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ABSTRACT
Rapid and reliable test of SOCs necessitates upfront consideration
of the test power issues. Special attention should be paid to scan-
based cores as the test power problem is more severe due to excessive
switching activity stemming from scan chain transitions during shift
operations. We propose a scan chain modification methodology that
transforms the stimuli to be inserted to the scan chain through logic
gate insertion between scan cells, reducing scan chain transitions. We
provide a mathematical analysis that helps model the impact of scan
chain modifications on test stimuli transformations. Based on this
analysis, we develop algorithms for transforming a set of test vectors
into power-optimal test stimuli through cost-effective scan chain mod-
ifications. Even in the highly challenging case of fully specified test
vectors, more than an order of magnitude reduction in scan-in power
is attained by the proposed methodology, exceeding previous power
reduction levels significantly.

1. INTRODUCTION

Testing of SOC cores in parallel helps reduce test application time
which in turn improves time-to-market of the chip. Achieving such
a parallelism though is a challenging task as exceeding certain power
thresholds places the chip under test at risk of damage. Especially in
scan-based cores, the test power problem is of significant concern, as
during the shift cycles excessive switching activity occurs inside the
scan cells. The rippling effect in a scan chain reflects into the circuit,
resulting in a large number of unnecessary transitions at the circuit
lines. Test power can be reduced by preventing the unnecessary rip-
pling in the scan chain during the shift of the test data, consequently.

Numerous methodologies that aim at test power reduction in a scan-
based environment have been proposed recently. The utilization of
externally controlled gates [1, 2] has been shown to reduce test power
drastically, albeit at the expense of performance degradation. Appro-
priate primary input assignment during the shift cycles [3, 4] helps
reduce transition propagation from the scan chain to the circuit un-
der test; however, the effectiveness of such techniques is limited, as
typically circuits are controlled mostly by scan chains rather than pri-
mary inputs. Scan chain partitioning techniques [5, 6] have been pro-
posed for test power reduction; the scan chain is decomposed into
several partitions so as to have only one of the partitions active at a
time, reducing the scan chain rippling. Test vector ordering and scan-
latch ordering techniques [7], modification of test cube compaction [8]
and test generation [9] procedures constitute a set of alternative tech-
niques for reducing scan power dissipation. These techniques extract
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test power reductions yet at the expense of prolonged test application
time [8, 9], performance degradation [1, 2], or layout constraint viola-
tions [7].

In traditional approaches, the stimulus inserted to the scan chain
is one and the same as the test vector. Modification of the scan chain
through logic gate insertion between the scan cells though shatters this
equivalence. The modifications necessitate the insertion of a trans-
formed stimulus which possibly differs from the actual test vector. As
the scan chain transitions are strictly determined by the transitions em-
bedded in the input stimulus (and not by the actual test vector to be
applied to the circuit under test), scan chain modifications can be uti-
lized to reduce the number of scan chain transitions. We have in the
recent literature proposed scan chain modification techniques [10, 11,
12] which impose neither performance nor fault coverage degradation.
In these techniques we have focused on scan chain modifications with
block-contained impact on the test data transitions, resulting in tech-
niques consisting of the decomposition of test data into blocks, with
each block being handled individually. To ensure the block-contained
impact of scan chain modifications, certain constraints have been im-
posed on the XOR gate insertions. Under these constraints, locally
optimal scan chain modifications are performed; however, the overall
test power reductions are far from the global optimum. Even though
the techniques outlined ([10, 11, 12]) deliver significant power reduc-
tions in comparison to previous literature, the restriction to a subset of
XOR gate insertion configurations significantly hampers the optimal-
ity in power reductions, failing to reap appreciable additional power
reductions possible.

In the methodology we present in this paper, we explore the com-
plete transformation space implementable by any possible XOR gate
and inverter insertion, with no constraints imposed on the possible
set of scan chain modifications whatsoever. Exploitation of any pos-
sible transformation leads to the identification of the globally opti-
mal test power solution. Appropriately modeling the impact of scan
chain modifications on stimulus transformation enables the implemen-
tation of the logic gate insertions that realize the globally optimal
transformation. The resultant modifications of the scan chain yield
typically more than an order of magnitude reduction in scan-in test
power. Attaining reductions of this magnitude forfully specified test
vectorssharply differentiates the proposed approach from previously
proposed techniques wherein power reductions attained are strictly
limited and correlated to the density ofdon’t cares.

In the proposed methodology, gate delays are introduced on the
scan path only, imposing no performance degradation. Furthermore,
the fault (defect) coverage is also preserved as the utilization of bijec-
tive logic gates (inverters and XORs) guarantees the delivery of any
test vector to the scan chain and the observation of any fault effect.
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Figure 1: Impact of inverter insertion

In this paper, we model the impact of unfettered logic gate inser-
tions on test stimuli transformations through a thorough mathematical
modeling and analysis. We model the impact of scan chain modi-
fications as band transformations on matrix structures and develop
an algebra for the matrix evaluation and consequent placement of
XOR/inverter gates on the scan chain. Through the exploitation of the
modeled impact, we develop test power minimization algorithms that
identify theoptimal test stimuli transformation and implement them
through minimal area overhead. Furthermore, we provide a power-
area cooptimization algorithm which attains near-optimal test power
reductions under certain design constraints.

