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Abstract With shrinking device sizes, System-on-Chip
(SoC) cores are growing in number and complexity. This
has led to high volumes of test data and long test times.
Therefore, reducing test cost by minimizing the overall test
time is one of the main goals of SoC testing. To efficiently
manage test resources and power dissipation, tests for the
SoC cores are arranged into test schedules. Traditional SoC
test methods assume a constant test frequency and supply
voltage (Vpp) for the entire test schedule. However, test
power and test time can be regulated by varying Vpp and
test clock frequency to optimize SoC test schedules for a
given power budget. The research presented in this paper
focuses on power-aware optimization of SoC test sched-
ules to minimize test time by scaling the supply voltage and
test clock rate. This scaling can be on a per session basis
(in case of session-based test schedules) or dynamically (in
case of sessionless test schedules). Exact and heuristic algo-
rithms for solving the optimization problem are discussed.

Responsible Editor: K. K. Saluja

P4 Vishwani D. Agrawal
agrawvd @auburn.edu

Vijay Sheshadri
vijay.sheshadri @intel.com

Prathima Agrawal
agrawpr @auburn.edu

Department of Electrical and Computer Engineering, Auburn
University, Auburn, AL 36849, USA

2 Present address: Intel Corporation, Hillsboro, OR 97124, USA

These algorithms are implemented and applied to several
SoC benchmarks. Results show a significant reduction in
SoC test time over the conventional test schedules where
Vpp and clock are fixed at given nominal values.
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1 Introduction

Advances in semiconductor technology have made it possi-
ble to integrate an entire system onto a single chip. Owing
to their modularity, small area and low power consumption,
System-on-Chip (SoC) devices are becoming increasingly
popular. An SoC is often designed by embedding reusable
blocks called cores. These cores or blocks include multi-
ple types of design blocks and intellectual property blocks,
such as digital logic, processors, memories, and analog and
mixed signal circuits. The number of cores being embed-
ded in SoC devices is increasing with further advancements
in technology [14]. The resulting increased complexity in
SoC devices has led to high volumes of test data and longer
test times. Thus, test time reduction has become a major
objective in the field of SoC testing.

While testing multiple cores simultaneously can reduce
the test time significantly, such concurrent execution is lim-
ited by high power consumption due to increased switching
activity. The power consumption of a circuit during test
mode is often higher than that in the functional mode [9, 34,
37]. Elevated power levels and heat dissipation by neigh-
boring cores can lead to the formation of thermal hotspots
and undesirable power droops. Thermal hotspots may even-
tually cause irreversible damages to the chip whereas power
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droops induce clock stretching which may lead to a good
chip incorrectly failing a timing test [9]. Therefore, power-
aware test strategies are needed for efficient test power
management. Power management here refers to both peak
and average power. While peak power is caused by instan-
taneous switching and creates power droop, average power
is a result of high activity over a time period and leads
to thermal issues. Recently, reduced voltage testing has
been shown to significantly reduce test time under specified
power constraints [7, 42, 47]. By scaling the supply volt-
age during testing, the test power can be lowered drastically,
thereby allowing an increase in the test clock rate without
violating the power limit. The concept of varying Vpp and
clock frequency for SoCs has been proposed in the past.
Termed as dynamic voltage and frequency scaling (DVFS)
techniques, they have been adopted to optimize energy
efficiency, leakage power management, etc., in multi-core
SoCs [1, 45].

In the work presented in this paper, a power-aware test
scheme is proposed that optimizes the overall test time
of an SoC by exploiting the influence of Vpp and test
clock rate over test power and test time of individual cores.
In this work, both exact and heuristic approaches for test
optimization are provided; while the exact method, using
Mixed-Integer Linear Programming (MILP) method, pro-
vides the most optimal result, the heuristic method achieves
near-optimal results but addresses the problem of scala-
bility. The remainder of the manuscript is organized as
follows: Prior work in the area of SoC test scheduling
is outlined in Section 2. Section 3 discusses the scaling
of frequency and voltage for power management. Section
IV discusses the proposed MILP formulation. Section 5
discusses the proposed MILP formulation and simulated
annealing based heuristic algorithm for session-based test
scheduling, including experimental results and the exper-
imental setup. Optimization of sessionless test schedules,

Fig. 1 SoC Test scheduling
modeled as 3D optimization
problem

along with the optimal results, is presented in Section 5. A
post-result discussion is presented in Section 6 and finally,
Section 7 concludes the paper.

This paper documents doctoral research [40] supported
by National Science Foundation Grants CCF-1116213,
IIP-0738088 and ITP-1266036, and the Wireless Engineer-
ing Research and Education Center (WEREC) at Auburn
University. Parts of this work have appeared in recent
articles [41-44].

2 Related Work

The SoC testing problem can be modeled as a 3-dimensional
optimization problem, where the SoC’s power limit, test
time and resources (such as pin count, etc.) form the three
axes. The power limit is fixed for the SoC and the resources
have a limited availability. The objective of the 3-D opti-
mization would be to minimize the test time by effective
allocation of resources such that the power limit is not
exceeded. This optimization problem has been modeled as a
3-D bin packing problem [13] as shown in Fig. 1. Each core
in the SoC can be modeled as a cuboid, where the core’s test
power, test time and test resources, such as Built-In Self-
Test (BIST) resources, wrapper width, etc., constitute the
three dimensions. The idea here is to place the cores in the
cuboid representing the SoC in such a way that the test time
is minimized while satisfying the power and resource con-
straints. This bin packing problem differs from the general
bin packing problem in that if two cores are tested simul-
taneously, they overlap only on the time axis and not on
the other two axes. This is because when multiple tests are
scheduled to run at the same time instant, their powers add
up and also, the same hardware resources cannot be shared
among simultaneously running tests. For example: in Fig. 1,
cores 1 and 2 are tested at the same time (concurrently),
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stacked along the power axis, but are misaligned on the test
resource axis (resource conflict).

