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Abstract∗

Concurrent testing of the cores in a modular core-
based System-on-Chip reduces the test application
time but increases the test power consumption. Power
models and scheduling algorithms have been proposed
to schedule the tests as concurrently as possible
while respecting the power budget. The commonly
used global peak power model, with a single value
capturing the power dissipated by a core when tested,
is pessimistic but simple for a scheduling algorithm
to handle. In this paper, we propose a cycle-accurate
power model with a power value per clock cycle and
a corresponding scheduling algorithm. The model
takes into account the switching activity in the scan
chains caused by both the test stimuli and the test
responses during scan-in, launch-and-capture, and
scan-out. Further, we allow a unique power model per
wrapper chain configuration as the activity in a core
will be different depending on the number of wrapper
chains at a core. Extensive experiments on ITC’02
benchmarks and an industrial design show that the
testing time can be substantially reduced (on average
16.5% reduction) by using the proposed cycle-accurate
test power model.

1 Introduction
Long test application times for SoCs (Systems-on-

Chip) is acknowledged as a major problem in the in-
dustry. An efficient way to reduce the test applica-
tion time for core-based SoCs is to schedule the tests
concurrently so that several cores are tested at the
same time. However, concurrent testing leads to an
increased switching activity in the chip, hence higher
power consumption. Several factors during the man-
ufacturing process impose a power limit which must
not be exceeded [1], otherwise the device could be
damaged due to overheating during test. The factors

∗The research is partially supported by the Swedish Foun-
dation for Strategic Research (STRINGENT project).

limiting the test power are, among others, the avail-
ability and choices of materials, different package (or
wafer) cooling solutions, and also the cooling costs.
Thus, in test scheduling there is a power constraint
that must be carefully considered and not violated.
Typically, there exists a trade-off between the power
consumption and the testing time. Compared to con-
current testing, scheduling the module tests in a se-
quential fashion will result in longer testing time but
lower power consumption.

The most commonly used power model is the global
peak power model where a single power value, the
highest for the power curve, is used to represent the
power curve of each test [1]. Such a model guarantees
that the total power budget is not exceeded; however,
the model is rather pessimistic. The advantage with
the model is that the SoC test scheduling algorithm
only has to keep track of a single value per test.

In this paper we propose a cycle-accurate power
model where there is a power value per clock cycle.
The power model is based on information from both
the test stimuli and the test responses for each testable
unit. We consider, at each clock cycle, the scan chain
switching activity produced by both the test stimuli
and the test responses. Hence, we consider the switch-
ing activity during scan-in/scan-out, as well as during
launch-and-capture. Further, as the same test stimuli
and test responses for a given core may still consume
different power depending on the number of wrapper
chains, we have a power profile for each wrapper chain
configuration; hence there are several power profiles
for each core.

To demonstrate the usefulness of the proposed
cycle-accurate power model, and to compare it with
the single-value model, we also propose a test schedul-
ing algorithm that makes use of the proposed power
model. We have implemented the proposed test
scheduling algorithm. The experimental results on
several ITC’02 benchmarks [2], [3], and an industrial
design show that by making use of the proposed power

Paper 32.1
1-4244-0292-1/06/$20.00 c© 2006 IEEE

INTERNATIONAL TEST CONFERENCE 1



modeling technique the test application time can be
substantially reduced compared to using the single-
value power model.

The rest of the paper is organized as follows. Sec-
tion 2 gives an overview of related prior work and
Section 3 describes the proposed test power modeling
technique. In Section 4 the proposed test scheduling
heuristic is discussed, while the experimental results
are given in Section 5. Finally, the paper is concluded
in Section 6.