This paper is structured as follows. In Section 2 we present the mo-
tivations underlying the proposed methodology which is followed up
in Section 3 by the presentation of the matrix-based analysis we utilize
to model the impact of XOR gate insertion. In section 4, we outline
the algorithmic framework; the proposed algorithms for the identifi-
cation of the optimal test stimulus transformation, the implementation
of this transformation through minimal area overhead, and the incor-
poration of design constraints are outlined. Sections 5 and 6 present
the experimental results and the conclusions, respectively.

2. MOTIVATION

The examination of the impact of logic gate insertion between scan
cells on the consequent stimulus transformation raises two concrete
questions. How can the transformation that maps the test vectors to
the power optimal test stimuli be identified? Given the optimal test
stimulus transformation, how should the scan chain be modified so as
to implement this transformation cost-effectively?

The impact of inverter insertion on stimulus transformation is eas-
ier to model as inverters have local impact on the stimulus transitions.
Insertion of an inverter between two scan cells necessitates the appli-
cation of a stimulus which differs from the actual test vector in only
the bits that are to pass through the inverter; the remaining stimulus
bits equal the test vector bits in the corresponding positions. As the
inversion of a string of bits happens to preserve the transitions be-
tween these bits, the only transition impacted by the inverter insertion
is the one between the two bits only one of which is negated; inserting
an inverter between two cells impacts solely the transition between
the corresponding stimulus bits. Figure 1 illustrates the impact of in-
verter insertion on stimuli transitions; the original scan chain along
with the test vectors is shown on the left part of the figure while the
scan chain modified through inverter insertions along with the stim-
uli to be inserted is presented on the right hand side. The impact of
inverter insertion on the transition frequency in the corresponding lo-
cation is simply the negation of the transition frequency as illustrated
in Figure 1.

A quick look at XOR gate insertion on a scan path reveals the chal-
lenges associated with the modeling of the impact of XOR gate in-
sertion though. The example in Figure 2 illustrates the impact of the
insertion of XOR gates on the scan path; the actual test vectors which
happen to be the stimuli to be inserted to the unmodified scan chain are
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Figure 2: Scan chain modification

given in Figure 2.A, while Figures 2.B and 2.C illustrate the modified
scan chains along with the stimuli to be inserted. It can be seen that the
insertion of a single XOR gate (Figure 2.B) has an impact on various
bit positions; the XOR gate eliminates all the transitions between the
fourth1 and the fifth bit positions whereas it introduces new transitions
between the fifth and the sixth bit positions. The transitions between
the first two stimuli bits can be eliminated by the insertion of another
XOR gate between the first two scan cells (Figure 2.C); however, this
modification cancels the benefit of the previous modification as tran-
sitions are introduced between the fourth and the fifth bit positions.
To develop an algorithm that identifies the optimal scan chain mod-
ification, we need to understand and model the interference between
various XOR gate insertions.

Successful modeling of the impact of XOR gates on the consequent
stimulus transformation enables the decomposition of the problem
into two parts: identification of the optimal stimulus transformation
and the implementation of an appropriate scan chain modification that
effects the transformation. As the test vector bits can be considered as
individually transformed into new stimulus bits, the stimulus transfor-
mation operation can be represented by a binary matrix multiplication
operation. The matrix whose rows denote the test vectors can be mul-
tiplied by the transformation matrix, forming the product matrix that
denotes the transformed stimuli. The transformation matrix entries
with a value of 1 in a column denote the actual test vector bits to be
XORed in forming the transformed stimulus bit corresponding to the
column. The transformation operation corresponding to the modified
scan chains in Figures 2.B and 2.C are shown in the upper and the
middle parts of Figure 3, respectively. Multiplication of the test vec-
tor matrix in Figure 2.A by the corresponding transformation matrix
yields the matrix that denotes the stimuli to be inserted to the modified
scan chains in Figure 2; the number of transitions is reduced from 14
down to 10 and 12, respectively. Actually, the optimal transformation
matrix for the test vectors in Figure 2.A is given in the bottom part
of Figure 3; the optimal transformation maps the actual test vectors to
the stimuli set with the fewest possible number of transitions which
is 4 in this example. The identification of the optimal transformation
matrix poses another challenging issue due to the large size of this
matrix; the number of stimulus transformation matrix entries equals

1The test vector bits with higher indices are shifted into the scan chain
prior to the ones with lower indices. Similarly, lower numbered in-
dices are assigned to the scan cells that are closer to the scan-in pin.
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Figure 3: Stimuli transformation operation

the square of the number of scan cells. The typically large number of
scan cells in practice necessitates a computationally effective strategy,
consequently. Furthermore, the large size of the matrix imposes ad-
ditional algorithmic challenges on the the placement of XOR/inverter
gates on the scan chain to realize the optimal transformation.