The complexity of SoC testing is mitigated to an
extent by adopting modular testing, where individual blocks
(cores) of the SoC can be tested almost independent of
one another. Concurrent testing of these cores involves a
trade-off between test time and test power. An optimal
arrangement of core tests can be found so as to yield a min-
imal test time while maintaining the test power under given
safe limit. Such an arrangement is termed a test schedule.

A test schedule consists of one or more fest sessions, each
containing a set of core tests to be run concurrently [4-6,
24, 55]. Existing test scheduling strategies may be broadly
classified as:

e Session-based test scheduling, where no new test is
allowed to start until all tests of a previous session are
completed [4, 5, 24, 41, 42, 55]. The illustration in
Fig. 2a shows five tests, t1 through t5, arranged in three
sessions conforming to a power budget Py, . No test is
partitioned or split to run in multiple sessions separated
by vertical lines.

e Sessionless test scheduling, where test session bound-
aries are ignored and a test may be scheduled to start
as soon as possible [12, 30, 38, 43, 44, 56]. The ses-
sionless or partitioned test scheduling can be further
divided into preemptive and non-preemptive scheduling
illustrated in Fig. 2b and c, respectively.. In the preemp-
tive strategy, tests can be interrupted and restarted at
any time [16, 23]. An example is the splitting of test t2
as t2a and t2b in Fig. 2c. The non-preemptive strategy
does not allow such interruptions, i.e., a test once initi-
ated must be completed. Only non-preemptive strategy
is considered in this work.

The three test scheduling strategies shown in Fig. 2 were
originally proposed by Craig et al. [6], who referred to them
as nonpartitioned, partitioned with run to completion, and
partitioned testing, respectively.

Power-constrained test scheduling, where a test power
budget is defined for the SoC, has been studied in the
past [4, 5,9, 16, 23, 39, 41, 42, 53]. In general, functional
activity on the SoC causes power consumption. Instanta-
neous peak power determines the maximum supply current
and average power determines the heat generation and tem-
perature. Proper physical design of power buses, heat sinks,
etc., is required to ensure performance and reliability. Thus,
specifications of an SoC, which take the functional mode
peak power and average power into account, must not be
exceeded during test.

The concept of fixing a single power budget for the
SoC is known as the global peak power model and has
been widely used in the literature. However, this model is
regarded as a pessimistic approach since the single power
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(C) Session-less test schedule with preemptive policy.

Fig.2 Session based and session-less test scheduling strategies [6, 22,
24]

limit value for the entire SoC is based on the peak power
consumption of the circuit. Samii et al. [37] proposed a
cycle-accurate power model where there is a power value for
every clock cycle. While this model is more accurate than
the global peak power model, it is more complex and com-
putationally expensive and hence, in this research, the global
peak power model is adopted. Several papers [17, 18, 21,
33, 53] have considered test time reduction through optimiz-
ing the test access mechanism (TAM) and wrapper chains
of the core. In our work, we make use of the test clock fre-
quency to reduce test time and it is assumed that the design
for testability (DFT) infrastructure is already in place for the
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SoC and that the TAM assignment and the wrapper design
have been optimized.

The idea of scaling voltage and frequency has been preva-
lent in the field of microprocessors and SoCs. In [45], a
locally placed configurable dynamic voltage and frequency
scaling (DVFS) controller enables a large number of on-chip
processors to switch Vpp by selecting from two power grids
and also independently controls their clock rates, in order
to improve the energy efficiency of the multi-processor SoC
(MPSoC). Voltage and frequency scaling techniques have
also been employed in testing of SoCs.

Recently, multi-frequency SoC testing has been inves-
tigated. Sehgal et al. [39] have focused on the use of a
multi-channel ATE capable of providing multiple frequen-
cies. Zhao et al. [52] discuss test optimization through
wrapper design in order to perform bandwidth matching
between the ATE’s clock input and the core’s frequency.
The PMScan system, introduced by Devanathan et al. [7],
utilizes an adaptive supply voltage regulation scheme that
lowers the Vpp to balance the power dissipation and
the frequency during the shift operation, while satisfying
the timing requirements. Scheduling with multiple voltage
islands and testing of cores at multiple voltages has also
been considered [19]. These authors schedule core tests
at multiple voltage levels and clock domains and reduce
the clock frequency during low voltage testing to enable a
time division multiplexing scheme for concurrent testing of
cores.

Venkataramani et al. [46-51] discuss two constraints on
test speed, namely, a power constraint when the test clock
speed is limited by the rated power and a structure con-
straint when the test clock speed is limited by the critical
path or other timing considerations. It has been reported [34]
that at the nominal voltage test power can be twice or even
higher than the functional power. However, the circuit may
be designed to consume no more than the maximum func-
tional mode power. The test is thus power constrained and
must run at a slower clock rate to keep the test mode power
dissipation under the design limit. This test clock may be
significantly slower than the fastest permitted by the criti-
cal path delay. Lowering the operating voltage relaxes the
power constraint on the clock rate, allowing the clock rate
to increase as long as it still satisfies the constraint of the
somewhat increased critical path delay. As we reduce Vpp,
on one hand, the reduced power consumption allows higher
clock rates thereby shrinking the test time while, on the
other hand, the increased circuit delay enforces slower clock
rates and longer test time.

Figure 3 [46-51] shows this phenomenon. The left curve
is the structure constrained lower bound on test time N X
Tstructure as a function of supply voltage, where the test
contains N clock cycles and Ty, crure 1 critical path delay.
Note that the clock rate is assumed fixed throughout the

@ Springer

IT sync

Structure L Power
constrained testing | constrained testing

v i
E i E MAX(test)
ol P NX o
§ ! P MAX(rated) 7
£ E
= i
E i
= P 1
= NX Tstructure :

Y

!

