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ABSTRACT test power reductions yet at the expense of prolonged test application

Rapid and reliable test of SOCs necessitates upfront consideratii€ [8; 91, performance degradation [1, 2], or layout constraint viola-
of the test power issues. Special attention should be paid to scal"S [7]- _ _ _
based cores as the test power problem is more severe due to excessifB traditional approaches, the stimulus inserted to the scan chain
switching activity stemming from scan chain transitions during shiftS On€ and the same as the test vector. Modification of the scan chain
operations. We propose a scan chain modification methodology tHfough logic gate insertion between the scan cells though shatters this
transforms the stimuli to be inserted to the scan chain through logRauivalence. The modifications necessitate the insertion of a trans-
gate insertion between scan cells, reducing scan chain transitions. {@&med stimulus which possibly differs from the actual test vector. As
provide a mathematical analysis that helps model the impact of scHie scan chain transitions are strictly determined by the transitions em-
chain modifications on test stimuli transformations. Based on thiedded in the input stimulus (and not by the actual test vector to be
analysis, we develop algorithms for transforming a set of test vectog®plied to the circuit under test), scan chain modifications can be uti-
into power-optimal test stimuli through cost-effective scan chain modized to reduce the number of scan chain transitions. We have in the
ifications. Even in the highly challenging case of fully specified testecent literature proposed scan chain modification techniques [10, 11,
vectors, more than an order of magnitude reduction in scan-in powé2] which impose neither performance nor fault coverage degradation.
is attained by the proposed methodology, exceeding previous powérthese techniques we have focused on scan chain modifications with

reduction levels significantly. block-contained impact on the test data transitions, resulting in tech-
nigues consisting of the decomposition of test data into blocks, with
1. INTRODUCTION each block being handled individually. To ensure the block-contained

impact of scan chain modifications, certain constraints have been im-

Testing of SOC cores in parallel helps reduce test application timfgosed on the XOR gate insertions. Under these constraints, locally
which in turn improves time-to-market of the chip. Achieving suchoptimal scan chain modifications are performed; however, the overall
a parallelism though is a challenging task as exceeding certain powiést power reductions are far from the global optimum. Even though
thresholds places the chip under test at risk of damage. Especiallytite techniques outlined ([10, 11, 12]) deliver significant power reduc-
scan-based cores, the test power problem is of significant concern,tigf)s in comparison to previous literature, the restriction to a subset of
during the shift cycles excessive switching activity occurs inside th§OR gate insertion configurations significantly hampers the optimal-
scan cells. The rippling effect in a scan chain reflects into the circuify in power reductions, failing to reap appreciable additional power
resulting in a large number of unnecessary transitions at the circtigductions possible.
lines. Test power can be reduced by preventing the unnecessary ripn the methodology we present in this paper, we explore the com-
pling in the scan chain during the shift of the test data, consequenthplete transformation space implementable by any possible XOR gate

Numerous methodologies that aim at test power reduction in a sca#d inverter insertion, with no constraints imposed on the possible
based environment have been proposed recently. The utilization €8t of scan chain modifications whatsoever. Exploitation of any pos-
externally controlled gates [1, 2] has been shown to reduce test povsle transformation leads to the identification of the globally opti-
drastically, albeit at the expense of performance degradation. Appréial test power solution. Appropriately modeling the impact of scan
priate primary input assignment during the shift cycles [3, 4] helpghain modifications on stimulus transformation enables the implemen-
reduce transition propagation from the scan chain to the circuit ufation of the logic gate insertions that realize the globally optimal
der test; however, the effectiveness of such techniques is limited, #gnsformation. The resultant modifications of the scan chain yield
typically circuits are controlled mostly by scan chains rather than prtypically more than an order of magnitude reduction in scan-in test
mary inputs. Scan chain partitioning techniques [5, 6] have been preower. Attaining reductions of this magnitude fatly specified test
posed for test power reduction; the scan chain is decomposed itectorssharply differentiates the proposed approach from previously
several partitions so as to have only one of the partitions active at40posed techniques wherein power reductions attained are strictly
time, reducing the scan chain rippling. Test vector ordering and scalimited and correlated to the density @bn't cares
latch ordering techniques [7], modification of test cube compaction [8] In the proposed methodology, gate delays are introduced on the
and test generation [9] procedures constitute a set of alternative te§&an path only, imposing no performance degradation. Furthermore,

niques for reducing scan power dissipation. These techniques extrétg fault (defect) coverage is also preserved as the utilization of bijec-
tive logic gates (inverters and XORs) guarantees the delivery of any

“The work of the first author has been supported through a gradugigs vector to the scan chain and the observation of any fault effect.
fellowship by IBM.
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Figure 1: Impact of inverter insertion 1 0 0 1 1 1
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In this paper, we model the impact of unfettered logic gate inser- % 8 1 i i 8
tions on test stimuli transformations through a thorough mathematica
modeling and analysis. We model the impact of scan chain modi- Figure C:
fications as band transformations on matrix structures and develoj i A =y —1 /D =
an algebra for the matrix evaluation and consequent placement o 12 3] L4 TS 6
XOR/inverter gates on the scan chain. Through the exploitation of the % i i 8 } 2
modeled impact, we develop test power minimization algorithms that 1 1 0 1 0 0
identify the optimal test stimuli transformation and implement them 1 1 0 1 0 1
through minimal area overhead. Furthermore, we provide a power- Figure 2: Scan chain modification
area cooptimization algorithm which attains near-optimal test power
reductions under certain design constraints. given in Figure 2.A, while Figures 2.B and 2.C illustrate the modified

