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Abstract— Power dissipation during scan testing is becoming
an important concern as design sizes and gate densities increase.
In scan-based testing, a significant fraction of total test power
is dissipated due to switching activity in the combinational
logic block as well as flip-flops. In this paper, we show that
the switching activity in the circuit nodes during testing is a
function of both test vector ordering and flip-flop ordering. We
present a co-evolutionary algorithm which minimizes the total
switching activity during testing by jointly optimizing the test
vector order and the flip-flop order. Experimental results on
ISCAS89 benchmark circuits show that our solution consistently
outperforms one of the current state-of-the-art method.
Keywords: sequential circuit, controllability, observability, scan
design, automatic test pattern generator (ATPG), NP-hard problem,
evolutionary and co-evolutionary algorithms, directed graph, path
traversal problem, greedy heuristic, simulated annealing, traveling
salesman problem, local search, fault coverage
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A. Motivation
The growing size of very large scale integration (VLSI) circuits,
high transistor density, and popularity of low-power hand-held devices are making minimization of power dissipation an important
issue in VLSI design. The amount of heat generated limits the density
of a chip. Reduction of power dissipation also permits the use of
smaller package size. This can reduce weight of portable products
and prolong battery life.
Power dissipation during test application also plays a key role.
Circuits are often designed to operate in two modes: normal mode
and test mode. Systems registers, when activated during test mode,
can be in states that are not reached in normal mode. As a result,
state transitions that are not possible during normal mode are often
possible during test mode and can lead to significantly higher
switching activity in the circuit nodes causing a substantial drop
in the power supply voltage. Excessive power dissipation during
testing could damage the chip, or prevent periodic testing of such
equipment. In the case of multi-chip modules, it has been observed
that the potential advantages in circuit density and performance of
the technology cannot be realized without access to fully tested,
unpackaged integrated circuits or what are called bare die. Absence
of packaging precludes the use of traditional heat removal techniques
during the bare die testing. In such cases, power dissipated during
testing can adversely affect the overall yield, thus adding to the
production cost [1]. Moreover, during wafer testing the number of
power pad pins accessible is significantly less compared to those
accessible during normal operation mode [2]. Drastic increase in
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Fig. 1.

Mealy machine representation of a prototype sequential circuit

leakage power with newer technology generations further limit the
maximum dynamic power that can be consumed during testing.

B. Sequential circuits and scan-based testing
A sequential circuit, when represented as a Mealy machine [3], is
and a finite
essentially composed of a combinational logic block
set of memory elements (such as flip-flops) as shown in Figure 1.
Testing a sequential circuit is characteristically different from testing
a combinational circuit in the sense that for the sequential circuits
the primary outputs (PO) are function of not only the primary inputs
(PI) but also the state stored in the flip-flops. Therefore, to test for
a specific value in a primary output, an appropriate state has to be
latched in the flip-flops before the application of a specific vector in
the primary inputs (PI). The outputs of the flip-flops, which become
are sometimes called pseudo-primary inputs (PPI) and
inputs to
the inputs to the flip-flops, which come out of are likewise called
pseudo-primary outputs (PPO).
It has been observed that internal nodes of a complex sequential
circuit are often difficult to control or observe. In order to improve
the controllability and observability [4] of the internal nodes several
techniques have been proposed of which scan design has become
most popular.
In a typical scan design, all the flip-flops of the sequential circuit
are connected in a particular order to form a chain (Figure 1). Before







a test is applied to the PIs, an appropriate state is latched in the flipflops by serially scanning in the logic values. After the test, the new
state is stored in the flip-flops and then scanned out serially. If tests
are performed in sequence, the scan-out and the scan-in operations
can be overlapped to make it more efficient [4].
A scan circuit operates in two modes controlled by a mode control
signal: i scan mode, and ii functional/test mode. If there are flipflops in the scan chain, it takes clock cycles to scan in a particular
state in the scan mode, followed by the application of the test in one
clock cycle in test mode.
During the scan mode of operation, switching activity in the
circuit becomes fairly high because of switching in the scan chain,
in the clock tree and in the combinational logic. It has been reported
that power dissipated during test application can be significantly
higher (sometimes, 100-200%) than that during the circuit’s normal
operation [5].