2 Related Work
Chou et al. [1] approximate the test power con-

sumption for each block (core) to a single fixed value,
the peak power consumption. Rosinger et al. [4] re-
fer to this as the “global peak power (approximation)
model”. Figure 1 shows the actual power consump-
tion and the modeled power consumption based on a
single value for a design example. The false power is
the mismatch between the actual power consumption
and the modeled power consumption. The single-value
power model is rather pessimistic, but it guarantees
that the maximum power consumption will not be vi-
olated, and is very simple to be handled by a test
scheduling algorithm.

An alternative is to use the average value for es-
timating the test power consumption. It is suitable
for many applications, however not for test schedul-
ing, since it may lead to that the power limit will be
exceeded in certain time intervals [1].

Rosinger et al. [4] propose a double-value test power
model (one value representing a constant low power
consumption, and the other value representing a con-
stant high power consumption for a test), and further
propose a step towards the integration of this power
model into an existing test scheduling technique intro-
duced by Chou et al. [1]. On top of this double-value
test power model they use test pattern reordering to
reshape the power profiles. Further, they also consider
test sequence expansion for lowering peak power val-
ues, that is, they insert a new test pattern between
two test patterns that generate high peak power val-
ues. This new test pattern will not increase the test
coverage, but it is merely used for the purpose of low-
ering the power consumption in different time inter-
vals. Since this results in a longer testing time, the
test sequence expansion technique is clearly a trade-off
between power consumption and testing time. These
techniques are, however, not extensively evaluated in
applications, such as test scheduling algorithms.

In some applications, low power consumption is
a design objective, rather than a constraint. Dab-
holkar et al. [5] and Ghosh et al. [6] studied scan cell
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Figure 1: Global peak power model

reordering (reordering of the flip-flops in a core’s scan
chains) targetting minimization of the test power con-
sumption. For power estimation, their techniques are
merely based on the test inputs to the circuit, that
is, they consider only the test stimuli for the different
cores. Moreover, they consider the switching activity
during test that is due to the transitions in the scan
chains. In other approaches to test power minimiza-
tion [7], [8], the power consumption is modeled based
on the Hamming distances between the test stimuli.

Huang et al. [9] and Pouget et al. [10] also stud-
ied power-constrained test scheduling. The proposed
algorithms assume that each core is assigned a fixed
value for its test power consumption, hence the global
peak power model is used. The global peak power
model has also been used in several other types of test
scheduling algorithms [1], [11], [12].

We should also mention that there are other ways
of dealing with chip overheating during test. Recently,
Rosinger et al. [13] discussed local heating, due to the
non-uniform distribution of power across a chip. They
proposed a thermal model, guiding the test scheduler
to produce test schedules which will not lead to over-
heating of the circuit under test. Another thermal-
aware test scheduler for core-based systems has re-
cently been proposed by Liu et al. [14].

3 Cycle-Accurate Power Modeling
The power consumption is the sum of a static part

and a dynamic part. For most current CMOS tech-
nologies, the static part is constant and dominated
by the dynamic part. Usually, the dynamic part is
proportional to the switching activity α (the number
of zero-to-one and one-to-zero transitions) in the cir-
cuit [15]; hence we will concentrate on how we can
determine α on the basis of the given test stimuli and
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Figure 2: A core with two scan chains
connected as (a) two wrapper chains, and (b)

one wrapper chain

the given expected test responses for a core.
Sankaralingam et al. [16] empirically showed that

the number of transitions in the logic of a core when
applying a test, αlogic, is approximately linear to the
transitions in the core’s flip-flops αff. Hence, α =
αff+αlogic = αff+kαff+l, where k and l are constants.
This conclusion has recently been strengthened by ex-
tensive power simulations [17]. We will, therefore, in
the rest of this paper focus on the transitions αff at
the cores’ wrapper input/output cells and scan chains.

In the rest of this section we will first introduce
a transition count model considering one single scan
chain. Then we will extend the model to handle
testing of a core, consisting of a set of wrapper in-
put/output cells (flip-flops) and, for sequential cores,
a set of scan chains.