This paper is structured as follows. In Section 2 we present the mgcan chains along with the stimuli to be inserted. It can be seen that the
tivations underlying the proposed methodology which is followed Upnsertion of a single XOR gate (Figure 2.B) has an impact on various
in Section 3 by the presentation of the matrix-based analysis we utiligft positions; the XOR gate eliminates all the transitions between the
to model the impact of XOR gate insertion. In section 4, we outlingoyrth and the fifth bit positions whereas it introduces new transitions
the algorithmic framework; the proposed algorithms for the identifihetween the fifth and the sixth bit positions. The transitions between
cation of the optimal test stimulus transformation, the implementatioghe first two stimuli bits can be eliminated by the insertion of another
of this transformation through minimal area overhead, and the incogQR gate between the first two scan cells (Figure 2.C); however, this
poration of design constraints are outlined. Sections 5 and 6 preseRbdification cancels the benefit of the previous modification as tran-

the experimental results and the conclusions, respectively. sitions are introduced between the fourth and the fifth bit positions.
To develop an algorithm that identifies the optimal scan chain mod-
2. MOTIVATION ification, we need to understand and model the interference between

various XOR gate insertions.

The examination of the impact of logic gate insertion between scan Successful modeling of the impact of XOR gates on the consequent
cells on the consequent stimulus transformation raises two concretémulus transformation enables the decomposition of the problem
guestions. How can the transformation that maps the test vectorsito two parts: identification of the optimal stimulus transformation
the power optimal test stimuli be identified? Given the optimal tesind the implementation of an appropriate scan chain modification that
stimulus transformation, how should the scan chain be modified so affects the transformation. As the test vector bits can be considered as
to implement this transformation cost-effectively? individually transformed into new stimulus bits, the stimulus transfor-

The impact of inverter insertion on stimulus transformation is easnation operation can be represented by a binary matrix multiplication
ier to model as inverters have local impact on the stimulus transitionsperation. The matrix whose rows denote the test vectors can be mul-
Insertion of an inverter between two scan cells necessitates the appiplied by the transformation matrix, forming the product matrix that
cation of a stimulus which differs from the actual test vector in onlydenotes the transformed stimuli. The transformation matrix entries
the bits that are to pass through the inverter; the remaining stimulwsth a value of 1 in a column denote the actual test vector bits to be
bits equal the test vector bits in the corresponding positions. As th€ORed in forming the transformed stimulus bit corresponding to the
inversion of a string of bits happens to preserve the transitions beslumn. The transformation operation corresponding to the modified
tween these bits, the only transition impacted by the inverter inserti@tan chains in Figures 2.B and 2.C are shown in the upper and the
is the one between the two bits only one of which is negated; insertingiddle parts of Figure 3, respectively. Multiplication of the test vec-
an inverter between two cells impacts solely the transition betweeor matrix in Figure 2.A by the corresponding transformation matrix
the corresponding stimulus bits. Figure 1 illustrates the impact of iryields the matrix that denotes the stimuli to be inserted to the modified
verter insertion on stimuli transitions; the original scan chain alongcan chains in Figure 2; the number of transitions is reduced from 14
with the test vectors is shown on the left part of the figure while thelown to 10 and 12, respectively. Actually, the optimal transformation
scan chain modified through inverter insertions along with the stinmatrix for the test vectors in Figure 2.A is given in the bottom part
uli to be inserted is presented on the right hand side. The impact of Figure 3; the optimal transformation maps the actual test vectors to
inverter insertion on the transition frequency in the corresponding lahe stimuli set with the fewest possible number of transitions which
cation is simply the negation of the transition frequency as illustrateig 4 in this example. The identification of the optimal transformation
in Figure 1. matrix poses another challenging issue due to the large size of this

A quick look at XOR gate insertion on a scan path reveals the chahatrix; the number of stimulus transformation matrix entries equals
lenges associated with the modeling of the impact of XOR gate in-
sertion though. The example in Figure 2 illustrates the impact of therpe test vector bits with higher indices are shifted into the scan chain
insertion of XOR gates on the scan path; the actual test vectors whigfior to the ones with lower indices. Similarly, lower numbered in-
happen to be the stimuli to be inserted to the unmodified scan chain aliees are assigned to the scan cells that are closer to the scan-in pin.
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Transformation matrix in Fig. 2.B
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Figure 5: Utilization of inverters along with XORs

o

14 transitions 10 transitions

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£QL) 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
the square of the number of scan cells. The typically large number gfjjjystrates the utilization of inverters to exploit the skewed transition
scan cells in practice necessitates a computationally eff_ec_tive Strateﬁ)équencies created by the XOR gate insertion in Figure 2.C; insertion
consequently. Furthermore, the large size of the matrix imposes &g-inverters between the third and the fourth cells, and the fourth and
ditional algorithmic challenges on the the placement of XOR/invertahe fifth cells eliminates all the transitions between the corresponding

gates on the scan chain to realize the optimal transformation. test stimuli bits, attaining the optimal number of transitions, 4.
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 somewhdt

hints at the relationship between the scan chain modifications and theI thi i tth deli fthe i t of XOR qat
stimulus transformations. In Figure 4, the mapping to the actual test n this section, we present the mocdeling of the Impact o gate
nsertions on the consequent stimulus transformation implemented.