C. Organization of the paper
Prior experimental results show that test vector reordering [1], [6][9] in the context of combinational circuit testing, and test vector as
well as scan cell reordering [1], [10] in the context of scan-based
sequential circuit testing can reduce power dissipation by an order of
magnitude compared to the original unordered test set generated by
a traditional automatic test pattern generator (ATPG) and applied to
a randomly ordered scan-based testing environment. Both test vector
reordering and scan cell reordering separately fall into the class of
NP-hard problems [1], [11].
In this paper, we first state the problem of joint reordering of the
test set and scan cells. We then make use of co-evolutionary search
[12] to minimize the total switching activity in the combinational
logic block as well as in the scan cells during testing. We show that
our solution consistently outperforms a state-of-the-art method that
has been previously applied to the problem [1].
The organization is as follows: in Section II, we briefly review
the related work in this field. Section III establishes the model
for dynamic power dissipation during scan testing. In Section IV,
we provide a precise mathematical formulation of the problem
and illustrate our proposed solution in Section V. We analyze the
experimental results for our proposed method in Section VI. We
conclude in Section VII with a brief discussion on future directions.

II. R ELATED WORK
Power dissipation issues are addressed at various stages of circuit
design. For example, circuit synthesis to reduce the average switching
activity is described in [13]-[15], technology mapping that targets low
power dissipation is considered in [16], [17], and physical design for
low power is considered in [18].
In the domain of circuit testing, low-power dissipation test methods
have been investigated thoroughly for combinational and sequential
circuits. Dabholkar et al. [1] have proposed several heuristics both
for combinational circuits and scan-based sequential circuits. They
show that test vector ordering and scan cell ordering individually fall
into the NP-hard class. The authors construct a directed graph with
edge and node weights representing the dynamic power dissipation
in the combinational logic and the flip-flops during the scan and
test cycles, which reduces the given problem to a path traversal
greedy heuristic for the
problem. Then they propose a
test vector ordering problem where is the number of test vectors,
and a simulated annealing heuristic for the combined test vector and
scan cell ordering problem. The idea of scan cell ordering has also
been studied by Ghosh et al. [10], Bonhomme et al. [19], and, in the
context of reducing test application time by Narayanan et al. [20].
Several other methods aiming to solve power-related problems
associated with scan-based test have been proposed recently, which
fall into the following four broad categories:
Low transition test patterns: [21]-[23]. These methods reduce
the number of transitions in the scan-in vectors, and consequently

  

the shift-power component caused by scan-in transitions. However,
these methods have no direct control over the number of transitions
in the scan-out vectors, thus, overall reduction in power cannot be
guaranteed.
Power conscious ATPG algorithms: [24]-[27]. These are special
ATPG algorithms which aim to decrease the number of transitions
in scan-in and scan-out vectors for shift-power reduction, and also
to decrease the Hamming distance between test stimulus vectors
and the corresponding test response vectors for capture cycle-power
reduction. However, the test sets generated by these ATPG algorithms
are generally much larger compared to test sets generated with regular
ATPG algorithms.
Special scan cells: [28]-[31]. The approach proposed in [28]
inserts blocking logic on the outputs of the scan cells in order
to block the shift ripple at the inputs of the circuit. Although
this method substantially reduces power dissipation during the shift
cycle by completely eliminating the useless switching activity in
the combinational logic block, it introduces undesired delay on the
data path due to the blocking logic which has a negative impact
on circuit’s performance. The work presented in [26] improves the
solution from [28] by inserting blocking logic only on the outputs of
a limited number of flip-flops which are not on critical paths. Other
variants to improve this method [28] have been proposed by Huang
et al. [29], Parimi et al. [30], and Bhunia et al. [31].
Scan chain partitioning: [32]-[35]. Several scan chain partitioning approaches have also been reported in literature. These design
approaches either focus on minimizing the dynamic power dissipation
([32]-[34]), or on peak power minimization [35] during scan testing.
In a previous paper we studied the problem of dynamic power
minimization during combinational circuit testing viewed as a Traveling Salesman Problem (TSP) [6]. We explored application of local
search (viz. 2-opt heuristic) and evolutionary algorithms to test set
reordering and performed quantitative comparison with previously
used deterministic techniques. We also considered reduction of the
original test set framed as a dual-objective optimization problem with
switching activity and fault coverage being two objective functions.
We reported favorable results for our proposed solutions.