Before that, however, we illustrate how the power
profiles vary depending on the wrapper chain config-
uration. We make use of an example core with two
scan chains (Figure 2). The scan chains may be con-
figured into two wrapper chains as in Figure 2(a) or
as a single wrapper chain as in Figure 2(b). We con-
sider that the core is tested with five test patterns. We
show in Figure 3 the power profile for each wrapper
chain configuration. Note that the two power profile
are different both in the time domain and in the power
domain.

3.1 Transitions in a Scan Chain

Testing a core, equipped with scan chains, means
shifting in a test stimulus to the core’s scan chains,
launching the test (one capture cycle), whereafter the
test response is shifted out while shifting in the next
test stimulus. Transitions occur due to the shifting in
of the test stimuli, launch-and-capture, and the shift-
ing out of the test responses.

Consider the scan chain in Figure 4 with initial val-
ues 0 in all flip-flops, that is, x = (0, 0, 0). We show
how the values in the flip-flops change while shifting
in the bit sequence y = (0, 0, 1), starting with y3 = 1.
The sequence y can be viewed as the current test stim-
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Figure 4: Example of scan chain transitions

ulus for the scan chain. Similarly x is the produced
test response from the previous captured test stimulus.

For example, at the second clock cycle (from one to
two) there are two transitions (at FF1 and FF2). In
general, shifting in m bits in a scan chain of length n
takes m clock cycles. The transitions during shifting
can be modeled according to the following definition.

Definition 1: Consider shifting in a bit sequence y =
(y1, . . . , ym), starting with ym, into a scan chain with
initial value x = (x1, . . . , xn), that is, flip-flop j has
value xj . For the transitions that occur during shifting
we associate an m × n transition matrix

T (x,y) =




t11 · · · t1n

...
...

tm1 · · · tmn


 ,

where tij = 1 if during clock cycle i there has been a
transition in flip-flop j, otherwise tij = 0. �

For the transition matrix in Definition 1 we asso-
ciate a transition function tr , representing the scan
chain transitions αff at each clock cycle, where

tr (i) =
n∑

j=1

tij (1)
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Cycle FF1 FF2 · · · FFj · · · FFn−1 FFn

0 x1 x2 · · · xj · · · xn−1 xn

1 yn x1 xj−1 xn−2 xn−1

2 yn−1 yn

...
... xn−2

...
... yn−1 x1

...
...

...
...

... yn

...
...

...
...

...
... x1

...

n − 1 y2

...
... yn x1

n y1 y2 · · · yj · · · yn−1 yn

Table 1: Values in a scan chain at shifting

(i) t11 = x1 ⊕ yn

(ii) t1j = xj−1 ⊕ xj (1 < j � n)
(iii) ti1 = yn−i+2 ⊕ yn−i+1 (1 < i � n)
(iv) tij = t(i−1)(j−1) (1 < i, j � n)
Figure 5: Equations for a transition matrix

is the number of transitions during clock cycle i (the
sum of row i in the transition matrix).

The elements in the transition matrix can be de-
termined by knowing the initial values and the bits to
be shifted in. We will first consider the case where
the number of bits to be shifted in is the same as the
number of flip-flops in the scan chain. Thus we will
consider a scan chain with n flip-flops, where xj is
the initial value in flip-flop j. The bit sequence to be
shifted in (the test stimulus) is (y1, . . . , yn), starting
from yn. As in Figure 4 we note the values in the flip-
flops after each clock cycle during shifting in Table 1.
Note that the first row (cycle 0) corresponds to the
values in the scan chain before shifting.

From Table 1 we see that a transition which occurs
in a flip-flop implies that the next flip-flop in the scan
chain will have a transition during the next clock cycle.
Thus, a transition matrix is determined by its first row
and first column. We have collected the equations de-
termining the transition matrix in Figure 5. The first
three equations determine the first row and first col-
umn, while the last equation means that the elements
in a diagonal are identical. Observe that the symbol ⊕
denotes the xor operator on {0, 1}.