vectors of the stimuli to be inserted to the modified scan chain is i_hroughout this matrix-based analysis, we frequently refenatrix
lustrated; th ing h Itiplying the stimuli th i '
ustrated; the mapping happens by multiplying the stimuli by ano %ands which denote the off-diagonals in the transformation matri-

transformation matrix which is actually the inverse of the transforma- We illustrate the st tion bet th trix band q
tion matrices given in Figure 3. The lefthand side of the equations jfy°s. Vve flustrate the strong connection between he matrix bands an
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
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Figure 3: Stimuli transformation operation

IMPACT OF XOR GATE INSERTION

Testvectors  Stimuli through the appropriate scan chain modification.
in Figure 2.A inFigure2.B N
100000 discontinuity . .
100100 1100111 /01000 3.1 Test Stimulus Transformation
100101=/]200110 001070
% 8 % i 8 é % 8 i i % (1) 8 8 8 (1)% (1) The impact of XOR gate insertion can be modeled as transformation
000001 functions. TheStimulus TransformatiofST) function maps the test
L J vectors to the stimuli needed at the input of the scan chairttineu-
lus Inverse Transformatiof8IT), on the other hand, maps the inserted
Test vectors Stimuli stimuli to the data delivered into the scan cdlls,, the test vectors to
in Figure 2.A inFigure2.C . N be applied. Each of these transformations defines a set of single-bit
10010d 111010 (1) ‘i 2 8 8 8 mappings; the number of single-bit mappings equals the number of
100101=1111011 /001 1:0.1 0 scan (_:ells. Figure 6 iIIustrate_s the;e transformations for the scan chain
101101 (110100 |000 1% 1 modified through XOR gate insertion.
101100 110101 /000010 As the aforementioned transformation functions denote a set of single-
000001 bit mappings, they can be represented in matrix form. In a transfor-

Figure 4: Mapping of inserted stimuli to test vectors
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mation matrix, a column corresponding to a bit position defines the
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Figure 6: SIT and ST transformations 000 0\‘1\ 1
000001~
. band2
single-bit mapping for this bit; the leftmost column in the matrix cor- . pand 1
responds to the bit associated with the leftmost scan cell. The entries diagonal
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- Figure 8: Impact of a single XOR gate insertion

ces with the number of rows (columns) equal to the number of scan
cells. These matrices are upper triangular as no loops are formed, matrix on two off-diagonals. We therefore introdiszads, which
inserting XOR gates to the scan chain. Figure 7 illustrates ST and S . . .' . )

in matrix forms for the example in Figure 6. are swtablg for mogellng the |mpaptt}?f XOR gate |nsert|Bﬁf” de-

As the entries of these transformation matrices are binary, in matrjPtes aitrlng 9f L's between thgit anc_i th_e rightmost columns,
multiplication and summation operations, the XOR operation rathé)” thed . off-dle_lgonal from the Sll)matrlx ((j;;ﬂg.onal. The example
than an arithmetic summation applies in the case of the accumulatiodl.] Matrix consists of two bandd?; * and B;™', in addition to the
Matrix multiplication and summation operations for two square madiagonal. In general a single n-input XOR gate insertion between the

trices,A andB, which are bothVX N, can be defined as follows. s — 1*" ands!" scan cells results in a transformation denoted by:
d;
AB):; = @DAixB, @ SIT = Ia DB ®)
k i
(AeB),;, = A,;o®B; (2) whereind; denotes the number of scan cells between the XOR gate

) ‘ on functions: _ r?md thei®® input tap andl, the identity matrix.
ST and SIT are inverse transformation functions; ST constitutes tl €To be able to map any upper triangular matrix to the appropriate

mapping from a test vector to the corresponding stimulus to be i
serted, while SIT, the inverse mapping. Consequently, the product
ST and SIT equals the identity matrix.

can chain modification that implements it, we introduce band lists,
ich denote the sum of a list of bands:

BLG) 1.y = DB )
3.2 Relationship Between XOR Gate Insertion ‘
and Transformations The band list shown above denotes strings of 1's ondfieff-

diagonal, between the columhsandl,, I3 andl4 and so on; equiv-

The ability to map any transformation function to the appropriatalently, if ; exists in a band list, it creates a discontinuify & 1
scan chain modification necessitates understanding the impact of X@R1 — 0) on the band between thg — 1** and{!* columns. Any
gate insertion in the scan chain. In this subsection, we analyze thpper triangular matrix can hence be represented as the collection of
relationship between XOR gate insertion and the resulting SIT implerarious band lists; the example SIT in Figure 8, for instance, can be
mented by the modified scan chain. represented aB® BL(? @ BL(?5 .