1

i

i

sync Viiom

Supply Voltage, VoD

Fig. 3 Test time as a function of Vpp [47, 48]. The nominal and
the optimal Vpp are denoted by Vo and Viyye, respectively. The
term ”sync” means that the clock rate is kept constant throughout the
test, referring to synchronous clock testing. In contrast, asynchronous
clock testing, where the rate may change during test, has also been
considered in the literature [46-51]

entire test. This is called synchronous clock test. In con-
trast the clock rate can be varied during testing and that has
been referred to as asynchronous clock test [46-51]. Also
shown in the figure is a power constrained lower bound
(right curve) for which clock period is the ratio of maximum
energy Epax(resry consumed by a test cycle to the power
budget Pu ax (rated)- For a feasible clock period the test time
cannot be below either of the two constraint curves. Notice
that at the rated voltage V., test is power constrained. For
synchronous clock test as voltage reduces to Viype, clock
period drops to give the lowest test time T Tyy,.. Experi-
ments on ISCAS benchmark circuits by those authors show
test time reductions of up to 62 % at optimal values of
Vbp [47].

More recently, Millican et al. [29] have proposed exact
methods to provide optimal solutions involving DVFS for
session-based and sessionless test scheduling of SoCs. This
work assumes that the test frequency and voltage of tests in
a session can be different from each other and their MILP
formulation selects the best frequency/voltage pair per test
to achieve optimization. Therefore, the MILP model pre-
sented in this work could be regarded as a special case
of [29], wherein an added constraint that the clock rates of
all tests in a session should be same, is placed. In reality,
the test equipment/infrastructure may impose constraints on
the clock rate and/or voltage of tests running concurrently
based on feasibility of clock and supply pins. Therefore,
while the MILP model in this work may be too restrictive



J Electron Test (2017) 33:171-187

175

and the MILP formulation in [29] may come across as less
constrained, the real-world scenario perhaps lies between
the two methods.

3 Frequency and Voltage Scaling

The general test scheduling problem can be defined as fol-
lows: Given an SoC with n cores named Cy, --- , C, and
a peak power budget P4, not to be exceeded during the
entire testing of SoC, find a test schedule to:

a. Test all cores.
b. Reduce the overall test time.
c. Conform to the SoC power budget.

Pyax 1s chosen so as to account for voltage droops and
thermal hotspots that may occur due to peak activity dur-
ing testing. Core C; has a test named #; with associated
test time 7}, and test power Py, which have been character-
ized at nominal operating conditions (nominal voltage V;,om
and clock rate fyom,). The test time and power can be influ-
enced by the test clock. A faster clock reduces the test time
but increases power consumption. Lowering the clock fre-
quency, on the other hand, reduces the test power but leads
to longer test time. Thus, there exists a trade-off between the
test time and test power. However, the energy spent during
testing remains constant for a fixed voltage. Energy spent
per core test, E;, = P;, x T;,. The total energy spent for test-

n
ing the entire SoC can be expressed as, Ergrqr = Y, Py, X Ty,
i=1
In [46-48, 50, 51], the authors have proved that a lower
bound on the total test time is given by the ratio of the total

energy spent during the test and the power budget,

n
P. x T
Etotal i; tl i - Pt,-
TTy g1 = = = T, (1)

Pmax Pmax -1 Pmax

where T Ty g1 is a lower bound on SoC test time.
max

Let —— = F, be a scale factor by which the clock
fi
frequency of a test ¢#; is varied with respect to the nomi-

nal value. This scale factor shall be referred to as frequency
factor throughout the remainder of this paper. Hence, the
total test time for the SoC is lowest when all core tests
are scheduled sequentially, one at a time, at clock rate
B from-

The test power of a core test, characterized at nomi-
nal supply voltage (V,,m), is dependent on voltage. For a
given frequency, energy o power o< V2. Therefore, the
energy per core test and hence the total test energy also
varies with the supply voltage. The lower bound on test time
given by Eq. 1 is applicable at the nominal supply voltage.

. . vV,
The energy per core test is given by, E;, = P ( - )2Tz,-,
where V,,;, is the lowest value to which the supply voltage
can be reduced without disrupting the circuit’s functional-
ity. Hence, another lower bound on the total test time of the

SoC is,

n
S Py (Ymin)2T,

. Vnom
i=1

TTrgr = , ()

Pmax
Note that a constant V,,;, is assumed for all SoC cores. For
simplicity, the general case where V,,;, may vary among the
cores is not considered here.

These lower bounds assume that power dissipation of a
core can be raised to equal the power budget without any
physical limitation on the individual core power limit or the
clock rate. In reality, the clock rate of a core is often lim-
ited by its structure constraint (e.g., critical path delay) and
power constraint (rated maximum power).

The structure and power constraints that limit a core’s
maximum frequency are also influenced by the supply volt-
age. The consumed power (P) varies in direct relation with
supply voltage (Vpp) and clock frequency ( f),

PocVip.f 3)

This implies that by lowering the operating voltage, the
clock rate can be increased without exceeding the power
constraint of the core. However, the delay of the circuit also
varies with the voltage, as given by the alpha power law [32,
35, 36]:

Vbbb
(Vop — Vra)*’

where « is the velocity saturation index, whose value lies
between 1 (for complete velocity saturation) and 2 (for
no velocity saturation) [32, 35, 36]. According to Eq. 4,
reducing the voltage causes the delay to increase, which in
turn slows down the execution speed, resulting in longer
test time. Thus, as we reduce Vpp, on one hand, the low-
ered power consumption allows higher clock rates thereby
shrinking the total test time, and on the other hand, the
increased circuit delay results in a slower clock rate and
longer test time. Therefore, it is required to find an optimal
Vpp that will allow us to balance the two trade-offs and at
the same time achieve a test time reduction.