The matrix equations given in Figure 3 can be reformulated so as
to illustrate the mapping from the stimuli to be inserted to the ac-
tual test vectors; the consequent reformulation in Figure 4 somewhat
hints at the relationship between the scan chain modifications and the
stimulus transformations. In Figure 4, the mapping to the actual test
vectors of the stimuli to be inserted to the modified scan chain is il-
lustrated; the mapping happens by multiplying the stimuli by another
transformation matrix which is actually the inverse of the transforma-
tion matrices given in Figure 3. The lefthand side of the equations in
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Figure 5: Utilization of inverters along with XORs

Figure 4 denotes the actual test vectors, while the righthand side, the
mapping (matrix multiplication) operations. The transformation ma-
trices in Figure 4 corresponding to the modified scan chains in Figures
2.B and 2.C are provided in the upper and the lower part of Figure 4,
respectively. It is interesting to note that the transformation matrix
corresponding to Figure 2.B embeds a discontinuity (0! 1) on the
first off-diagonal right before the fifth column; the scan chain modi-
fication in Figure 2.B consists of an XOR gate insertion right before
the fifth scan cell! The transformation matrix for the stimuli of Figure
2.C, on the other hand, includes three discontinuities. It is interesting
to note that the ones on the first off-diagonal right before the second
and the fifth columns account for the XOR gates inserted before the
second and the fifth scan cells, respectively; however, the discontinu-
ity on the second off-diagonal cannot be explained straightforwardly.
An in-depth analysis should be carried out to establish the relationship
between the scan chain modifications and the transformation matrix
off-diagonals, consequently.

The utilization of inverters in exploiting high transition frequencies
necessitates consideration of their impact as well in the computation
of the optimal stimulus transformation; an XOR transformation that
maps the actual test vectors to a set of stimuli with very high transition
frequencies can still be useful, consequently. The example in Figure
5 illustrates the utilization of inverters to exploit the skewed transition
frequencies created by the XOR gate insertion in Figure 2.C; insertion
of inverters between the third and the fourth cells, and the fourth and
the fifth cells eliminates all the transitions between the corresponding
test stimuli bits, attaining the optimal number of transitions, 4.

3. IMPACT OF XOR GATE INSERTION

In this section, we present the modeling of the impact of XOR gate
insertions on the consequent stimulus transformation implemented.
Throughout this matrix-based analysis, we frequently refer tomatrix
bands, which denote the off-diagonals in the transformation matri-
ces. We illustrate the strong connection between the matrix bands and
the actual scan chain modifications. We thus establish the relation-
ship between the XOR gate insertion and the transformation matrices,
enabling the implementation of any possible stimulus transformation
through the appropriate scan chain modification.

3.1 Test Stimulus Transformation

The impact of XOR gate insertion can be modeled as transformation
functions. TheStimulus Transformation(ST) function maps the test
vectors to the stimuli needed at the input of the scan chain; theStimu-
lus Inverse Transformation(SIT), on the other hand, maps the inserted
stimuli to the data delivered into the scan cells,i.e., the test vectors to
be applied. Each of these transformations defines a set of single-bit
mappings; the number of single-bit mappings equals the number of
scan cells. Figure 6 illustrates these transformations for the scan chain
modified through XOR gate insertion.

As the aforementioned transformation functions denote a set of single-
bit mappings, they can be represented in matrix form. In a transfor-
mation matrix, a column corresponding to a bit position defines the
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Figure 6: SIT and ST transformations

single-bit mapping for this bit; the leftmost column in the matrix cor-
responds to the bit associated with the leftmost scan cell. The entries
in the matrix are binary; 1-entries in a column denote the bits to be
XORed in forming the transformed bit. ST and SIT are square matri-
ces with the number of rows (columns) equal to the number of scan
cells. These matrices are upper triangular as no loops are formed in
inserting XOR gates to the scan chain. Figure 7 illustrates ST and SIT
in matrix forms for the example in Figure 6.

As the entries of these transformation matrices are binary, in matrix
multiplication and summation operations, the XOR operation rather
than an arithmetic summation applies in the case of the accumulation.
Matrix multiplication and summation operations for two square ma-
trices,A andB , which are bothNXN , can be defined as follows.

(A B )i;j =
M

k

A i;k Bk;j (1)

(A � B )i;j = A i;j � B i;j (2)

ST and SIT are inverse transformation functions; ST constitutes the
mapping from a test vector to the corresponding stimulus to be in-
serted, while SIT, the inverse mapping. Consequently, the product of
ST and SIT equals the identity matrix.

3.2 Relationship Between XOR Gate Insertion
and Transformations

The ability to map any transformation function to the appropriate
scan chain modification necessitates understanding the impact of XOR
gate insertion in the scan chain. In this subsection, we analyze the
relationship between XOR gate insertion and the resulting SIT imple-
mented by the modified scan chain.

We first start with the impact of a single XOR gate insertion. The
stimulus bits that are delivered into the scan cells without passing
through the XOR gates remain intact. The stimulus bits that pass
through the XOR gate however are transformed; as only a single XOR
gate is inserted, the transformation functions for these bits are identi-
cal. Figure 8 illustrates a scan chain modified through the insertion of
a three-input XOR gate between the third and the fourth scan cells. It
can be seen from the corresponding SIT that the leftmost three bits re-
main intact; the transformation function for each of the rightmost three
bits is the XOR of the bit with its two consecutive bits, resulting in a
string of 1’s between the fourth column and the rightmost column in
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Figure 7: Transformations in matrix form
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Figure 8: Impact of a single XOR gate insertion

the matrix on two off-diagonals. We therefore introducebands, which
are suitable for modeling the impact of XOR gate insertion;B

(d)
init de-

notes a string of 1’s between theinitth and the rightmost columns,
on thedth off-diagonal from the SIT matrix diagonal. The example
SIT matrix consists of two bands,B(1)

4 andB(2)
5 , in addition to the

diagonal. In general a single n-input XOR gate insertion between the
s� 1th andsth scan cells results in a transformation denoted by:

SIT = I�
M

i

B
(di)
s (3)

whereindi denotes the number of scan cells between the XOR gate
and theith input tap andI, the identity matrix.