We first start with the impact of a single XOR gate insertion. The |n the case of multiple XOR’gate insertion, the configuration in
stimulus bits that are delivered into the scan cells without passinghich the XOR gates are inserted has distinct impact on the transfor-
through the XOR gates remain intact. The stimulus bits that passation. Specifically, two distinct cases need to be considered. In the
through the XOR gate however are transformed; as only a single XORst case, the XOR gates inserted overlap as in the example given in
gate is inserted, the transformation functions for these bits are idenfiigure 9; the input of the XOR gate between the third and the fourth
cal. Figure 8 illustrates a scan chain modified through the insertion gtan cells is taken from between the other XOR gate and the second
a three-input XOR gate between the third and the fourth scan cells.géan cell. The resulting SIT is given in the same figure; it can be seen
can be seen from the corresponding SIT that the leftmost three bits at the SIT can be obtained by taking the sum of the individual SITs
main intact; the transformation function for each of the rightmost thregorresponding to each XOR gate. In the same figure, the band list
bits is the XOR of the bit with its two consecutive bits, resulting in aepresentation of the SIT is also provided.
string of 1's between the fourth column and the rightmost column in

0
-
9

]
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I
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1]

10100 10111

01110 01100 1000 @

00110 00111 _lo110 _

00011 00011 ST= 5010 = DB,

00001 00001 0001 '
Figure 7: Transformations in matrix form Figure 9: Overlapping modifications
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In the second XOR configuration, the XOR gates are non-overlappir B B B (5B B B 111000
as shown in Figure 10; the input of the XOR gate between the third 2 3 61 2 42 6 . 010000
and the fourth scan cells is taken from between the other XOR gate an =1 P BL() fas) BL() fas) BL() =1001101
the third scan cell this time. The sum of the two bands corresponding (234 (34.6) (6) 000111
to the XOR gates fails to account for the SIT matrix provided in the 000011

000001

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 Figure 11: SIT computation
to non-overlapping XOR gates, the product of the two bands can be
formulated, fori; < i, as:
Bl g2) _ plditdsz) ©) The matrix representation of t_he test ve_ctor set, denotéﬂby,_

“ 2 2 helps formulate the transformation operation; each test vector is de-
From the equation above, it can be seen that the product band migiated as a row in this matrix. The stimuli to be inserted to the scan
fall out of the boundaries of the matrixdfi + d» exceeds the matrix chain, which can be represented as a matfix)(as well, can then
dimension; in this case, the product band can also be thought of abeacomputed by multiplyind’V  and ST. Figure 12 illustrates the
band of all 0’s. transformation operation; the test set consisting of three vectors is

In general, all possible non-overlapping XOR gate groups contributeansformed by th&T" matrix in Figure 7. It can be seen that all the

to the stimulus inverse transformation, each with a band. Figure 11 iransition frequencies are maximally skewed except for the leftmost
lustrates a scan chain modified through four XOR gate insertions; one.
this figure, each XOR gate is denoted by the band it results in. In this It should be noted that the stimulus transitions in distinct locations
exampIeBgE1> andBﬁD overlap; there is no other overlapping amonghave distinct impact on the scan chain transitions. As the stimulus bits
the four XOR gates. The product terms, provided in the same figurihat are earlier shifted in pass through a larger number of scan cells,
consist of two or three bands multiplied. The band list representatidhe transitions between these bits toggle a larger number of scan cells.

and the resulting SIT matrix is provided in the figure as well. Specifically, transitions between ti& and thei + 1" stimulus bits
togglei scan cells. The weighted impact of the stimulus transitions
4. ALGORITHMIC FRAMEWORK should also be taken into account by a scan-in power reduction algo-

rithm. In Figure 12, for instance, the only transition frequency which

Having identified the impact of inverter and XOR gate insertion ortS Not maximally skewed is the leftmost one; fortunately, the weight of
test data transformations, in this section we present the proposed his transition location is less than that of the other transition locations.
power reduction algorithms we have developed based on the matrix-D€veloping a computationally feasible algorithm that identifies the
based modeling. We provide the analysis that identifies the impa@Ptimal ST matrix necessitates an insight into the impact of matrix
of transformation matrix entries on test stimuli transitions. Based ofntries on the transitions between the transformed vector bits. Figure
this analysis, we first present the algorithm that efficiently identified3 illustrates all possible transformations for the three leftmost test
the optimal stimulus transformation in section 4.1. In section 4./ector bits; a decision tree is shown in this figure, wherein the nodes
we provide the algorithm that identifies the minimal area scan chaffPrrespond to the transformed vector bits. An edge of the decision
modification that implements the optimal transformation. Finally, th&€ is denoted by theondition function(the condition that the edge
proposed power-area cooptimization algorithm is presented in sectibi@ken), and by theansition function(the condition that a transition
4.3. In this algorithm, scan chain modifications and power-efficienCcurs between the corresponding transformed bits), respectively. The
test stimulus transformation identification are performed in an intefOndition function depends on the ST matrix entries whereas the tran-

twined manner, enabling the identification of the best possible tran§ition function depends on the actual test vector bits. For instance, the
formations attainable under any given set of design constraints. leftmost test vector bit;;, can only be transformed into itself, whereas