Let f, and f; be the upper limits of frequency corre-
sponding to the power and structure (critical path) con-
straints of a core, respectively. The relationship given in
Eq. 3 can now be written as:

delay x “4)

2
Peore VDD-fp

where P, and f), are the power rating and the power con-
strained frequency limit for a core, respectively. Since the
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power rating for a core is a constant, the f;, and Vpprelation
can be expressed as:

fp o< 1/V3p (3)

The f; and Vpp relationship can be expressed in accor-
dance with the alpha power law (4), as:
o
fi Vop = Vru)” (©6)
Vbp

Equations 5 and 6 indicate that as Vpp is decreased, f,
increases allowing higher clock rates. At the same time, f;
decreases with decreasing Vpp, thus restricting the clock
rate. The two constraint are independent of each other, i.e.,
the power constrained f, only depends on the rated power
of the core with no regard for the critical path of the core and
similarly, the critical path of the core dictates the structure
constraint limit, ignoring the rated power limit of the core.
The maximum allowable clock rate for a core is, therefore,
the minimum of the two frequency limits.

The lower bound for the SoC test time, defined in Eq. 2,
predicts that the test time continually reduces as Vpp is low-
ered. However, from Fig. 3, we know that beyond an optimal
Vpp point, the test time increases with decreasing Vpp.
Therefore, Eq. 2 is revised to include the optimal voltage,
Vsyne, instead of V.

n

LB (2T,
TTLp2 = P , (7
It can be noted that Eq. 2 would be the same as Eq. 7, when
Vsync = Viin.

Let us assume that fy = B - f}, at Vyop, i.e., structure
constraint (fy) is B times the power constraint for test fre-
quency, where B8 > 1. In the worst case, § = 1 implies
that the structure and power constraint for the frequency
are same and there can be no further optimization through
frequency scaling. The higher the value of g, better is the
optimization achieved. As Vpp is lowered, both f; and

fp vary accordingly. At Ve, fs(anc) = fp(vwm‘)’ i.e.,

Vﬂn(‘ V nom
fo - g (PR = fp - (). Since fy/fp = B,
,3 _ Viom . (Vnom — Vin )01 (8)
Vsync Vsync — Vin

The value of « for a short-channel MOSFETs is 1.3 [35].
For the sake of simplicity, let us assume o & 1. Now, Eq. 8
can be written as ﬂ(vsync)2 = BVinVsyne — Viom (Vnom —
Vi) = 0, which is of the form ax?+bx+c=0. Solving
for Vsync,

BVin £ (BVin)? + 4BVom Veom — Vin)
28

€))

Vs yne =

@ Springer

4 Optimization of Session-Based Test Schedules

In this section, we will discuss optimization of session-
based test schedules through frequency and voltage scaling.
As depicted in Fig. 2a, in a session-based test schedule, tests
are distributed into sessions. Each session ends when all
tests in that session are completed.

4.1 Mixed-Integer Linear Program (MILP) Based
Optimization

A mixed-ILP model for optimizing Vpp and clock rate per
test session is formulated in this section. Let us assume
an SoC with n cores. Let there be n core tests, t{, - - , t;,
where test #; has an application time 7; and power con-
sumption P;,. These tests are distributed among k sessions,
S1, -+, Sk, such that each session §; contains one or more
tests to be run concurrently. Sessions, however, are applied
sequentially.

A test session may contain any subset to the n tests.

Thus, the total number of possible sessions for n tests is
n

k= i; (%) = 2" — 1. The first term, (}) = n, corresponds
to purely sequential test scheduling where n sessions will
apply a single test at a time. The last term, (}) = 1, is for all
tests included in a single session.

The test time of session S, j = 1---k,is givenby Ts; =
max({T;}, V&; € §;, and the power dissipated during session
Sj is given by Ps; = Y (Py), Vi €8;.

The general test scheduling problem consists of select-
ing a sufficient number of sessions such that each core test
is included in a session, the total test time of all selected
sessions is minimized, and the maximum power during any
selected session does not exceed a given peak power limit.
This is expressed as an optimization problem:

Objective:
k
Minimize ) Ts;.x;
j=1
1, if §; is scheduled
where x; = .
0, otherwise

Subject to:
1) Power constraint: st Xj < Ppax, j=1-

Pax 1s the power budget for SoC.
2) All n cores are tested: each test, t,,, m = 1---n, is
executed at least once, i.e.,

Z xj>1lm=1---n

Vjstm GS_/'

- -k, where

We include test clock frequency and supply voltage in the
MILP model to allow scaling of both time and power as we
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optimize the test time. It must be noted that the maximum
clock frequency of a session is decided by the maximum
clock frequency of the slowest core in that session, i.e.,
F(8;) < min{ fiuax (:)IVt; € S;}, where f(S;) is the clock
rate of session S; and f,4x(#;) is the maximum clock fre-
quency of test ;. Since all cores of the SoC are testable
at some nominal clock frequency, f,om, it is reasonable to
assume that f;,, is the clock rate of the slowest core in
the SoC (say fp). Then, frequency factor of a session is
Fj = LGD Note that the test session containing the slowest
core of the SoC will possess a unity frequency factor. The
maximum frequency factor is given by:

min{ finax (&) 1V € Sj} Ppax

3

fo Pg;

As stated earlier, the clock frequency of each core is
constrained by structure and power limits, and the highest
clock rate for a core is actually the minimum of these con-
straints. Therefore, the clock frequency of a session, which
is the same as the slowest core in that session, is given by
f(8j) = min{f,(#), fs@)IVt; € S;}, where f,(t;) and
fs(t;) are the power and structure constraint limits of core
test #;. Since the frequency factor of a session, F; = A (fSO-’ ),
its maximum value is given by,

max(F;} = min[min{fp(ti), f;o(ti)IVt,- € Sj}’ [;T:.X]

The voltage range is divided into multiple steps of volt-
ages and for each step, the test power and frequency limits
(structure and power constraint) of each test session is pre-
computed. Let P;; be the test power of j session at i’
voltage. Similarly, let Fy,; and Fp,; be the frequency limit
imposed by the structure and power constraints, respec-
tively, for j’h session at i'" voltage. For each session, the
Vpp is chosen by a binary variable whereas the clock rate
of the session is a real-valued variable. T; and F; are the test
time and frequency factor of jth test session. We introduce
x;j,a[0,1] binary variable that when set to 1 selects ith Vpp
step for jth test session. The test schedule optimization can
then be described as follows:

Objective:

] (10)

max{F;} = min[

Y

Minimize ) (T;/F;).xij
=
where x;; = { 1, if j* sessién is sched}lled at i"" voltage
0, otherwise
Subject to:
) Fj. Z(Pij Xij) < Ppax, i.€., power constraint is satis-

1
fied whenever x;; = 1 or ith voltage step is chosen for
jthsession, j = 1---k.
2) Y xij = 1, i.e., exactly one voltage is chosen for jth
i

session, j = 1---k.