To be able to map any upper triangular matrix to the appropriate
scan chain modification that implements it, we introduce band lists,
which denote the sum of a list of bands:

BL
(d)

(l1;l2;::;ln)
=
M

i

B
(d)
li

(4)

The band list shown above denotes strings of 1’s on thed
thoff-

diagonal, between the columnsl1 andl2, l3 andl4 and so on; equiv-
alently, if li exists in a band list, it creates a discontinuity (0 ! 1
or 1 ! 0) on the band between theli � 1th and lthi columns. Any
upper triangular matrix can hence be represented as the collection of
various band lists; the example SIT in Figure 8, for instance, can be
represented asI �BL

(1)

(3) �BL
(2)

(3;5).
In the case of multiple XOR gate insertion, the configuration in

which the XOR gates are inserted has distinct impact on the transfor-
mation. Specifically, two distinct cases need to be considered. In the
first case, the XOR gates inserted overlap as in the example given in
Figure 9; the input of the XOR gate between the third and the fourth
scan cells is taken from between the other XOR gate and the second
scan cell. The resulting SIT is given in the same figure; it can be seen
that the SIT can be obtained by taking the sum of the individual SITs
corresponding to each XOR gate. In the same figure, the band list
representation of the SIT is also provided.

1  0  0  0 
0  1  1  0
0  0  1  0 
0  0  0  1

1 2 3 4

SIT= I= BL
(1)

(3,4)

Figure 9: Overlapping modifications
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In the second XOR configuration, the XOR gates are non-overlapping
as shown in Figure 10; the input of the XOR gate between the third
and the fourth scan cells is taken from between the other XOR gate and
the third scan cell this time. The sum of the two bands corresponding
to the XOR gates fails to account for the SIT matrix provided in the
same figure. Due to the interference of the two non-overlapping XOR
gates, the SIT includes the product of the two bands in addition to the
individual bands; in the case of two bands multiplied corresponding
to non-overlapping XOR gates, the product of the two bands can be
formulated, fori1 < i2, as:

B
(d1)
i1

B
(d2)
i2

= B
(d1+d2)
i2

(5)

From the equation above, it can be seen that the product band might
fall out of the boundaries of the matrix ifd1 + d2 exceeds the matrix
dimension; in this case, the product band can also be thought of as a
band of all 0’s.

In general, all possible non-overlapping XOR gate groups contribute
to the stimulus inverse transformation, each with a band. Figure 11 il-
lustrates a scan chain modified through four XOR gate insertions; in
this figure, each XOR gate is denoted by the band it results in. In this
example,B(1)

3 andB(1)
4 overlap; there is no other overlapping among

the four XOR gates. The product terms, provided in the same figure,
consist of two or three bands multiplied. The band list representation
and the resulting SIT matrix is provided in the figure as well.

4. ALGORITHMIC FRAMEWORK

Having identified the impact of inverter and XOR gate insertion on
test data transformations, in this section we present the proposed test
power reduction algorithms we have developed based on the matrix-
based modeling. We provide the analysis that identifies the impact
of transformation matrix entries on test stimuli transitions. Based on
this analysis, we first present the algorithm that efficiently identifies
the optimal stimulus transformation in section 4.1. In section 4.2,
we provide the algorithm that identifies the minimal area scan chain
modification that implements the optimal transformation. Finally, the
proposed power-area cooptimization algorithm is presented in section
4.3. In this algorithm, scan chain modifications and power-efficient
test stimulus transformation identification are performed in an inter-
twined manner, enabling the identification of the best possible trans-
formations attainable under any given set of design constraints.

4.1 Optimal Test Stimulus Transformation Iden-
tification

In this subsection, we present the proposed algorithm for identify-
ing the optimal stimulus transformation,ST ; the algorithm searches
for theST matrix that maps the actual test vectors into a set of trans-
formed vectors (stimuli to be inserted to the scan chain) with maxi-
mized transition frequency skew.
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Figure 11: SIT computation

The matrix representation of the test vector set, denoted byTVS ,
helps formulate the transformation operation; each test vector is de-
noted as a row in this matrix. The stimuli to be inserted to the scan
chain, which can be represented as a matrix (SI) as well, can then
be computed by multiplyingTVS andST . Figure 12 illustrates the
transformation operation; the test set consisting of three vectors is
transformed by theST matrix in Figure 7. It can be seen that all the
transition frequencies are maximally skewed except for the leftmost
one.

It should be noted that the stimulus transitions in distinct locations
have distinct impact on the scan chain transitions. As the stimulus bits
that are earlier shifted in pass through a larger number of scan cells,
the transitions between these bits toggle a larger number of scan cells.
Specifically, transitions between theith and thei+ 1th stimulus bits
toggle i scan cells. The weighted impact of the stimulus transitions
should also be taken into account by a scan-in power reduction algo-
rithm. In Figure 12, for instance, the only transition frequency which
is not maximally skewed is the leftmost one; fortunately, the weight of
this transition location is less than that of the other transition locations.