Thus far we have considered the length of the shift-
in sequence to be equal to the number of flip-flops in
the scan chain. In the next subsection we will consider
testing a core, with a configuration consisting of a set
of wrapper chains, that is, scan chains and wrapper
input/output cells connected together. In this general
case, the length of the shift-in sequence is not always
equal to the lengths of each of the wrapper chains.

Therefore, we will now study the general case where
the length of the shift-in sequence, m, is not equal
to the number of flip-flops, n, in the scan chain. As
before, let x = (x1, . . . , xn) represent the value of the
scan chain before shifting, that is, xi is the value of
flip-flop i. Further, let y = (y1, . . . , ym) be the bits to
be shifted in. We have already studied the case m = n,
and thus it remains to study the cases (I) m > n and
(II) m < n. We will in the following show that the
transition matrix for these cases can be calculated by
using the methods presented for the case m = n.

(I) In this case we first consider the first n bits
that will be shifted in, that is, the bits y1 =
(ym−n+1, ym−n+2, . . . , ym), and then the rest of
the bits y2 = (y1, . . . , ym−n). Now we can write
the whole m × n transition matrix as a composi-
tion of two matrices, that is,

T (x,y) =
(

T (x,y1)
T (y1,y2)

)
. (2)

(II) In this case we will first consider the transition
matrix for the first m flip-flops of the scan chain,
whereafter we consider the rest of the n − m
flip-flops. So let x1 = (x1, . . . , xm) and x2 =
(xm+1, . . . , xn). Then the whole transition ma-
trix is, again as a composition of two matrices,

T (x,y) =
(

T (x1,y) T (x2,x1)
)
. (3)

With the results obtained thus far we can see that
the transitions in the upper diagonals of a transition
matrix only depend on the initial value of the scan
chain, that is, the previous test response. Similarly
the lower diagonals only depend on the values that
are shifted in, that is, the test stimulus. Finally, the
main diagonal depends on the initial value of the first
flip-flop and the first bit that is shifted in. Thus, the
transition function can be divided into three parts,
tr = tr x + tr x,y + tr y, where for clock cycle i we have

tr x(i) =
∑

i<j�n

tij , (4)

tr x,y(i) = tii ∈ {0, 1}, and (5)

tr y(i) =
∑

1�j<i

tij . (6)

Figure 6 shows an example of how the different parts
of the transition function vary with time. For this
example we have tr x,y(i) = 0.
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3.2 Transitions in Wrapper Chains
We will now consider testing a core and thus assume

that the scanned elements (wrapper input/output cells
and scan chains) are connected as w wrapper chains.
The scan-in and scan-out times of the core are si =
max{si1, . . . , siw} and so = max{so1, . . . , sow} re-
spectively, where sik and sok are the scan-in and scan-
out of wrapper chain k respectively. Further, let lk be
the length of wrapper chain k. Depending on which
test pattern that is applied, the shift-in time is differ-
ent. This time is (in clock cycles)

L=




si first stimulus is shifted in,
so last response is shifted out,
max(si, so) otherwise.

(7)

Thus, for some wrapper chains we need to shift in some
idle bits before shifting in the actual test stimulus.
The testing time (in clock cycles) for a core with p
test patterns is calculated as [18]

τ = (max(si, so) + 1) · p + min(si, so). (8)

We will denote the initial value of wrapper chain k,
that is, the test response of the previous captured test
stimulus, by r(k) = (r(k)

1 , . . . , r
(k)
lk

). Similarly the test
stimulus bits are

s(k) = (s(k)
1 , . . . , s

(k)
sik

, X,X, . . . ,X︸ ︷︷ ︸
L−sik idle bits

),

where the idle bits (the X’s) are determined using MT-
fill (minimum transition fill) [6], in order to reduce the
switching. When shifting out the last test response we
assume that zeros are shifted in.