III. P OWER

DISSIPATION MODEL

The two components of power dissipated in a CMOS circuit [36]
are i) static dissipation due to leakage current through the channel
and the tunneling current through the gate oxide drawn continuously
from the power supply ( ), and ii) dynamic dissipation due to
switching transient current ( ) and charging and discharging of
) is given
load capacitances ( ). The total power dissipation (
by
(1)
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CMOS leakage current has been steadily rising due to increased
sub-threshold and gate oxide leakages and has gained attention in
the literature [37]. However, power due to switching activity in the
circuit nodes still dominates overall power consumption, and is only
considered here.
is the power required to charge and discharge the output
capacitance load of every gate, both in combinational logic block
and in the flip-flops.
is approximated as follows [1]:




 +%-,.0/ 123124 65 5 12798:12;
(2)
<
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where  is the output capacitance, 4
is the supply voltage, 7=8
is the total number of gate output transitions ( , >@? and ?A>B, ),
and ; is the clock frequency.
Equation (2) implies that power is dissipated at a node when
the input vector is changed from CD to CED F*G . Let *HIJCEDKCED FG$ be
the total power dissipated in a combinational circuit  when inputs
change from CD to CEDFG . Then
*HLJCEDMKCEDFG$N% PQSRST O
,.0/ 12 P 124 5<5 1A798)X91Y; (3)
T
 VUWN  

C

Thus, power dissipated at a node is proportional to the number of
transitions (
) at that node. This depends on the gate delays. Under
the zero-delay model, all gates are assumed to have zero delay. The
four possible transitions and the corresponding logic levels in this
model are:
static zero: logic level remains zero
static one: logic level remains one
rising: logic level changes from zero to one
falling: logic level changes from one to zero
The alternative is the general-delay model where gates can have
arbitrary delays, and, therefore, takes the glitches into account. In
this paper, we have assumed the zero-delay model.
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An example illustrating factors affecting power dissipation
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POWER DISSIPATION DURING SCAN TESTING