Developing a computationally feasible algorithm that identifies the
optimal ST matrix necessitates an insight into the impact of matrix
entries on the transitions between the transformed vector bits. Figure
13 illustrates all possible transformations for the three leftmost test
vector bits; a decision tree is shown in this figure, wherein the nodes
correspond to the transformed vector bits. An edge of the decision
tree is denoted by thecondition function(the condition that the edge
is taken), and by thetransition function(the condition that a transition
occurs between the corresponding transformed bits), respectively. The
condition function depends on the ST matrix entries whereas the tran-
sition function depends on the actual test vector bits. For instance, the
leftmost test vector bit,t1, can only be transformed into itself, whereas
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two alternatives exist fort2 depending on the value ofs12; if s12 is
0, t2 remains intact, otherwise, it is transformed intot1 � t2. In the
first case, the transition function between the first two transformed bits
equalst1 � t2 whereas in the second case, it is simplyt2. It should
be noted that between the second and the third transformed bits, each
one of the transition functions on the upper four edges appear on one
of the lower four edges as well. Whethert2 remains intact or is trans-
formed intot1 � t2 has therefore no impact on selecting the optimal
transition function between the second and the third transformed bits;
regardless of whats12 is assigned to,s13 ands23 can be appropriately
selected so as to pick the edge with the maximally skewed transition
frequency. Each column of the optimal ST matrix can be computed in
an independent manner, reducing the computational complexity of the
problem significantly.

The test vector set,TVS , can be multiplied byST , with each entry
of ST bound to a symbolic variable. The entries of the product matrix,
SI, can be computed in terms of ST entries, enabling the denotation
of the transitions between the transformed vector bits in terms of ST
entries as well; the transitions between two consecutiveSI columns
can be computed by XORing the two columns bitwise, forming the
correspondingtransition column. The aforementioned independence
of ST column computations enables an algorithm that searches the
optimal assignment of an ST column so as to maximize the transition
frequency skew corresponding to the transition column. Figure 14
illustrates the computation ofSI and the transition columns for the
example test vector set given in the same figure.

The algorithm consequently consists of a number of steps that equals
the number of transition columns, or equivalently one less than the
number of scan cells. In every step, an ST column is computed through
solving two systems of equations which are formed based on the cor-
responding transition column; the first system of equations consists of
setting the transition column entries to all 0’s, resulting in the mini-
mization of the transition frequency to 0.0. Similarly, the second sys-
tem of equations aims at maximizing the transition frequency to 1.0;
the transition column entries are set to all 1’s. Among the two systems
of equations, the preferable one is selected for assigning the ST col-
umn entries. In any step, the number of equations always equals the
number of test vectors. However, the number of variables in the sys-
tem depends on the transition column being handled; in thei

th step
(in handling theith transition column), the variables in the system
consist of the SIT symbolic entries in thei + 1th column, resulting
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in i variables. It is of course possible that neither one of the two sys-
tems of equations has a solution; this typically occurs when the transi-
tion columns with lower indices are being handled, resulting in more
variables than the number of equations. In this case, ST entries are
assigned so as to satisfy the maximal number of equations; the equa-
tions that cannot be satisfied contribute to the power cost. Among the
two systems of equations, the one with the larger number of equations
satisfied is selected for assigning the ST column entries.

The transition columns with indices larger than the number of test
vectors typically have no contribution to test power as the correspond-
ing system of equations has possibly multiple solutions, resulting in
no unsatisfied equations. The example in Figure 15 illustrates the ex-
perimental data corresponding to the circuits1423, with 91 scan cells
and 63 test vectors; the y-axis denotes the number of equations that re-
main unsatisfied while the x-axis denotes the transition column index.
From the graph, one can note that the transition columns with a higher
index than the number of test vectors typically have no contribution
to test power as the corresponding system of equations is solvable.
The fact that the weight of the transition columns with lower indices
(which are typically unsolvable as seen from the graph) are signifi-
cantly smaller than those of the ones with higher indices increases the
benefit of utilizing the proposed methodology.

The solution of a system of equations is computed by the Gaus-
sian elimination technique [13]; theST entries are thus assigned to
appropriate values that maximize the transition frequency skew. It
is possible that the system of equations is unsolvable in which case
the Gaussian elimination technique terminates unsuccessfully; in such
cases, we utilize a heuristic to maximize the number of equations that
are satisfied. This heuristic, the details of which are omitted due to
space constraints, is based on linear dependency identification among
the equations in the system.
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0 = 0
s12 = 0
s12 = 0

or
0 = 1

s12 = 1
s12 = 1

Figure 16: System of equations

Figure 16 illustrates the systems of equations to be solved fors12

for the leftmost transition column in Figure 14; settings12 to 0 in
the system of equations on the left hand side of the figure results in
satisfying 2 out of 3 equations, failing to maximize the transition fre-
quency skew and resulting in a transition frequency of 0.33. In the
second transition column entries,s12 is substituted by 0 as it is al-
ready assigned to this value. Assigning boths13 ands12 to 1 results
in minimizing the transition frequency to 0.0 in the second transition
column. Similarly, the third and the fourth transition columns can be
handled;s14, s34, s15, s35 ands45 are assigned to 1 whereass24 and
s25 are set to 0, maximizing and minimizing the transition frequency
in the third and the fourth transition columns, respectively.