3) Fj-xijSFs,'j andFj.x,-jﬁFpij,V{i,j}
4) Core test t,;,, m = 1---n, is included in at least one
selected session:

2. 2wzl

Vitm€S; i

The first constraint of this ILP ensures that the power
consumption of any session in the test schedule does not
exceed the power budget. The second constraint specifies
that each session has exactly one voltage value. The clock
frequency is bounded by the structure constraint (F, s,-,-) and
the power constraint (F),;) in the ILP’s third constraint. The
fourth constraint ensures test completeness requiring that
each core test is included in a selected test session.

F; is a real variable and x;; is a binary variable. Since
the MILP formulation contains objective and constraints
that involve products of these variables, the formulation
is non-linear. We linearize the formulation by substituting
1/F; = uj and u;.x;; = q;,V{i, j}. The new variables
u; and g; linearize the MILP formulation, however, their
substitution necessitates additional constraints. Thus, for
jthtestsession (j =1---k): 1) q; > u; — M(1 — x;5), Vi,
where M is a large constant, M >> u;, and 2) g; > 0. The
new ILP formulation is as follows:

Objective:

Minimize Z Tj.qj
J

Subject to:

1) Y (Pij.xij) < Ppax-tj, j = 1k (Power constraints)
i

2) Yxij =1,j =
i
session)

3) Xij = Fsij.uj and Xjj = Fp,.j.uj

4) Core test t,,,m = 1---n, is included in at least one
selected session:

)IEDIETES

1---k (Voltage assigned to each

ViitmeS; i
5) qj=uj— M —x;5),Vi,
6) q; >0

Note that the voltage step size determines the preci-
sion of the solution. However, reducing the step size to
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enhance the precision would increase the number of vari-
ables in the formulation and hence render the ILP solution
less intractable.

4.2 Heuristic Based Optimization

Integer Linear Programs are NP-hard in general and are
computationally expensive for large SoCs. The CPU time
required to obtain an optimal solution increases exponen-
tially as the number of cores and the complexity of the
SoC increases. The proposed MILP method also shares the
same issues with scalability in terms of the problem size.
Hence, we present a simulated annealing (SA) based opti-
mization technique that is much faster than ILP for larger
SoCs and also capable of producing results similar to that
of the ILP method. Heuristic algorithms, often employing
greedy approaches, perform much better in terms of CPU
time as compared to exact methods such as ILP. While a
heuristic method does not guarantee an optimal solution,
a good algorithm can produce near-optimal values consis-
tently. Simulated annealing is a directed search algorithm
inspired from the annealing process in metallurgy, first pro-
posed by Kirkpatrick et al. in [20] and has been used in the
past for SoC test scheduling [24, 56]. The algorithm accepts
a non-improving solution with a finite probability so as to
avoid getting stuck at a local optimum.

An overview of our SA based optimization algorithm is
shown in Fig. 4. Functions used in this algorithm are defined
below:

Simulated Annealing Heuristic

T = temperature

K = cooling parameter

T = final temperature

X = best solution obtained so far
Xc = current solution

generate initial solution, X (test schedule and corresponding test
time)
Xp = Xo,Xc =Xo
while 7" > T do
perform SA move operation (swapping of tests) on X¢
scale clock rate and voltage to optimize the new test schedule
compute test time of the optimized test schedule, X,eq
lef = Xnew — Xc

if Diff <0 or exp(— L}éfo) > random(0,1) then
Xp = Xnew, Xc = Xnew
else
discard X ¢ and retain X¢
end if
T=KxT
end while

Fig. 4 Overview of heuristic simulated annealing (SA) algorithm
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4.2.1 Initial Solution

The initial solution is developed by inserting a randomly
selected test into a session until the session’s power con-
sumption (Py,s) is close to the peak power budget (P qy)-
This step is repeated until all the tests are grouped into
sessions such that no two sessions contain the same test.
The test schedule, thus generated, serves as the start-
ing point for the simulated annealing heuristic. Frequency
and voltage scaling (described in cost calculation) are also
applied to optimize the test time obtained through Fig. 5.

4.2.2 SA Move Operator

The move operator in our simulated annealing algorithm is
a swapping of tests between two sessions. Among the many
test sessions of the test schedule, two sessions s; and s, are
selected at random, such that s; # s2. A randomly chosen
test in each session is swapped with each other, thus form-
ing a new test schedule. The cost of the resultant solution,
which is the test time of the new test schedule, is computed.
The new test schedule is accepted if the new solution is
better than the best solution obtained so far or if their dif-
ference (d) is such that exp(—%) > random(0, 1), where
K is the cooling parameter and T is the annealing temper-
ature (described in annealing schedule), else the swap is
discarded.