Under the assumption of zero delay model, we now focus on
analyzing different components of dynamic power dissipated in a
scan circuit during the scan and test mode of operations.
1) Scan mode: During the serial scan-in operation, dynamic
power is consumed in the following two ways:
i Switching activity in the combinational logic block: When
the pseudo primary inputs (PPI) are serially scanned in, some
useless switching activity takes place in the combinational
logic block because of repeated bit flips in the memory
elements, which causes a significant amount of dynamic power
consumption. This can be prevented by any of the toggle
suppression techniques studied in [28]-[31].
ii Switching activity in the flip-flops: In the scan testing
environment when the tests are performed in sequence, the
scan-out of the output state of the current test vector and the
scan-in of the input state of the next test vector are overlapped
to make it more efficient [4]. In order to compute the total
switching in the flip-flops during the scan operation we follow
the following procedure:
First, concatenate scan-out state of the current test vector
with the scan-in state of the next test vector.
Second, traverse the resulted string and count the transitions from 0 to 1 and from 1 to 0.
Third, multiply the transitions by (number of flip-flops position of the transition from the concatenation point).
This will account for the number of flip-flops that the
transition passes through. For example, the concatenation
point passes through all flip-flops and must be counted the
appropriate number of times.
Finally, sum up all the weighted results to get the total
switching activity.
2) Test mode: During the application of test, dynamic power is
consumed in the following two ways:
i Switching activity in the combinational logic block: When
a test vector is applied in the primary inputs (PIs) along
with the present state applied in the pseudo primary inputs
(PPIs), dynamic power is dissipated in all the nodes of the
combinational logic block , which change from the logic
value 0 to 1, or vice versa. Equation (3) implies the total
when the test vector is
dynamic power dissipation in
changed from
to
.
ii Switching activity in the flip-flops: At the end of the test
cycle, a new state is latched in the flip-flops replacing the
old state scanned in before. It involves switching activity in
the flip-flops. However, this switching will always take place
irrespective of the order of the flip-flops in the scan chain. By
observing the orthogonality of this switching activity in the
context of test vector and scan cell ordering problem, we do
not consider it in our optimization criterion.
Therefore, the total dynamic power dissipation during scan testing,
, can be expressed as follows:
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and

= dynamic power dissipated in the flip-flops in scan mode,

= dynamic power dissipated in the combinational block in
test mode.

V. P ROBLEM

DEFINITION

We reproduce the example cited in [1] to illustrate the factors
affecting dynamic power dissipation during scan testing and to
establish the point that number of transitions during scan is a function
of both vector order and scan cell order.
Figure 2 refers to a simple sequential circuit having three OR gates
be its primary input, =
be
and three flip-flops. Let
the scan flip-flops, be the present state, and denote the next state
for flip-flop . An input vector of
is an ordered tuple of values
. We assume zero-delay model and the capacitance of
each node to be equal to its fanout.
Let
= 0100 ,
= 0111 ; and let the flip-flop order be
. Tables I and II show the number of transitions in
and
in every cycle during the application of the test vector
and
, respectively. When the vector order is
pairs
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TABLE III

N UMBER OF TRANSITIONS IN
VECTOR PAIR

_ 

AND

`

also decreases with time according to some “cooling” schedule. The
implementation used for this paper was the following:
1) Construct a random initial solution
2) Select an initial temperature
3) for(
= 1 to
) repeat steps 4-9
4) for( = 1 to ) repeat steps 5-8
5) Pick a random neighbor
of .
= (cost( ) - cost( )) / cost( )
6) Let
7) if(
0)
8) else
with probability
9)
The major difference of this implementation to that proposed by
Dabholkar et al. [1] is in the normalization of the difference term
. This was done to ensure consistent behavior of the algorithm
as iterations progressed. All parameters were chosen to be consistent
with [1]. The time complexity of the above algorithm is
. That
is, was fixed at 20, the initial temperature was chosen to be 1.5,
and random neighbors were generated by swapping two (randomly
sampled without replacement) elements in a permutation. We chose
the number of iterations
to be 150, to give a total of
objective function evaluations. The cooling variable was fixed
at 0.96 to yield 5% probability of accepting a move that was 1%
worse than the current solution towards the end of the search.

ON THE APPLICATION OF TEST

acbEG d b e WITH A DIFFERENT SCAN CHAIN ORDER
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q C G KC  , the total number of transitions (i.e., the sum of all the 
q
t
transitions in columns  and  ) is 51, while for C KC*G$ , it is
36. Thus, the total number of transitions duringq scan is a function of

vector order. If we change the flip-flop order toq h G KjhkzK$h  , Table III
shows that the number of transitions during CNq GsKC  is 64, whereas
for the same vector order with flip-flop order h G Kjh Kjh k was 51. 
Thus, the total number of transitions during scan is also a function
?z?0?

