-
resents the time to flush the final results from all chains.
Since the addition of 1 in each term of the summation
introduces a constant factor equal to W, the objective
function to be minimized is given by

n
T =Y (Wi-W:i1)CCi + CCi. (1)
i=1
5 Restricting the Search Space
The size of the search space involved in generating an
optimal k-chain configuration is approximately equal to
kY. To reduce the search space we characterize a lim-
ited set of configurations that satisfy a certain property.
Consider the four-chain configuration shown in Fig. 4(a).
Without changing the length of any chain in the configura-
tion, let us reassign the flip-flops among the chains so that
every flip-flop in C;4+1 has weight greater than or equal to
every flipflop in C; (1 < 5 < 3). Fig. 4(b) shows the
transformed configuration. As a result of this transforma-
tion, the total test time decreases. To verify this, recall
that the chain configuration determines the chain cycle
employed in each session. Using the transformed configu-
ration, the chain cycles in the first and third sessions are
unchanged. However, in TSz, only chains Cz, C; and Cy
are active in the new configuration and hence the chain cy-
cle decreases from 10 to 8. The reassignment of flip-flops
among the chains can be done for any multiple chain con-
figuration without increasing the test time.

Lemma 1

For any k-chain configuration MC, without changing the
length of any chain, rearrange the flip-flops in the chains so
that W(C1) < W(C2) £ ... £ W(Cx). A new configura-
tion MCpew is generated in which every flip-flop in Cj41
has weight greater than or equal to the weight of every
flip-flop in C; (1 < j < k). The test time of the resulting
configuration is less than or equal to the test time of MC.

By only considering configurations that satisfy the con-
ditions of the above lemma, we can significantly reduce the



search space for an optimal configuration. This intuitively
satisfies our notion of assigning the frequently used flip-
flops, i.e., flip-flops with large weight factors, to shorter
chains.

To simplify the explanation of the final algorithm, we
present an alternative method to evaluate the test time
solely based on the weights and lengths of the chains in
the configuration. Consider the transformed configuration
shown in Fig. 4(b). Recall that WSEQ = {30, 100, 500}.
In TSy, chain Ci will determine the chain cycle which is
equal to 10. The contribution of the session to the to-
tal test time is equal to 30(10), i.e., W(C;)I(C1). Sim-
ilarly, chain C; will determine the chain cycle of T'S;
and the duration of the session will be (100 — 30)8, i.e.,
(W(C2) — W(C1))i(Cz2). Finally, chain C; will determine
the chain cycle of 7'S; and the session will have duration
equal to (500 — 100)8, i.e., (W(C3) — W(C2))I(C3). With-
out affecting the total test time we can add the expression
(W(Cs) — V%Ca))l(ca) which evaluates to 0 since W(Cy)
is equal to W(C3). To account for the time to shift out
the final results, the length of Ci, i.e., 10 is added to the
total test time.

Lemma 2
Given any k-chain configuration MC, the total test time
can be evalnated from the weights and lengths of all the
chains and is given by the following expression. Define
W(Co) = 0.

k
T =Y [W(G)-W(Cim) C)+UC). ()

Note that the summation in equation 2 iterates through
the chains in the configuration as opposed to the sessions
of the test scheme as in equation 1. All information re-
quired to calculate the total test time is embodied in the
weight factors of the N flip-flops used to configure the k
chains.

6 A Polynomial-Time Algorithm

Due to lack of space, we will use an example to illus-
trate the dynamic programming algorithm. Details of the
algorithm can be found in [8]. The algorithm will be used
to configure the optimal 3-chain configuration of 10 flip-
flops as shown in Fig. 5(a). The weight factors of the
flip-flops are shown. The test time of the configuration is
50(4) + (60 — 50)4 + (100 — 60)2 + 4 = 324. Recall that
the search space for an optimal configuration is restricted
to those configurations that satisfy Lemma 1. A brute-
force approach to determine an optimal configuration is to
enumerate every such configuration and explicitly evaluate
the test time for each of them by using equation 2.

The drawback of explicitly enumerating every possible
configuration is that it results in an algorithm with time
complexity exponential in the number of chains. Dynamic
programming [9] can be used to dramatically reduce the
complexity of the algorithm. It achieves this reduction in
computational costs by dividing the complete problem into
a set of non-overlapping subproblems. Optimal solutions
to these subproblems are evaluated once and stored in a
table. The optimal solution to the entire problem is then
easily determined by using these stored values. The ta-
ble shown in Fig. 5(b) is used to implement the dynamic
programming technique. The flip-flops, sorted in order of
non-decreasing weight, are shown above the table.

We employ a bottom-up approach to configuring the
chains. The table is filled by first considering all single-
chain subproblems involving chain C;. The first row in the
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Figure 5: (a) Optimal 3-chain configuration. (b) Dy-
namic programming table.

table is used to store optimal solutions to these subprob-
lems. Recall that C; will always contain the lowest-weight
flip-flops. Since it is the lon§est chain in any configuration,
its length can vary from [22] to 8 (at least one flip-flop
must exist in each of the remaining two chains). For each
of these lengths, the contribution of C) is evaluated and
stored in the appropriate entry. For example, if {(Cy) = 5,
then the weight of C is equal to 50 and its contribution
to the total test time is 50(5) + 5 = 255. This informa-
tion is stored in the first row as a 2-tuple (255,5) where the
first value denotes the test time contribution of C; and the
second denotes the length of Cj.