4.1 Optimal Test Stimulus Transformation Iden-

et . Test Vect Stimuli Inserted
tification Ve ST e
10111
. . . . . 0 0 0 1 O 0O 0 o0 1 1
In this subsection, we present the proposed algorithm for identi 1 1 1 0 o0 8 é } 2 2 -1 1 1 0 o
ing the optimal stimulus transformatioS§T’; the algorithm searches 1 0 1 1 o0|]o0011 1 0 0 1 1
- . . D —— 00001 S —
for the ST matrix that maps the actual test vectors into a set of trai transition 033 0.33 0.67 0.67 0.33 0.00 1.00 0.00

formed vectors (stimuli to be inserted to the scan chain) with ma freduency

mized transition frequency skew. Figure 12: Transformed stimuli computation
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in ¢ variables. It is of course possible that neither one of the two sys-
- — L BB, tems of equations has a solution; this typically occurs when the transi-
gondition transtion tion columns with lower indices are being handled, resulting in more
) ) variables than the number of equations. In this case, ST entries are
Figure 13: Impact of ST entries 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
two alternatives exist fot: depending on the value afio; if s12 is Y q 9 q

0, t> remains intact, otherwise, it is transformed into® ¢». In the satisfied is s_e_lected for assigning Fhe ST column entries.
fi}st case, the transi’tion functioﬁ between the first two tran'sformed bits The transition columns with indices larger than the number of test
! . L vectors typically have no contribution to test power as the correspond-

Equalstl @htz whereas 'k? the second Caﬁe’ k']t IS smpjfy It shou_ld ing system of equations has possibly multiple solutions, resulting in

e noted that be_tyveen ¢ € second and the third transformed bits, €39 unsatisfied equations. The example in Figure 15 illustrates the ex-
one of the transition functions on the upper fo_ur e_dges appear on Oﬁ'grimental data corresponding to the cirauit23, with 91 scan cells
of the Io_vver four edges as well. Whe_tm_arremalns |nta<_:t oris tran_s- nd 63 test vectors; the y-axis denotes the number of equations that re-
forme_(_j Intot, @ t2 has therefore no impact on sel_ectlng the optlmg ain unsatisfied while the x-axis denotes the transition column index.
transition function between the second and the third transformed bi vom the graph, one can note that the transition columns with a higher
regardless of what; » is assigned tas;3 ands»3 can be appropriately !

: . - ... index than the number of test vectors typically have no contribution
selected so as to pick the edge with the maximally skewed transiti ypically

) . B test power as the corresponding system of equations is solvable.
frequency. Each column of the optimal ST matrix can be computed ‘Phe fact that the weight of the transition columns with lower indices

an independent manner, reducing the computational complexity of tr@hich are typically unsolvable as seen from the graph) are signifi-

problem significantly. s e d
The test vector sefV' , can be multiplied bysT', with each entry Eirr:tglts gﬂ:mg}:gqﬁgﬁggéx (r):eeti(\;\gg;ohégher indices increases the

of ST bound to a symbolic variable. The entries of the product matrix, The solution of a system of equations is computed by the Gaus-

of the raneitons between the transformed voetor bt i torms of SN Siminaton techique [13], T entres are thus assigned to
appropriate values that maximize the transition frequency skew. It

entries as well; the transitions between two consecuiveolumns is possible that the system of equations is unsolvable in which case

can be Comp“‘e" by XORing the two column; b|tW|_se, forming th‘?he Gaussian elimination technique terminates unsuccessfully; in such
correspondingransition column The aforementioned independence ases, we utilize a heuristic to maximize the number of equations that

of .ST colur_nn computations enables an algorlthm t_hat searche§ 0% satisfied. This heuristic, the details of which are omitted due to
optimal assignment of an ST. column so as t(_)'maX|m|ze the t_ransm%n ace constraints, is based on linear dependency identification among
frequency skew corresponding to the transition column. Figure :Iﬁ(?e equations in the system
illustrates the computation &I 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 35

number of scan cells. In every step, an ST column is computed through % 30

solving two systems of equations which are formed based on the cor- B o5

responding transition column; the first system of equations consists of g-

setting the transition column entries to all O’s, resulting in the mini- 20

mization of the transition frequency to 0.0. Similarly, the second sys- 8 15

tem of equations aims at maximizing the transition frequency to 1.0; A% 10

the transition column entries are setto all 1's. Among the two systems g

of equations, the preferable one is selected for assigning the ST col- - 5

umn entries. In any step, the number of equations always equals the 0

number of test vectors. However, the number of variables in the sys- 0 10 20 30 40 50 60 70 80 90
tem depends on the transition column being handled; in‘thetep Transition column

(in handling theit" transition column), the variables in the system

consist of the SIT symbolic entries in ther 1** column, resulting Figure 15: Solvability of equations for s1423
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512 =0 or si2=1 SIT= 1D BL(3)@ BL 25
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Figure 16: System of equations Step 1: Goal: BL(3)
pyian il 2
Figure 16 illustrates the systems of equations to be solved; for 1 L2} N L3} L 4] (5]~

for the leftmost transition column in Figure 14; settigg to 0 in

_ @
the system of equations on the left hand side of the figure results Transformation Implemented: 1 9 BL(s)

satisfying 2 out of 3 equations, failing to maximize the transition fre @

quency skew and resulting in a transition frequency of 0.33. Intt Step2 Goal: BL(3,5)

second transition column entries,» is substituted by 0 as it is al- [ =1 = — .
ready assigned to this value. Assigning bsth ands;» to 1 results g 1 2] L 3] Lapsl— 8;';?2:%
in minimizing the transition frequency to 0.0 in the second transitio _

column. Similarly, the third and the fourth transition columns can b _ ) ) d ©) @
handled;s 4, sas, 515, s35 andsss are assigned to 1 whereag and ~ Transformation Implemented: | DBL D BL , D d(BL B BL )
s25 are set to 0, maximizing and minimizing the transition frequenc

in the third and the fourth transition columns, respectively. _ ) ®
Step 3: Goal: dlBL(s)
4.2 Minimal Area Implementation of the Opti- 1 LD 3 7] 5
mal Transformation == = 5
d