of flip-flop order.
With the above example illustrating the dependence of switching
activity during scan testing on test vector as well as flip-flop ordering,
we now formally define our problem as follows:
Problem statement: Given a sequential circuit
with combi=
, and test set
=
national part , flip-flop set
, find a flip-flop ordering
=
of
and test
vector ordering
=
of
such that
, defined in
Equation (4), is minimized.
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VI. T HE PROPOSED

C

APPROACH

A. Common Objective
Minimization of the total switching activity can be performed
by either reordering the test vectors, or reordering the flip-flops.
While these are two distinct minimization problems, they share the
common objective function. More specifically, reordering test vectors
affects the switching activity during both scan and test modes, while
reordering flip-flops affects only the former. This is because of the
fact that only during scan in and scan out operations, the relative
ordering of scan flip-flops influences the switching activity in the flipflops. However, once a state is latched in the scan chain followed by
application of the test, the flip-flops will store the next state (possibly
causing switching activity) independent of the relative order of the
flip-flops in the chain. Due to this overlap, locally optimal solution
found by reordering the test vectors can be further improved by
reordering the flip-flops. Of course, the improved solution may no
longer be locally optimal with respect to the test vector ordering, and
further improvement may still be possible. By alternating between
the two optimization problems, we aim to drive the total switching
activity to some value that is locally optimal to both, the ordering of
test vectors and the ordering of the flip-flops.
Both problems can be easily expressed as search, first through the
space of test vector permutations, then through the space of flip-flop
permutations. We consider two methods here that are used to perform
the actual search. First one is simulated annealing, a method that has
already been successfully applied to dynamic power minimization
in scan circuits [1]. The other approach is genetic algorithms. Both
methods used permutations to decode solutions. Following are more
detailed descriptions of the two.

B. Simulated annealing
Simulated annealing [38] is a form of local search that allows
acceptance of worse moves. The probability with which a worse move
is accepted is dependent upon how much worse that move is, and
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C. Genetic algorithms
Genetic algorithms are outlined by Whitley [39]. The general idea
behind this approach is to maintain a set of solutions and to recombine
pairs of these solutions to produce better ones. We used an elitist
generational framework in this paper:
1) Create an initial population .
) repeat steps 3-11
2) for( = 1 to
3) Create a new empty population
4) Add the current best solution to
5) for( = 1 to
) repeat steps 6-9
6) Select two solutions from the current population using the
selection scheme
7) Apply crossover operator to produce two new solutions
8) Apply mutation to the new solutions
9) Add the new solutions to
10)
11) Truncate the population to its original size
We used random tournament selection with selective pressure of
2.0 [40], weight-biased edge crossover [41], and mutation rate of
0.5% for parameter choices. The mutation operator simply samples
the appropriate portion of elements in a permutation without replacement and moves the sampled elements to the end of the permutation.
and the number of generations
The population size
were chosen to be 100 and 30 respectively. This again yields
objective function evaluations.
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D. Co-evolutionary search
After discussing each search technique separately, we can put all
ideas together and construct the following implementation:
1) Randomly choose test vector ordering
2) Randomly choose flip-flop ordering
.
,
) + sw-test(
,
)
3) Set = sw-scan(
4) for( = 1 to
) repeat steps 5-12
.
5) Fix
6)
search(sw-scan).
sw-scan(
,
) + sw-test(
,
)
7)
)
and
8) if(
9) Fix
.
10)
search(sw-test).
sw-scan(
,
) + sw-test(
,
)
11)
12) if(
)
and
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Simulated Annealing
Sw. Act.
% Imp.
37196
1012
13.2
37769
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250
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210
27.2
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Genetic Algorithms
Sw. Act
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TABLE IV
S WITCHING ACTIVITY FOR TEST VECTOR AND FLIP - FLOP ORDERINGS . F IRST COLUMN PRESENTS THE
ATALANTA. T HE OTHER TWO

UNORDERED CASE , AS GENERATED BY

COLUMNS DEMONSTRATE THE SWITCHING ACTIVITY AFTER THE ORDERINGS HAVE BEEN OPTIMIZED , USING EITHER

BEEN COMPUTED ACROSS

30

RUNS .