4.2 Minimal Area Implementation of the Opti-
mal Transformation

The SIT matrix based on which the scan chain is to be modified can
be straightforwardly computed by inverting the ST matrix computed
through the algorithm in the previous subsection. In this subsection,
we not only illustrate how a scan chain is modified based on the SIT
matrix but furthermore provide an algorithm for implementing it with
minimal area overhead.

In Section 3.2, we have shown that overlapping and non-overlapping
XOR configurations have distinct impact as the product term is addi-
tionally introduced in the latter case. We exploit this degree of free-
dom in implementing the SIT matrix by selecting the configuration
(overlapping or nonoverlapping) that leads to the minimal area over-
head.

The algorithm processes a single SIT band in each step; the bands
closer to the diagonal are handled earlier as the product of a number
of bands consists of bands with higher indices than the bands that are
multiplied as can be observed in Equation 5 in Section 3.2. Subse-
quent to each step, the SIT matrix implemented so far by the XOR
insertions is computed so as to account for the product bands as well.
The band that the algorithm is to implement in theith step therefore
consists of the difference of theith SIT band and theith band of the
matrix that has been implemented so far by the XOR gate insertions;
the difference operation is simply an XOR operation of the band lists.
In every step, the XOR gates that help implement the band being han-
dled in the step are inserted into the scan chain. Whenever a decision
is to be made regarding whether an XOR tap is to be configured as
overlapping or nonoverlapping, a decision variable is bound to this
XOR configuration; a 0 value for this variable denotes an overlapping
configuration whereas a value of 1 denotes a nonoverlapping config-
uration. The bands implemented by the XOR insertions therefore de-
pend on the decision variables; as the difference bands to be imple-
mented depend on the decision variables as well, conditional XOR
taps might occur, with the condition being a function of the decision
variables. Subsequent to handling all the bands, the decision variables
are assigned so as to minimize the number of XOR taps; the maxi-
mal number of conditional XOR taps are eliminated by appropriately
setting the decision variables, hence deciding judiciously whether the
corresponding configurations will be overlapping or nonoverlapping.

The example in Figure 17 illustrates this algorithm for the SIT ma-
trix in Figure 7. In the first step, the first band of the SIT matrix is
implemented by inserting a single XOR gate. In the second step, the
second SIT band is implemented by inserting two XOR taps; the de-
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Figure 17: Minimal area implementation

cision regarding whether the rightmost XOR tap is to be overlapping
with the other XOR taps is denoted byd1. The transformation imple-
mented by the modified scan chain at the end of step 2 consists of the
third and fourth bands as a function ofd1. As the third band of SIT
consists of all 0’s, the difference band to be implemented in the third
step is a function ofd1 as well; the XOR tap inserted in this step is a
conditional one, with the condition beingd1 itself. At the end of the
fourth step, it can be seen that two conditional XOR taps exist, with
both conditions being the same. The decision variable,d1, is assigned
to 0 so as to eliminate both XOR taps; the modification in the second
step is thus made overlapping, minimizing the area overhead. The
minimal area implementation is provided at the bottom of the figure.

4.3 Power-Area Cooptimization

The algorithms explained in the previous two subsections identify
the optimal transformation and implement it with minimal possible
area; however, near-optimal power solutions might exist which can
be implemented at significantly reduced area cost. In this section, we
present a power-area cooptimization algorithm that computes power-
wise sub-optimal transformations and performs scan chain modifica-
tions in an intertwined manner.
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Figure 18: Cooptimization algorithm initialization

As the optimal power transformation and the minimal area imple-
mentation operations are performed based on the entries of ST and
SIT matrices, respectively, an intertwined algorithm necessitates the
representation of the symbolic entries of one matrix in terms of the
symbolic entries of the other one. The cooptimization algorithm there-
fore initially computes straightforwardly the symbolic SIT entries in
terms of symbolic ST entries as the two matrices are the inverses of
each other. Figure 18 illustrates the ST and SIT matrices for an ex-
ample scan chain of five scan cells; the computation of the transition
columns based on an example test vector set,TVS , is illustrated as
well.

The parameters of this algorithm are thepower toleranceandarea
constraintper column; the power tolerance denotes the deviation from
the minimal power for the corresponding transition column while the
area constraint corresponds to the maximal number of XOR gates
that can be expended in a step. In every step, the algorithm com-
putes the power cost of any possible XOR gate insertions, subject to
the constraint that the number of XOR gates cannot exceed the area
constraint. The power costs are computed by taking into account the
weight of the transitions as well; the power cost associated with the
i
th transition column equals the number of equations that remains un-

satisfied multiplied byi. The area cost consists simply of the number
of XOR gates expended. If a transformation with an area cost less than
the constraint leads to a power cost within the power tolerance win-
dow, it is implemented; otherwise, the minimal power transformation
that can be implemented within the area constraint is selected.