4.2.3 Cost Calculation

The cost in this optimization problem refers to the test time
of the test schedule. The overall test time for the session-
based test schedule is the sum of the test time of the longest

Init Sol
listl = list of core tests to be scheduled {initially contains all core
tests }
list2 = list of core tests currently executed {initially empty }
tscn = 0 {overall test time of the test schedule}
while list] is not empty do
list2 = empty list
while P < Pz do
insert random test ¢ into list2
delete test ¢ from listl
Pses = XP;, Vi € list2
end while
if Pses > Ppax then
remove recently added test from list2
end if
tsch = tsen + max(ti, Vi € list2)
end while

Fig. 5 Generating initial solution for simulated annealing (SA)
algorithm
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test in the session. The test clock frequency and the supply
voltage are scaled to optimize the test time. The scaling fac-
tor for the clock, referred to as the frequency factor (F), is
updated after addition of every test during the initial solution
phase and after every swap, in the SA move operation phase.
The frequency factor is limited by both the peak power bud-
get and the clock rate constraints of individual core of the
SoC, as given in Eq. 10.
Voltage scaling is done for each session as given below:

reduce Vpp by one step.
Calculate the power and structure constraint limits of
the tests using Egs. 5 and 6, respectively.
Update the frequency factor using Eq. 11.

e Repeat the steps if the resulting session test time is
lower than before, else quit the voltage scaling proce-
dure.

4.2.4 Annealing Schedule

Annealing schedule refers to the temperature (7'), the cool-
ing parameter (K) and their effects on the optimization
procedure. True to the metallurgical annealing process, the
initial value of the temperature is high. Each iteration of the
heuristic, which produces a new solution, corresponds to a
value of the temperature. After each iteration, the tempera-
ture is reduced according to Ty.y = K x T, where K < 1.
Hence, the number of iterations is dependent on both, the
temperature and the cooling parameter. The stopping criteria
for the procedure would be the temperature dropping below
a certain specified limit.

4.3 Results
4.3.1 Experimental Setup

The exact and the heuristic optimization methods were
experimented on several ITC’02 benchmarks [15] and the
ASIC Z SoCs. The AISC Z was introduced by Zorian [55]
and consists of RAM, ROM and other blocks. These blocks,
along with their test time and power are shown in Fig. 6.
The peak power budget for the ASIC Z is given as 900 mW.

The test time and test power data for the ITC’02 bench-
marks have been provided by Millican and Saluja [27, 28].
The peak power budget for these SoCs were assigned based
on the test power information of individual cores in the
SoCs. To account for power and structure constrained lim-
its on frequencies of individual cores, maximum clock rates
are allocated to each core. The values for the power con-
strained limit ( f},) are computed based on the test length and
test power of the blocks/cores. The core with the highest test
power and longest time is regarded as the slowest and the
rest of the cores in the SoC are normalized with respect to

RAM 2 RAM 3 Random logic 1 [RL1] (134, 295)
(61,241) (38,213)

Random logic 2 [RL2] (160, 352)

ROM 1
(102,279)

ROM 2
(102,279)

RAM 4 RAM 1
(23,96) (69,282)

Block

P (time, power)

= 900

max

Fig. 6 Components of ASIC Z [55] and their test time (in arbitrary
units) and test power (in mW)

the slowest core. Hence, a test with low test power value can
be clocked at a faster rate. For assigning the structure con-
straint limit (f5), the fact that the test power can be as high
as four times the functional power is taken into account,
i, Prune < Prest < 4Pfunc. Press < fp and since the
structure constraint limit decides the functional clock rate,
Prune o fs. Hence, the structure constraint limit ( f;) for
each core is set to 8 x f,, where 8 is a uniform random
number in the range [1, 4]. For illustration, the complete
data of ASIC Z, including the frequency limits, is given
in Table 1. This test data set for ASIC Z is specified at a
nominal supply voltage for which we assume that the test
power and power budget are as provided by Zorian [55].
The frequency constraints for each block were derived by
the steps described previously. Similarly, the test data for the
remaining benchmarks is given in [40].

Further, the range of operating voltage, in this work, is
assumed as 1.0 volt (nominal) to 0.6 volt (minimum). The
other parameters for the alpha-power law [32, 35, 36] are

Table 1 Test Data set for ASIC Z [55] at nominal supply voltage
(1.0 volt)

Test time in Test power  Frequency constraints

Block  arbitrary units  in mW Iy £t
RAMI 69 282 1.75  6.65
RAM2 61 241 2 7.55
RAM3 38 213 3 5.6
RAM4 23 96 5 8.8
ROM1 102 279 1.5 4.6
ROM2 102 279 1.5 3.83
RL1* 134 295 1.2 2.74
RL2* 160 352 1 2
RF** 95 10 8 17.6

Tpower constraint T structure constraint *Random Logic **Register File
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Vi = 0.5 volt and o = 1.0. These values are in tune with
the 45-nm technology [54]. Keeping this in mind, let us
revisit the lower bound on SoC test time. As mentioned ear-
lier, the structure constraint on an SoC core clock rate limits
the scaling of Vpp. Assuming the least restrictive condition
on the structure constraint, we have f; = 4f,. Substitut-
ing Vyom = 1.0 volt, V;, = 0.5 volt and = 4 in Eq. 9
yields Viyne & 0.69 volt. This value of Vjy,. can be used in
Eq. 7 to derive the lower bound on the test time of the SoC
benchmarks considered in this work.

The experiments were preformed on a Dell workstation
with a 3.4GHz Intel Pentium processor and 2GB memory.
The MILP models were solved using IBM CPLEX Opti-
mization Solver (student edition). The simulated annealing
(SA) based heuristic algorithm was developed using the
Python scripting language [10].

4.3.2 MILP Results

In order to evaluate the optimization results, three cases are
considered. Case 1 is the nominal case where Vpp and the
test clock are fixed at a nominal value. In Case 2, Vpp is
still fixed at a nominal value but the clock frequency is opti-
mized on a per test session basis [41]. In Case 3, both Vpp
and the clock are optimized [42].