¯

ST. D .) FORM . T HE STATISTICS THEMSELVES HAVE
P ERCENT IMPROVEMENT IS SPECIFIED RELATIVE TO THE UNSORTED COLUMN .

SIMULATED ANNEALING OR GENETIC ALGORITHMS . T HE RESULTS ARE PRESENTED IN THE ( MEAN

The meaning of functions is as follows. sw-scan computes
switching activity during the scan mode, given the current orderings
of test vectors and flip-flops. Function sw-test has a similar
meaning, but in the context of the test mode. Function search is
either simulated annealing or genetic algorithm and its argument is
the objective function used for the search. The time complexity of
the above co-evolutionary algorithm is
.
Because reordering of test vectors affects the switching activity
during both scan and test modes, step 10 may actually result in an
increase of switching activity returned by sw-scan. The change
will, nevertheless, be accepted in step 12 if the total switching activity
is lower. On the other hand, step 6 does not result in a similar issue,
since switching activity of the test mode is unaffected by the order
of flip-flops.
For all our experiments, the number of iterations
was
fixed at 25, resulting in a total of 50 calls to either search method.
The resulting number of objective function evaluations was around
.
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VII. E XPERIMENTAL RESULTS
We compare the performance of genetic algorithms and simulated
annealing in the context of co-evolutionary search. We chose simulated annealing for comparison because of its favorable performance
in minimization of switching activity during scan testing compared
to other search algorithms, as was demonstrated by Dabholkar et al.
[1].
The experimental results are outlined in Table IV. We performed
30 separate runs where we first generated test vectors using ATALANTA [42], then used co-evolutionary search with simulated annealing and genetic algorithms to optimize the switching activity.
Because ATALANTA generates a different set of test vectors at each
run, the total switching activity at the initial unoptimized step has
some variance. This variance is presented in the first column of
Table IV.
Switching activity in the final solution found by simulated annealing is presented in the second column. The improvement achieved
with this technique is in the range of 10-25%, which is consistent with
results presented by Dabholkar et al. [1]. Similarly, objective function

values for solutions found by genetic algorithms are outlined in the
last column. All statistics are presented in the (mean st.d) form.
Note that the scan cell reordering technique should be applied
before the synthesis process, while test-vector ordering can be applied
any time before test application. However, since the proposed solution
relies on alternating between optimization of the two its application
must be performed prior to the synthesis of the circuit. Since this is
not a real-time operation, run times are not relevant and, therefore,
not reported.
Most algorithms are sensitive to the choice of parameters, but
tuning parameters is of most interest primarily to the end-user. We
have taken the best result from a search algorithm applied to this
problem, namely simulated annealing. We have then replicated that
result, choosing the same set of parameters for the algorithm as was
proposed in the original paper, and showed that further improvement
is possible. The results don’t demonstrate that a GA with the best set
of parameters will outperform SA with its best set of parameters, but
it does demonstrate that search algorithms applied to this problem
so far can be improved upon. Due to the choise of parameters,
comparison to state of the art is also difficult. The issue is further
complicated by the fact that there are no standards in computing the
switching activity.

±

VIII. C ONCLUSIONS

AND FUTURE WORK

The contribution of this paper lies in examining the problems of
test vector and scan cell reordering as two distinct problems that
share a common objective function. Alternating between optimizing
each ordering, we were able to drive the overall switching activity
during scan testing to a locally optimal value that was significantly
better than the initial case generated by ATALANTA [42]. We also
demonstrated that genetic algorithms yield imporved performance
when compared to the best result from search algorithms applied to
the problem of switching activity minimization during scan testing.
In this paper, we did not explore area overhead due to scan
cell ordering. It would be interesting to study a dual optimization
problem where switching activity and chip area overhead would be
two objective functions in the context of scan cell ordering.
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