Now we can treat the wrapper chains as larger scan
chains and calculate the number of transitions with

the methods in Subsection 3.1. Thus, for each wrapper
chain wck we have a transition function tr k, each one
constituting a part in the total transition function

tr (i) =
nwc∑
k=1

tr k(i), (9)

where nwc denotes the number of wrapper chains.
Thus, we calculate the transition function for each

wrapper chain configuration, and we have differ-
ent power profiles for different wrapper configura-
tions (connections of the wrapper input/output cells
and scan chains). Further, the number of transitions
during a launch-and-capture cycle is given as the num-
ber of bits that differ in the test stimulus and its cor-
responding expected test response (the Hamming dis-
tance between the test stimulus and the expected test
response).

4 Test Scheduling
In order to show how the proposed power model can

be used in test scheduling, we will in this section de-
scribe a test scheduling heuristic for given fixed-width
test bus architectures. The problem that we will study
in this section is stated as follows.

Problem formulation: Given an SoC with N cores
C1, . . . , CN , a maximum power limit Pmax, and a test
bus architecture with M TAMs where wj is the width
of TAMj . For each core, design a wrapper (partition
the scan chains and wrapper cells into a given number
of wrapper chains), assign the core to a TAM, and
determine the order of test execution such that the
total testing time of the SoC is minimized, while the
test power consumption does not exceed Pmax.1 �

The power curve for a core depends on the switches
caused by the test stimuli and the test responses. The
transitions also depend on the number of wrapper
chains as the wrapper chain configuration determines
the organization of test bits. We have, for the sub-
problem of finding the wrapper chain configurations
for a core, made use of the Design Wrapper algorithm
by Iyengar et al. [19].

Figure 7 shows the pseudo-code for the proposed
test scheduling algorithm. In Table 2 we have collected
explanations of some of the notations that are used in
the algorithm description.

The main idea of the heuristic is to select a core
and a TAM such that we will get best fit to the current
schedule. This is illustrated in Figure 8 where TAM 1
is used and there are two alternatives, A and B for

1With this problem definition we are not only dealing with
classical scheduling, but also test architecture design.
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Notation Description

C
(wj)

i Core i with wrapper designed by De-
sign Wrapper [19] and wrapper width wj .

Pi,j The test power consumption function for

core C
(wj)

i . The domain of definition,
D(Pi,j), is the clock cycles for which the
core is tested.

τ
“
C

(wj)

i

”
Testing time for core C

(wj)

i according to
equation (8).

τ (TAMj) Scheduled time on TAMj . This is initially
zero.

Area(Pi,j) The area under the graph of the discrete
function Pi,j , that is,

P
k∈D(Pi,j) Pi,j(k).

Table 2: Notations for the scheduling
algorithm

1: repeat
2: Find TAMmax with current most scheduled time
3: Schedule core CI on TAMJ such that

τ (TAMmax) −
(
τ (TAMJ) + τ

(
C

(wJ )
I

))
is minimum, > 0, and without exceeding Pmax.

4: if there is no such pair (CI ,TAMJ) then
5: for all unscheduled cores Ci do
6: Choose TAMJi

such that

τ (TAMJi
) + τ

(
C

(wJi
)

I

)
− τ (TAMmax)

is minimum, and without exceeding Pmax.
7: end for
8: Choose an unscheduled core CI which maxi-

mizes Area (PI,JI
); schedule CI on TAMJI

.
9: end if

10: until all cores are scheduled
Figure 7: The test scheduling algorithm
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Figure 8: Illustration of the best fit principle
used in the test scheduling algorithm

TAM 2. For this example core B will be scheduled
since it gives best fit to the current schedule, that is,
∆tB < ∆tA.