Results for ASIC Z are shown in Tables 2 and 3. Pre-
viously published optimal test times for the ASIC Z are
392 by Zorian [55], 330 by Chou et al. [4, 5] and 300 by
Larsson and Peng [24]. In Table 2, for the nominal case
(Case 1) the test schedule and test time of 300 units are

Table 2 Optimized Session-Based Test Schedules for ASIC Z [55] for
nominal and custom clock rates (Cases 1 and 2)

Case 1: Nominal clock Case2: Customized session clocks

Session Block Test Session Block Freq. Test
time factor time
1 RLI1 160 1 RAMI 1.5 68
RL2 ROM?2
RAM2
2 RAMI1 102 2 RAM2 198 30.77
ROMI1 RAM3
ROM2
3 RAMI 38 3 RAM4 471 4.88
RAM4 RF
RF
4 ROMI1 097 164.624
RLI1
RL2

Total test time = 300 Total test time = 268.274

The supply voltage is at nominal value for both cases
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Table 3 Test times (in arbitrary units) for ASIC Z [55] with cus-
tomized Vpp and clock rates (Case 3)

Session Block Freq. factor Vbp Test time
RF 12.5 0.8V 0.8
2 RAMI1,RAM2,
RAM3,RAM4 2.56 0.65V 26.95
3 ROM1,ROM2,
RLI1,RL2 1.33 0.75V 120.5
Total Test time = 148.25

similar to those obtained by Larsson and Peng [24]. Cus-
tomizing the test clock for each session (Case 2) reduced the
test time by 10.5 %. The frequency factor in the table indi-
cates the speed-up of the clock done to reduce the test time.
For examole, a frequency factor of 1.5 implies that the test
clock frequency of that session was increased to 1.5 times
from the nominal value.

A lower bound on the overall test time for ASIC Z at
nominal Vpp, as calculated using Eq. 1, is 220.2 units. This
is 26.6 % lower than the test time at nominal clock rate and
voltage (Case 1) and only 17.9 % below the test time for
Case 2 (customized test clock frequency). One can observe
that by customizing the clock rate, the test scheduling result
moves closer to the lower bound but is constrained by the
maximum clock rate of individual cores.

Table 3 shows that customizing both Vpp and test clock
(Case 3) lowers the test time by as much as 50 % over that of
Case 1. It can also be noted from the table that the sessions
in the schedule not only have different clock rates but also
have different Vpp, which is the optimum for the session.

Similarly, the optimized test times for several bench-
marks for various cases are given in Table 4. The percent
reductions specified in the last two columns refer to the
reduction in test time achieved by Case 3 (session-wise Vpp
and clock scaling) with respect to the other two optimiza-
tion cases. For instance, as observed before in case of ASIC
Z, the test time for Case 3 is about 50 % lower than that
of Case 1 (fixed Vpp and clock) and 45 % lower than
Case 2 (only frequency scaling). Notably, the customizia-
tion of both voltage and frequency can cut the test time in
half. Considering the complexity of the algorithms, it can
be noted that the optimization through frequency and volt-
age scaling consumes most CPU time and also the run time
grows rapidly with the SoC size.

4.3.3 Heuristic Algorithm Results

A comparison of optimized test times obtained from the
MILP and the SA based heuristic test scheduling algorithm
is provided in Table 5. Since the heuristic is dependent on
the initial solution, the algorithm is repeated for hundred
starting points and the best solution among them is selected.
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Table 4 Session-based test times (in arbitrary units) for benchmark SoCs, obtained by the MILP method for the three optimization cases

considered
Case 1 Case 2 Case 3

Benchmark  No.of  Pyax Test CPU Test CPU Test CPU % Reduction over

cores time time time time time time Case 1 Case?2
a586710 7 800mW 14271856 0.35sec  13011130.61 0.92sec  6799115.12  12.03 sec 52.36 47.74
h953 8 800mw 122636 0.6 sec 121715.34 0.95sec  79318.76 48.71 sec 35.32 34.84
ASICZ 9 900mW 300 0.62sec  268.274 1.63sec  148.25 501.18 sec 50.58 44.74
d69s 10 400mW 15188 0.65sec  12733.2 249sec 7173 3649.52sec  52.77 43.67

Case 1: Vpp and test clock at nominal values; Case 2: Vp p at nominal value, clock scaled per test session; Case 3: Vpp and clock scaled per test session

The CPU time of the algorithm is averaged over the hundred
simulations. Even though the solution is repeated for 100
initial points to account for the algorithm’s dependence on
the initial solution, the actual run time from the initial solu-
tion to the end result would still be equivalent to a ’single
run’ and this run time is obtained by dividing the total time
by the number of runs (100, in this case). As seen from the
table, the difference between the heuristic solution and the
exact MILP solution is marginal.

The CPU time for the heuristic does not vary much
with respect to the SoC size. To emphasize this point, the
heuristic methods was employed to solve the test schedul-
ing problem for larger ITC benchmarks, for which the MILP
solver would struggle hard to provide a solution. In order
to further evaluate the performance of the heuristic, SoCs
with 100, 200 and 500 cores (referred to from now on as
R100, R200 and R500, respectively) were created. The test
time and test power data for the R100 SoC was generated
using a uniform random number generator, in the range (10,
100) and (50, 500), respectively. The R200 and the R500 are
multiple copies of the R100 SoC. The peak power budget
for these SoCs was set to 900mW. Table 6 summarizes the
optimized test times obtained through the heuristic method
for these SoCs. These results show that the heuristic method
also achieves a test time reduction of up to 60 %. The heuris-
tic algorithm is able to provide an optimized test schedule
for the 500 core SoC in just over 6 seconds.