1

(€] ()] ()]
Transformation Implemented: | €D BL (3)@ BL G 5)@ d;BL

®)

The SIT matrix based on which the scan chain is to be modified ci
be straightforwardly computed by inverting the ST matrix compute
through the algorithm in the previous subsection. In this subsectic
we not only illustrate how a scan chain is modified based on the S @

matrix but furthermore provide an algorithm for implementing it with Step 4 God: d, BL G g
minimal area overhead. 1
In Section 3.2, we have shown that overlapping and non-overlappi 1 2] 3] 4] 51—
XOR configurations have distinct impact as the product term is adc ‘
tionally introduced in the latter case. We exploit this degree of free d;

@

T . - ; ) . @
dom in implementing the SIT matrix by selecting the configuratiol Transformation Implemented: | & BL(S)EB BL(3 5

(overlapping or nonoverlapping) that leads to the minimal area ove
head.

The algorithm processes a single SIT band in each step; the bal
closer to the diagonal are handled earlier as the product of a numl
of bands consists of bands with higher indices than the bands that
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 Figure 17: Minimal area implementation
insertions is computed so as to account for the product bands as well.

The band that the algorithm i;étflo implement in ﬂﬁégep therefore  ciion regarding whether the rightmost XOR tap is to be overlapping
consists of the difference of the” SIT band and the ™ band of the it the other XOR taps is denoted Hy. The transformation imple-

matrix that has been implemented so far by the XOR gate insertiongenieq by the modified scan chain at the end of step 2 consists of the
the difference operation is simply an XOR operation of the band "St?hird and fourth bands as a function @f. As the third band of SIT

In every step, the XQR gates_that help implem_ent the band being ha_&insists of all 0's, the difference band to be implemented in the third
Fjled in the step are |n§erted into the scan chaln.. Whenever a deusggp is a function ofl; as well; the XOR tap inserted in this step is a
is to be made regarding whether an XOR tap is to be configured @8 jtional one, with the condition being itself. At the end of the
overlapping or nonoverlapping, a decision variable is bound to thig, 1 step, it can be seen that two conditional XOR taps exist, with

XOR configuration; a 0 value for this variable denotes an overlappingoth conditions being the same. The decision variahleis assigned

configuration whereas a value of 1 denotes a nonoverlapping configr g 54 a5 to eliminate both XOR taps; the modification in the second

uration. The bands implemented by the XOR insertions therefore dgfep is thus made overlapping, minimizing the area overhead. The

pend on the decision variables; as the difference bands to be implgiyina| area implementation is provided at the bottom of the figure.
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 variabes3  Power-Area Cooptimization

are assigned so as to minimize the number of XOR taps; the maxi-

mal number of conditional XOR taps are eliminated by appropriately The algorithms explained in the previous two subsections identify

setting the decision variables, hence deciding judiciously whether tlige optimal transformation and implement it with minimal possible

corresponding configurations will be overlapping or nonoverlappingarea; however, near-optimal power solutions might exist which can
The example in Figure 17 illustrates this algorithm for the SIT mabe implemented at significantly reduced area cost. In this section, we

trix in Figure 7. In the first step, the first band of the SIT matrix ispresent a power-area cooptimization algorithm that computes power-

implemented by inserting a single XOR gate. In the second step, thdse sub-optimal transformations and performs scan chain modifica-

second SIT band is implemented by inserting two XOR taps; the déions in an intertwined manner.
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1%%%%s Power cost = 2
S =
0 is5s =0 e e
ST: 1001 %%
Power cost = 0
s S =S _=0
00015 F5R=0 e s
00001
SIT: Su=1 Power cost = 3
$,/=%,=0 Areacost=1
(D% %D LD D) s =S =0
1% 99%% I0TUPLEAYS DR(BDUBDRDUW)) 15~ 25~ Powercost=0
01 % $4D S5 35D 35D 333D U S5~ 55=0 Areacost=1
00 1 Sy %5D%uks
s Total power cost =5 Total areacost =2
00 O 1 %5
0o 0 0 ! Figure 19: Execution of the cooptimization algorithm
T oss s 2'93 ST allowed. Throughout the course of the algorithm, XOR gates are in-
1 1Tg§1 1% 1% woH BU® serted in an overlapping manAeonsistently; although this is a pes-
00100 —— 9% % s % simistic approach area-wise, it significantly enhances computational
10101 1% 3 U0 D% efficiency. Upon the termination of the algorithm, the algorithm in the
10110 1% % 90% SO%0% 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

Transition Columns:

o 2O%O0% WDRO DU UOUD LD %

N

S S, S . .