The scheduling algorithm keeps track of the total
power consumption profile for the current test sched-
ule. The total power consumption is initially zero,
since no tests are scheduled at the beginning of the
algorithm. When a core is considered for scheduling,
say core C

(wj)
i , the corresponding power consumption

function Pi,j is accumulated to the total power con-
sumption profile, whereafter the power constraint is
checked (lines 3 and 6 in Figure 7). For the global
peak power model this is fast, since we only need
to keep track of one value per test, that is, Pi,j is
a constant function. For the proposed cycle-accurate
model, however, the power consumption function Pi,j

is non-constant and given by the cycle-accurate power
modeling technique described in Section 3. Therefore,
we need to check each clock cycle, and consequently
this will have a larger impact on the runtime of the
test scheduling heuristic.

5 Experimental Results
We have implemented the test scheduling technique

and performed experiments to demonstrate the gain in
total test application time for core-based SoCs when
using the proposed cycle-accurate model compared to
using the global peak power model.

We used the SoCs d695, p22810, and p93791 of the
ITC’02 benchmarks, as well as an industrial design (8
cores). For d695 and the industrial design we used
real test data and filled the X’s in the test stimuli
according to MT-fill (minimum transition fill) [6] and
the test responses in the most pessimistic way (maxi-
mum transition fill) as responses cannot be controlled
as test stimuli. The test patterns for d695 are gen-
erated by Miyase and Kajihara [20]. For p22810 and
p93791 no netlists are available; hence we filled the
given number of test patterns of the given length with
randomly generated test data. In order to compare
with Huang et al. [9] and Pouget et al. [10], we scaled
the transition count to correspond to the power values.

The experiments were conducted with different val-
ues of Pmax, the maximum allowed power consump-
tion, and wTAM, the total number of TAM wires. For
each value of wTAM we have run the test scheduling
algorithm (Figure 7) on all possible fixed-width test
bus architectures with a given maximum number of
TAMs.

The CPU times for scheduling of tests, where the
power profiles for each wrapper chain configuration
are given and the test architecture (TAM partition-
ing) is given, is low, only seconds. As we try all pos-
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d695 Pmax = 1500 Pmax = 1800

wTAM [9] GP New ∆t/tGP [9] GP New ∆t/tGP

16 45560 47009 44936 4.4 % 44341 45466 44502 2.1 %

24 31028 31458 30663 2.5 % 29919 30926 30663 0.9 %

32 27573 27544 23169 15.9 % 24454 25048 22544 10.0 %

40 20914 23937 19200 19.8 % 20467 21344 18799 11.9 %

48 20914 20842 17013 18.4 % 18077 19607 16686 14.9 %

56 16841 18909 15230 19.5 % 14974 18553 13185 28.9 %

64 16841 16875 12941 23.3 % 14899 16450 11526 29.9 %

d695 Pmax = 2000 Pmax = 2500

wTAM [9] GP New ∆t/tGP [9] GP New ∆t/tGP

16 43221 44870 44502 0.8 % 43221 44502 44502 0 %

24 29419 30926 30506 1.4 % 29023 30926 30336 1.9 %

32 24171 25048 22544 10.0 % 23721 23525 22544 4.2 %

40 19206 20925 18799 10.2 % 19206 18988 18799 1.0 %

48 17825 18553 16506 11.0 % 15847 16506 16506 0 %

56 14128 17013 13185 22.5 % 14128 14834 13185 11.1 %

64 14128 14397 11526 19.9 % 12933 13098 11526 12.0 %

Table 3: Power constrained test scheduling on d695 (the average improvement is 10.4 %)
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Figure 9: The resulting test schedule for d695
with the constraints w= 64 and P max= 1800

sible TAM partitions (for a given maximum number
of TAMs), the runtime for test scheduling and TAM
architecture design is higher (up to hours). The CPU
time to construct the power profile for a given wrap-
per chain configuration is reasonable, minutes, how-
ever, as all configurations are needed, it becomes time
consuming, up to hours.