In a manner similar to the optimal transformation identification al-
gorithm, the cooptimization algorithm proceeds by handling a single
transition column in each step. In addition, the corresponding col-
umn of the SIT matrix is computed as well, enabling the power-area
tradeoff exploration. The ST matrix entries are assigned so as to at-
tain a power cost within the tolerance window and also to have an SIT
column that necessitates fewer XOR gates than the maximal number
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Figure 19: Execution of the cooptimization algorithm

allowed. Throughout the course of the algorithm, XOR gates are in-
serted in an overlapping manner2 consistently; although this is a pes-
simistic approach area-wise, it significantly enhances computational
efficiency. Upon the termination of the algorithm, the algorithm in the
previous subsection is executed on the fully computed SIT matrix so
as to implement the sub-optimal power transformation with minimal
area overhead.

The example in Figure 19 illustrates the step-by-step execution of
the cooptimization algorithm for the example test set in Figure 18 with
power tolerance and area constraint set to 3 and 1, respectively. In the
first step,s12 is assigned to 0, resulting in a power cost of 2 transitions
and no area cost; in the first transition column, two equations remain
unsatisfied, resulting in a power cost of 2, while no discontinuity is
introduced on the first band of SIT, leading to no area cost. In the sec-
ond step, boths13 ands23 are assigned to 0; as all the equations can
be satisfied in the second transition column with no discontinuity on
the first and the second bands of SIT, both power and area costs equal
0. In the third step, attaining a power cost within the power tolerance
with no area cost is infeasible;s14 is assigned to 1 whereas boths34
ands24 are assigned to 0. The power cost equals 3 in this step, as only
one equation on the transition column cannot be satisfied, while the
area cost is 1, as a discontinuity is introduced on the third SIT band
which necessitates the insertion of an XOR gate. In the final step, sim-
ilar to the third step, attaining a power cost within the power tolerance
with no area cost is infeasible; appropriate assignments are made so
as to reduce the power cost to 0. However, as another discontinuity is
introduced on the third SIT band, the area cost in this step consists of
a single XOR gate.

Execution of the proposed cooptimization algorithm with the appro-
priate values for the power tolerance and area constraint parameters
helps identify the best possible test data transformation power-wise at
reasonable area cost. In the case of multiple transformations attaining
approximately equal power reductions but at distinct area costs, the
algorithm selects the most cost-effective transformation area-wise. A
single power-wise effective transformation that beats the others by a
significant margin, on the other hand, is selected by the algorithm as
long as it is affordable area-wise. The proposed cooptimization is able
to adjust itself in exploiting the tradeoff between power and area, con-
sequently.

Similar to the area constraints, layout constraints can also be in-
corporated to the cooptimization problem. A slight modification to
the proposed cooptimization algorithm therefore needs to impose ad-
ditional constraints on the length of the XOR taps, restricting certain
transformations. Near-optimal power reductions can be thus attained
with no layout constraint violations.

2Alternatively, always nonoverlapping XOR insertion can be em-
ployed.
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Circuit Scan cells Test vectors
s713 54 42
s953 45 100

s1423 91 63
s5378 214 145
s9234 247 217

s13207 700 248
s15850 611 155
s35932 1763 22
s38417 1664 883
s38584 1464 681

Table 1: Benchmark circuits

5. EXPERIMENTAL RESULTS

The proposed test power reduction scheme has been applied to sev-
eral fully-scanned circuits in ISCAS89 [14]. The test vectors that are
used to compute the test power reductions achieved by the proposed
methodology are generated by ATALANTA [15]. Table 1 presents
general information about the benchmarks used to evaluate our scheme;
the number of scan cells and test vectors are provided.

Table 2 demonstrates the optimal test power reductions attained by
the proposed methodology; the reductions in the total number of tran-
sitions in the scan chain during the shift of the test stimuli are pro-
vided.3 The second column of the table shows the ratio of the number
of scan cells to the number of test vectors while the third column, the
optimal scan-in power reduction attained by the proposed methodol-
ogy. It can be seen that the power reductions attained are strongly cor-
related with the scan cell to test vector ratio; in Section 4.1, we have
shown that the number of equations to be solved equals the number
of test vectors. As the scan cell to test vector ratio increases, we can
expect enhanced test power results, consequently. Two extreme cases
consist of the circuitss953 ands35932; in s953, the number of test
vectors exceed the number of scan cells, resulting in a comparatively
limited test power reduction, whereas ins35932, the number of scan
cells is significantly larger than the number of test vectors, resulting in
several orders of magnitude reduction in test power. The fact that the
test power reduction attained by the proposed methodology is corre-
lated with the scan cell to test vector ratio is a promising result, as for
typical circuits in industry, utilization of effective test set compaction
tools pushes these ratios in favor of the proposed technique. The ex-
perimental results confirm this observation as more than an order of
magnitude reduction in test power is attained for larger benchmark cir-
cuits. It is important to note that the proposed methodology is applied
to fully specified test vectors; the methodology we propose attains sig-
nificant power reductions with no exploitation of thedon’t carebits in
test data whatsoever.