0 1 34 uD 3 power tolerance and area constraint set to 3 and 1, respectively. In the
S, 0% LOUDY PUDSD % 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
T % 2OUOY  IPOEDRO% q

unsatisfied, resulting in a power cost of 2, while no discontinuity is
Figure 18: Cooptimization algorithm initialization introduced on the first band of SIT, leading to no area cost. In the sec-
ond step, both;3 ands»3 are assigned to 0O; as all the equations can

. . - . be satisfied in the second transition column with no discontinuity on
As the optimal power transformation and the minimal area imple;

mentation operations are performed based on the entries of ST thg first and the second bands of SIT, both power and area costs equal

SIT matrices, respectively, an intertwined algorithm necessitates thé In the third step, a}ttamlr_lg a. power C.OSt within the power tolerance
. . . o with no area cost is infeasible;4 is assigned to 1 whereas baty

representation of the symbolic entries of one matrix in terms of thgnd are assianed to 0. The power cost equals 3 in this step. as onl

symbolic entries of the other one. The cooptimization algorithm theré= 24 9 ) P d P y

fore initially computes straightforwardly the symbolic SIT entries inone equation on the transition column cannot be satisfied, while the

terms of symbolic ST entries as the two matrices are the inverses yea cost is 1.’ asa dlspont|QU|ty Is introduced on the tk_urd SIT ba_nd
which necessitates the insertion of an XOR gate. In the final step, sim-

each other. Figure 18 illustrates the ST and SIT matrices for an e)f'rto the third step, attaining a power cost within the power tolerance
ample scan chain of five scan cells; the computation of the transition P, gap P

. with no area cost is infeasible; appropriate assignments are made so
columns based on an example test vector$ef, , is illustrated as . R
well as to reduce the power cost to 0. However, as another discontinuity is

The parameters of this algorithm are fy@wer toleranceandarea introduced on the third SIT band, the area cost in this step consists of

constraintper column; the power tolerance denotes the deviation frofd single XOR gate.
’ P Execution of the proposed cooptimization algorithm with the appro-

the minimal power for the corresponding transition column while the . .

area constraint corresponds to the maximal number of XOR gatEgate values for the power tolerance and area constraint parameters
that can be expended in a step. In every step, the algorithm Cc)mtglps identify the best possible test data transformation power-wise at
putes the power cost of any poséible XORygate }nsertions Subjec,[r,[eoasonable area cost. In the case of multiple transformations attaining

the constraint that the number of XOR gates cannot exceed the a P roximately equal power reductions but at distinct area costs, the

constraint. The power costs are computed by taking into account tﬁ eqorlthm selects the most cost-effective transformation area-wise. A

weight of the transitions as well; the power cost associated with thséng!e power-wise effective transforma_non that beats the othe_rs by a
th o - . ~significant margin, on the other hand, is selected by the algorithm as
¢ transition column equals the number of equations that remains Uong as itis affordable area-wise. The proposed cooptimization is able
satisfied multiplied byi. The area cost consists simply of the number gasi| : o ) prop P
. . to adjust itself in exploiting the tradeoff between power and area, con-
of XOR gates expended. If a transformation with an area cost less thgg entl
the constraint leads to a power cost within the power tolerance win- quently. . . .
Similar to the area constraints, layout constraints can also be in-

dow, it is implemented; otherwise, the minimal power transformation N . A
: o o corporated to the cooptimization problem. A slight modification to
that can be implemented within the area constraint is selected.

In a manner similar to the optimal transformation identification al-the proposed cooptimization algorithm therefore needs to impose ad-

. S . . . ditional constraints on the length of the XOR taps, restricting certain
gorithm, the cooptimization algorithm proceeds by handling a sing| ransformations. Near-optimal power reductions can be thus attained
transition column in each step. In addition, the corresponding col-. ) -optimal p

L - with no layout constraint violations.
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 SPlp|ternatively, always nonoverlapping XOR insertion can be em-
column that necessitates fewer XOR gates than the maximal numhsoyed.
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Circuit | Scan cells| Test vectors| Circuit | SC/TV | Optimal power reduction (%
s713 54 42 s713 1.29 80.7
s953 45 100 s953 0.45 33.6
51423 91 63 51423 1.44 85.5
s5378 214 145 s5378 1.48 85.7
s9234 247 217 59234 1.14 73.9
s13207 700 248 s13207 152 85.9
s15850 611 155 s15850 3.94 97.9
35932 1763 22 s35932| 80.14 99.9
s38417 1664 883 s38417 1.88 90.9
s38584 1464 681 s$38584 2.15 93.1
Table 1: Benchmark circuits Table 2: Optimal scan-in power reductions attained by the pro-

posed methodology
5. EXPERIMENTAL RESULTS

Table 4 presents the scan-in power reduction comparisons against

The proposed test power reduction scheme has been applied to s#e previously proposed ([11, 10]) scan chain modification schemes.
eral fully-scanned circuits in ISCAS89 [14]. The test vectors that arfn [11], the scan chain is modified through inverter insertions only,
used to compute the test power reductions achieved by the proposeldereas in [10] XOR gates are utilized as well; however, in [10], the
methodology are generated by ATALANTA [15]. Table 1 presentscan chain modifications are subject to the constraint that whenever an
general information about the benchmarks used to evaluate our schex@R gate is inserted, another one is to be inserted in the consecutive
the number of scan cells and test vectors are provided. location, simplifying the test data transition frequency analysis. The