In Figure 9, we have depicted the resulting test
schedule for the case w = 64 and Pmax = 1800. We
have collected the obtained testing times in Tables 3–
6, where GP indicates the global peak power model
and New indicates the proposed cycle-accurate test
power model. We have also included the relative im-
provements of the cycle-accurate power model com-
pared to the global peak power model. The percent-

ages are calculated as ∆t/tGP = (tNew − tGP ) /tGP ,
where tGP and tNew are the testing times obtained
from our test scheduling algorithm when we use the
global peak power model and the proposed cycle-
accurate model respectively.

In general, we can see that it is possible to decrease
the test application time by using the cycle-accurate
power model, compared to the global peak power
model. Note also that when we have very loose power
constraints, that is, when Pmax is large, the difference
in the obtained testing times for the cycle-accurate
power model and the global peak power model is small.
This is because the test scheduler can produce near-
optimal test schedules even with a single-value power
model. Whenever the power constraint is tight, we
conclude that the cycle-accurate power model helps
the test scheduler to produce test schedules with lower
testing times.

Occasionally, we get negative results in the test ap-
plication times for the two power models. This is
because of the particularities of the test scheduling
heuristic. Note that the scheduling algorithm does not
exclude the possibility of producing better test appli-
cation times for the global peak power model than the
cycle-accurate model, because the algorithm can get
stuck in local optima. However, in general we get re-
duced testing times by using the cycle-accurate power
model, especially for low values on Pmax. More con-
crete, the average reduction in testing time for the
cycle-accurate power model is, for all presented ex-
periments, 16.5 % relative to the global peak power
model.
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p22810 Pmax = 3000 Pmax = 4000

wTAM [10] GP New ∆t/tGP [10] GP New ∆t/tGP

8 948481 1012296 901607 10.9 % 891457 971411 901607 7.7 %

16 482963 664511 536978 19.2 % 480223 486288 490705 -0.9 %

24 392525 607451 395389 34.9 % 389243 439415 373392 15.0 %

32 309255 543358 349530 35.7 % 324478 373375 340972 8.7 %

40 356215 427876 314067 26.6 % 285307 317522 294380 7.3 %

48 311632 363299 287642 20.8 % 285814 280548 262461 6.4 %

56 293528 362487 280548 22.6 % 268272 280548 261224 6.9 %

64 293021 350162 280548 19.9 % 268856 280548 261224 6.9 %

p22810 Pmax = 5000 Pmax = 6000

wTAM [10] GP New ∆t/tGP [10] GP New ∆t/tGP

8 891457 893226 893231 0 % 893050 893293 893231 0 %

16 475026 504509 458812 9.1 % 475951 481217 460463 4.3 %

24 382507 365562 331169 9.4 % 346461 343160 320316 6.7 %

32 321930 320386 275106 14.1 % 250487 287407 253338 11.9 %

40 264038 289649 240829 16.9 % 209559 240125 199748 16.8 %

48 266166 229998 225179 2.1 % 175928 216632 187576 13.4 %

56 257600 219244 215183 1.9 % 159636 207606 180063 13.3 %

64 246110 219244 197593 9.9 % 157568 185309 175418 5.3 %

p22810 Pmax = 8000 Pmax = 10000

wTAM [10] GP New ∆t/tGP [10] GP New ∆t/tGP

8 892713 893296 881724 13.0 % 892713 893296 881724 13.0 %

16 473418 450546 450051 0.1 % 473418 450546 450051 0.1 %

24 352834 329419 308374 6.4 % 352834 329419 308374 6.4 %

32 236186 260711 241841 7.2 % 236186 260711 241841 7.2 %

40 195733 241182 199748 17.2 % 195733 241182 199748 17.2 %

48 159994 216632 184728 17.1 % 159994 216632 179482 17.1 %

56 147535 207606 166585 19.8 % 138542 207606 166585 19.8 %

64 142056 185309 160485 13.4 % 128332 185309 160485 13.4 %

Table 4: Power constrained test scheduling on p22810 (the average improvement is 11.9 %)
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Figure 10: Relative difference between testing
times and the lower bounds [21] for d695 with