Each entry in the second row of the table corresponds to
subproblems involving the chains C; and C;. The number
of flip-flops used in configuring two chains must be at least
7 (if not chain Cs would be of a greater length than either
C; or C2) and at most 9 (since C3 must contain at least
one flip-flop). Let us study how the table entry enclosed
in a bold rectangle is derived; for this entry, we need to as-
sign the 8 lowest-weight flip-flops to the two chains. Since
8 flip-flops are being assigned to chains C; and C:, the
length of chain C3 must be equal to 2. Hence the length
of chain C; can assume values of 2, 3 and 4 and the corre-
sponding lengths for chain C; are 6, 5 and 4. We consider
the three cases separately to determine the optimal solu-
tion to the subproblem. In each case, we add together the
contribution of chain C, and the appropriate value in the
first row of the table. For example, if I(C3) is equal to 4,
the test time is evaluated as (60 — 50)4 + 204 = 244. Note
that the contribution of Cj, i.e., 204 is directly obtained
from the first row of the table. Among the three cases, the
solution with least test time corresponds to the 2-tuple
(244,4) where 244 denotes the optimal test time and 4 de-
notes the length of C; in the optimal configuration. The
arrows from the highlighted entry point to the single-chain
subproblems used in evaluating the optimal solution.



Figure 6: Circuit 2

CASE 1 CASE 2 CASE 3
No. of | No. of | No. of | No. of [ No. of | No. of
tests fis tests fis tests fis .
A 40 16 60 16 200 30
B 80 18 500 24 80 14
C 50 20 80 36 500 36
D 200 12 200 12 50 8
E 500 10 50 4 40 o
F 60 22 40 6 60 10

Table 2: Three Variations of Circuit 2

Finally, the third row in the table will possess a sin-
gle entry for distributing all 10 flip-flops among the three
chains. For each of the three possible lengths of Cj, i.e.,
1, 2'and 3, the contribution of C3 is added to the appro-
priate value stored in the 2-tuples in the second row. For
example, if I(C3) is equal to 2, the test time of the configu-
ration is evaluated as (100—60)2+244 = 324. The optimal
test time corresponds to the minimum of the three possi-
ble cases and the optimal configuration is derived from the
table. By analyzing the algorithm, it can be shown that
given N flip-flops to be optimally configured into k chains,
the worst case time complexity is of order O(kN?).

7 Implementation Results

To validate the concepts underlying our methodology,
we utilize the circuit shown in Fig. 6. The circuit has
six combinational kernels and thirteen registers with each
register labeled with the number of flip-flops it contains.
The primary inputs/outputs at each kernel are not shown.

A full scan methodology is used in testing the circuit.
To accurately compare the test times of optimal configu-
rations against equal length chain configurations, we use
three variations of this basic circuit by permuting six test
lengths in different ways among the kernels. For each of
the three cases, Table 2 shows the test length and num-
ber of flip-flops associated with each kernel. Note that if a
register 1s shared by two kernels, all flip-flops in the regis-
ter are associated with the kernel having the greater test
length (see definition of wfy,).

In Table 3, while varying the number of scan chains
from 1 to 10, we compare the test times (in terms of num-
ber of clock cycles) for an equal length chain configura-
tion and an optimal configuration for each of the three
cases. The percentage reduction in all three cases repre-
sents the savings in test time of the optimal configura-
tion as compared to equal length chains. For each case, if
the kernels are listed in decreasing order of test lengths,
the corresponding list of the number of flip-flops associ-
ated with each kernel is (10,12,18,22,20,16) for Case 1,
(24,12,36,16,4,6) for Case 2 and (36,30,14,10,8,0) for Case
3. An interesting observation is that the test time differ-
ence between an optimal configuration and a configuration
with equal length chains decreases as the number of flip-

Case 1 Case 2 Case 3
No. of Test time % red. %% red. % red.
chains | (eq. length) | (optimal) | (optimal) | (optimal)
1 49598 0 (1) 0
2 25049 36.54 17.59 5.14
3 17033 34.86 23.20 0.58
4 13025 38.44 18.91 7.16
5 10520 38.04 23.47 4.45
6 9017 38.94 24.69 8.15
7 7514 36.31 20.40 4.23
8 7013 39.27 24.98 10.22
9 6011 36.13 21.46 5.29
10 5510 35.77 21.67 5.01

Table 3: Comparison of test times with multiple chains

flops associated with kernels of large test lengths increases.
In Case 1, the total number of flip-flops associated with the
kernels of test length 200 and 500 is 20% of the total num-
ber of flip-flops and the average test time reduction is 34%.
However, for Case 2 and Case 3, when the flip-flop ratio
increases to 36% and 67% respectively, the average test
time reduction drops to 20% and 5% respectively.

8 Conclusion

We have presented a comprehensive methodology to ef-
ficiently configure multiple scan chains. The main ideais to
assign flip-flops involved in testing kernels with larger test
lengths to shorter chains. A polynomial-time algorithm
has been derived to obtain a configuration that minimizes
the test application time. Results clearly show the advan-
tages of the design strategy over configuring equal length
chains. Note that we retain the flexibility to arbitrarily or-
der the flip-flops within a scan chain to minimize routing
overheads. In addition, the model of our problem can be
modified to reflect routing and performance constraints.
For example, an upper bound can be imposed on the max-
imum wire length between any two adjacent flip-flops in a
scan chain. This additional constraint can be used to fur-
ther restrict the search space of an optimal configuration
with respect to test time.
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