Table 3 demonstrates the results of the proposed power-area coop-
timization algorithm; power reduction and area cost results are pre-
sented for various values of the power tolerance and area constraint
parameters. In our experiments, we adjust the power tolerance pa-
rameter as a function of the minimum possible test power, denoted
by Pmin, and the number of scan cells, denoted bySC. It can be
seen from the table that significant reductions in test power can still
be achieved yet at reasonable area cost. The proposed cooptimiza-
tion algorithm offers various solutions to the designer, enabling the
exploitation of the tradeoff.

3Test power reductions are computed by comparing the number of
scan chain transitions of the proposed scheme against those incurred
during a traditional scan test; [8] shows that the number of scan chain
transitions and the test power dissipation are strongly correlated.

Circuit SC/TV Optimal power reduction (%)
s713 1.29 80.7
s953 0.45 33.6

s1423 1.44 85.5
s5378 1.48 85.7
s9234 1.14 73.9

s13207 1.52 85.9
s15850 3.94 97.9
s35932 80.14 99.9
s38417 1.88 90.9
s38584 2.15 93.1

Table 2: Optimal scan-in power reductions attained by the pro-
posed methodology

Table 4 presents the scan-in power reduction comparisons against
the previously proposed ([11, 10]) scan chain modification schemes.
In [11], the scan chain is modified through inverter insertions only,
whereas in [10] XOR gates are utilized as well; however, in [10], the
scan chain modifications are subject to the constraint that whenever an
XOR gate is inserted, another one is to be inserted in the consecutive
location, simplifying the test data transition frequency analysis. The
experimental results confirm the benefit of eliminating this constraint
on the XOR gate insertions; exploration of any possible scan chain
modification boosts the test power reductions tremendously.

Table 5 provides the comparison of the proposed scheme against the
previously published ([7, 6]) scan chain re-routing techniques.4 The
proposed methodology attains significantly better results compared to
the other approaches for all the circuits except fors953. It is impor-
tant to note that the scan chain re-routing techniques in [7, 6], whose
applicability may sometimes be limited due to the stringent layout
constraints, constitute orthogonal approaches that can be applied in
conjunction with the methodology we propose with no diminution in
the benefits offered by either methodology.

6. CONCLUSION

To shorten the SOC test application process, parallelism among
core tests should be achieved. Testing of SOCs that is both rapid and
reliable necessitates however that test power reductions be attained,
as exceeding certain power thresholds may damage the chip under
test. In this paper, we address the test power issues in scan-based en-
vironments where this problem is more acute due to the scan chain
transitions during the shift of test data. The methodology we propose
aims at reducing scan chain transitions during shift cycles stemming
from the insertion of test stimuli, significantly decreasing the circuit
switching that these transitions reflect into otherwise.

The technique we present is based on scan chain modifications to
enable the insertion of a test stimulus with reduced transitions em-
bedded. While both the actual test vector delivery into the scan cells
and the observation of any fault effects are guaranteed, the reduced
rippling that occurs in the modified scan chain during shift cycles
helps mitigate the test power dissipation problem in scan-based envi-
ronments. The types of modifications utilized consist of inverter and
XOR gate insertion; no performance penalty is imposed as the modi-
fications are performed on the scan path, keeping intact the functional
operation of the circuit timing-wise.

Based on a sophisticated mathematical analysis that has helped us
model the relationship between the scan chain modification and the

4For comparison purposes, we have re-implemented the techniques
in [7, 6].
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Power tolerance, Area constraint
0.5Pmin/SC, 2 XORs Pmin/SC, 2 XORs 0.5Pmin/SC, 3 XORs Pmin/SC, 3 XORs

Circuit Power red.(%) Area cost(%) Power red.(%) Area cost(%) Power red.(%) Area cost(%) Power red.(%) Area cost(%)
s713 68.3 15.1 60.7 11.8 74.4 18.3 70.2 16.2
s953 1.2 11.0 -34.7 8.7 18.4 13.7 5.7 11.4

s1423 74.4 12.9 69.2 10.1 80.2 16.1 75.8 13.4
s5378 76.2 10.1 72.3 7.9 82.1 13.2 80.5 11.2
s9234 61.3 6.8 46.4 5.9 68.7 10.1 64.7 8.4

s13207 74.9 11.4 71.1 8.8 80.8 14.7 77.6 12.2
s15850 95.7 8.4 94.9 7.1 96.3 13.8 96.1 11.9
s35932 99.9 10.8 99.9 8.3 99.9 14.2 99.9 11.5
s38417 84.8 9.6 80.4 7.2 88.6 13.5 85.3 12.1
s38584 88.5 8.6 81.6 6.9 91.7 12.4 89.7 10.3

Table 3: Results of the proposed cooptimization algorithm

consequent test data transformations, we have implemented algorithms
not only for identifying the optimal test data transformation but futher-
more for the minimal area implementation of the optimal transforma-
tion. Moreover, we have developed a power-area cooptimization algo-
rithm that identifies the near-optimal test data transformation in terms
of power cost at significantly reduced area cost, ensuring the applica-
bility of the proposed scheme in practice.

To demonstrate the efficacy of the proposed approach, we have ap-
plied it on several ISCAS89 benchmark circuits. The experimental
results indicate the benefits of being able to explore arbitrary com-
binations of inverter and XOR gate insertion configuration in scan
chain modification. Even in the case of fully specified test vectors,
typically more than an order of magnitude reduction in test power is
attained, favoring the proposed methodology over the previously pro-
posed techniques.
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