P max= 1800
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Figure 11: Relative difference between testing
times and the lower bounds [21] for p22810

with P max= 3000
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p93791 Pmax = 15000

wTAM [10] GP New ∆t/tGP

8 3574150 3638610 3608165 0.8 %

16 1827816 1875531 1835205 2.2 %

24 1220469 1238982 1238983 0 %

32 1014616 947134 934069 1.4 %

40 848050 780133 773848 0.8 %

48 631214 645532 639232 1.0 %

56 598481 627670 539815 14.0 %

64 486469 485297 497739 -2.6 %

p93791 Pmax = 20000

wTAM [10] GP New ∆t/tGP

8 3574150 3585140 3585267 0 %

16 1827816 1835416 1829232 0.3 %

24 1220469 1233680 1233716 0 %

32 957921 932323 934069 -0.2 %

40 821575 766353 769378 -0.4 %

48 658132 640602 640615 0 %

56 549481 550636 539815 2.0 %

64 472653 485297 492463 -1.5 %

p93791 Pmax = 25000

wTAM [10] GP New ∆t/tGP

8 3574150 3638610 3638708 0 %

16 1827816 1829176 1829232 0 %

24 1220469 1233680 1233716 0 %

32 965383 929974 934069 0 %

40 821475 748140 748154 0 %

48 639217 612046 625476 -2.7 %

56 549669 545322 539815 1.0 %

64 493599 485297 481893 0.7 %

Table 5: Power constrained test scheduling on
p93791 (the average improvement is 0.7 %)

industrial Pmax = 12000

wTAM GP New ∆t/tGP

24 153410308 62299271 59.4 %

32 76859936 47860926 37.7 %

40 76859936 47860926 37.7 %

48 76859936 47860926 37.7 %

Table 6: Power constrained test scheduling on
the industrial design (the average

improvement is 43.1 %)

We should mention that in the tables with the ob-
tained test application times, we have also presented
the results from some related work on power con-
strained test scheduling [9], [10]. In these studies,
however, the authors consider a flexible-width test
bus architecture, which allows for more test time re-
duction than the fixed-width test bus architecture.
Therefore, our approach is not fully comparable with

their. Nevertheless, we can still see indications that
using the cycle-accurate power model would improve
the results even in other existing test scheduling algo-
rithms [9], [10].

We have also tried to quantify the quality of our
results. We do this by comparing the obtained test
application times with the lower bounds [21] on the op-
timal testing times. The lower bounds are for the test
scheduling problem without power constraints (that is,
Pmax = ∞). Figure 10 illustrates the relative differ-
ence between the testing times and the lower bounds
for d695 with Pmax = 1800. In Figure 11 we illus-
trate the same principle for p22810 with the power
constraint Pmax = 3000. We can see that using the
cycle-accurate power model gives testing times closer
to the lower bounds than using the global peak power
model.

6 Conclusions
The increasing test application times for testing

modular core-based SoCs can be minimized by con-
current execution of the tests. However, concurrent
test application leads to higher power consumption,
which must be taken into account in order to not vio-
late the power constraint. The power consumption has
previously been modeled as a single value per test. In
this paper we proposed a power model with a power
value per clock cycle that is based on an analysis of
the test stimuli and the test response. The power
model takes the scan chain switching activity gener-
ated by the test stimuli and the test responses into ac-
count. Further, the model provides a separate power
profile per wrapper chain configuration. We have im-
plemented the power model and included it in an SoC
test scheduling algorithm. We have made extensive
experiments on several ITC’02 benchmarks and an in-
dustrial design, where we compare the testing time
when using a single-value (global peak) power model
and the proposed cycle-accurate power model. The
results demonstrate that significant testing time can
be saved by making use of our more elaborate power
model.
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