Table 2 demonstrates the optimal test power reductions attained dyperimental results confirm the benefit of eliminating this constraint
the proposed methodology; the reductions in the total number of traon the XOR gate insertions; exploration of any possible scan chain
sitions in the scan chain during the shift of the test stimuli are pramodification boosts the test power reductions tremendously.
vided? The second column of the table shows the ratio of the number Table 5 provides the comparison of the proposed scheme against the
of scan cells to the number of test vectors while the third column, thereviously published ([7, 6]) scan chain re-routing technifu@he
optimal scan-in power reduction attained by the proposed method@roposed methodology attains significantly better results compared to
ogy. It can be seen that the power reductions attained are strongly ctite other approaches for all the circuits excepts@i3. It is impor-
related with the scan cell to test vector ratio; in Section 4.1, we haveant to note that the scan chain re-routing techniques in [7, 6], whose
shown that the number of equations to be solved equals the numisgplicability may sometimes be limited due to the stringent layout
of test vectors. As the scan cell to test vector ratio increases, we caonstraints, constitute orthogonal approaches that can be applied in
expect enhanced test power results, consequently. Two extreme casasjunction with the methodology we propose with no diminution in
consist of the circuit$953 and s35932; in s953, the number of test the benefits offered by either methodology.
vectors exceed the number of scan cells, resulting in a comparatively
limited test power reduction, whereasd85932, the number of scan
cells is significantly larger than the number of test vectors, resulting ig' CONCLUSION
several orders of magnitude reduction in test power. The fact that the
test power reduction attained by the proposed methodology is corres
lated with the scan cell to test vector ratio is a promising result, as f%l

typical circuits in industry, utilization of effective test set compactlonaS exceeding certain power thresholds may damage the chip under

tools pushes these ratios in favor of the proposed technique. The %&st. In this paper, we address the test power issues in scan-based en-
perimental results confirm this observation as more than an order\ﬂ onments wheré this problem is more acute due to the scan chain

me_lgnitu_de_ reduction in test power is attained for larger benchmark “ansitions during the shift of test data. The methodology we propose
cuits. It is important io note that the proposed methodology is applie ms at reducing scan chain transitions during shift cycles stemming

tq fully specified test \_/ectors_; the methqdol_ogy we pr9pose "’?“a_'“s S'fom the insertion of test stimuli, significantly decreasing the circuit
nificant power reductions with no exploitation of then’t carebits in switching that these transitions reflect into otherwise

test data whatsoever. The technique we present is based on scan chain modifications to
. Tabl_e 3 dlemo_nhstr.ates the rejults of th%proposed powelr -area CoRRaple the insertion of a test stimulus with reduced transitions em-
gemr:f:é'?grigﬁgt sm\/’afoevlecr)frfheumcl:\)/\?e?rt]ole?;en?:g(:r: dreasrlézg,sc?)':stpr "Sedded. While both the actual test vector delivery into the scan cells
arameters InL:)ur e:: erimentspwe adiust the power tolerance aé'?ltd the observation of any fault effects are guaranteed, the reduced

Eameter as .a function gf the min’imum pJossibIe t?ast power denotpr pling that occurs in the modified scan chain during shift cycles
' H Ips mitigate the test power dissipation problem in scan-based envi-

bY Prin, and the number.of scan cells, qenotgdfhy. It can be ronments. The types of modifications utilized consist of inverter and
seen from the table that significant reductions in test power can st . :

To shorten the SOC test application process, parallelism among
re tests should be achieved. Testing of SOCs that is both rapid and
iable necessitates however that test power reductions be attained,

tion a_Igo_rlthm offers various solutions to the designer, enabling thgperation of the circuit timing-wise.
exploitation of the tradeoff.

Based on a sophisticated mathematical analysis that has helped us

3Test power reductions are computed by comparing the number gyodel the relationship between the scan chain modification and the

scan chain transitions of the proposed scheme against those incurred
during a traditional scan test; [8] shows that the number of scan chatifor comparison purposes, we have re-implemented the techniques
transitions and the test power dissipation are strongly correlated. in [7, 6].
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Power tolerance, Area constraint

0.5P,,,in/SC, 2 XORs PinlSC, 2 XORs 0.5P,,,in/SC, 3 XORs P,,in/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
sb378 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 74.9 114 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
35932 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
38584 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-[7]
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. 8]

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 comyo]
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 iﬁo
attained, favoring the proposed methodology over the previously pro-
posed techniques.
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Scan cell Scan chain

Circuit | reordering [7]| partitioning [6] | Proposed
s713 22.3 42.7 80.7
s953 15.4 44.8 33.6
s1423 17.9 49.1 85.5
s5378 19.7 42.5 85.7
s9234 13.6 38.9 73.9
13207 14.1 40.9 85.9
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35932 15.8 44.7 99.9
s38417 18.2 51.2 90.9
s38584 16.0 48.4 93.1

Table 5: Scan-in power reduction (%) comparisons against scan
chain re-routing schemes
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