Table 5 Session-based test times (in arbitrary units) for MILP and

heuristic test scheduling methods, with customized Vpp and clock
rates

SA based heuristic method ~ MILP method
Benchmark Test time CPU time Test time CPU time
a586710 6799118.34 0.12 sec 6799115.12 12.03 sec
h953 79319.12 0.09 sec 79318.76 48.17 sec
ASIC Z 150.26 0.11 sec 148.25 501.18 sec
d695s 7177.53 0.17 sec 7173 3649.52 sec

5 Optimization of Non-Preemptive Sessionless Test
Schedules

As discussed earlier, in sessionless testing, a test is sched-
uled as soon as some other test ends, without waiting for
a session boundary. As a result, sessionless test scheduling
often has test time that is at least equal to, but often bet-
ter than, that of session-based scheduling. In this section,
a test optimization algorithm for non-preemptive session-
less test scheduling is proposed. This is a heuristic approach
very similar to that of the session-based test scheduling,
in that, it also based on a simulated annealing algorithm.
Since only a single clock and and a fixed Vpp are assumed,
tests that are scheduled together have the same clock rate
and Vpp. As a result, now the frequency factor corresponds
to a clock scaling factor for set of tests scheduled concur-
rently. The lower bound on test time provided by Eq. 2
is valid for sessionless test schedules as well. An MILP
approach towards optimization of sessionless test schedules
is provided in [29].

5.1 Heuristic Approach to Optimization

The initial solution and the SA move operator of this method
remains the same as that of the heuristic for session-based
testing. However, after the swap move, session boundaries
in the new test schedule are erased and consecutive test
sessions are merged together to form a sessionless test
schedule. The cost of the resultant solution is determined;
this solution is accepted if the cost is lower than the best
solution obtained so far, or if their difference (d) is such that
exp(—%) > random(0, 1).

To compute the test time of the sessionless test schedule,
firstly, consecutive test sessions in the test schedule result-
ing from the swap move are merged together by scheduling
tests from the next session as soon as a test in the current
session completes, as illustrated in Fig. 7. This process of
‘merging’ sessions is repeated until all tests are scheduled.
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Table 6 Session-based test times (in arbitrary units) for large SoC benchmarks obtained from the heuristic test scheduling approach

Case 1 Case 2 Case 3

Benchmark No. of Pax Test CPU Test CPU Test CPU % Reduction over

cores time time time time time time Case 1 Case 2
21023 14 400mW 21245 0.06 sec 19888.7 0.06 sec 12193.05 0.16 sec 42.6 38.7
p34392 19 400mW 952199 0.055 sec 758199.76 0.06 sec 369692.1 0.19 sec 61.17 51.24
t512505 31 400mW 5589002 0.062 sec 5414047.16 0.063 sec 3038172.5 0.19 sec 45.64 43.88
p93791 32 400mW 178568 0.06 sec 160618.71 0.058 sec 90391.8 0.18 sec 49.38 43.72
R100 100 900mW 1347 0.09 sec 1213.56 0.26 sec 730.40 1.36 sec 45.77 39.81
R200 200 900mW 2837 0.13 sec 2502.3 0.5 sec 1536.35 2.6 sec 45.84 38.6
R500 500 900mW 7706 0.28 sec 6653.01 1.21 sec 4212.27 6.28 sec 45.34 36.68

Case 1: Vpp and test clock at nominal values; Case 2: Vpp at nominal value, clock scaled per test session; Case 3: Vpp and clock scaled per test session

The function Merge is described in Fig. 8. The test session
that will be merged with its predecessor is passed as an argu-
ment to the Merge function. The tests in this test session
are added to the sessionless test schedule as and when the
tests in the previous test session complete. The tests cur-
rently scheduled are run to completion and new tests are
added from the next session as the tests that are currently
scheduled, end.

The test clock frequency and the supply voltage are
scaled for every set of concurrently scheduled tests to opti-
mize the test time. However, the clock rate and the voltage
for concurrently scheduled tests remain constant until the
completion of a test; the frequency and voltage scaling is
performed after the completion of every test, unlike the
session-based test optimization method where the frequency
and voltage are scaled after every test session. The anneal-
ing schedule remains the same as that for session-based test
optimization algorithm.

5.2 Optimization Results

The experimental setup including the benchmarks for ses-
sionless test optimization remains the same as that of

the session-based test optimization. For comparison with
voltage and frequency scaled schedules, an algorithm to
generate reference sessionless schedules with voltage and
frequency fixed at nominal values is provided. As discussed
in Section 2, the test scheduling process is modeled as a bin
packing problem [13]. An individual core test is treated as
a block with test power as height and test time as width.
A best-fit decreasing (BFD) heuristic then solves the bin
packing problem. The tests are sorted in decreasing order of
their power consumption and stacked together in such a way
that at any given time in the test schedule the total power
does not exceed a specified Py, . The algorithm is provided
in [43, 44]. As scaling voltage and frequency alters the test
time and power of a core test, test schedules with scaled
clock and supply cannot be modeled for bin packing. Hence,
a simulated annealing (SA) based heuristic algorithm is
adopted. The heuristic has some randomization and can be
dependent on the initial solution. Therefore, the algorithm
is repeated for hundred starting points and the best solution
among them is selected. The CPU time of the algorithm is
averaged over the hundred solutions. In each iteration, the
starting point is a test scheduled with test sessions which
are then merged to yield a sessionless test schedule. As the

Fig. 7 Mergipg test sessions to S A : : S A
convert a session based test 2 i i 3
. . ) ' ' o
schedule into a sessionless test a i T a i
I Power limit Power limit
schedule oo ————— - === ——————
T1 Merae T1
5 oy | ) B
13 | TS5 | 75
Session 1 Session 2 iTime Time

Session-based test scheduling
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Merge(session)
slsch = sessionless test schedule {initially empty}
if slsch is empty then
add all tests in the session to slsch
else
while session not empty do
if test in slsch completes then
select a test from session and add to slsch
P =XP;,Vi € slsch
if P > P,,4. then
remove the added test from slsch
end if
end if
perform frequency and voltage scaling
end while
end if
Fig. 8 The Merge function erases the session boundaries in a ses-

sion based test schedule and combines the tests together to form a
sessionless test schedule

temperature reduces the algorithm moves from one feasi-
ble solution to another, with every new solution being better
than the previous one. Occasionally, with a finite proba-
bility, a ‘worse-than-previous-best’ solution is accepted to
avoid saturation at some local optima. This probability is
much lower at lower temperatures.

As in the case of session-based test scheduling, the
heuristic method of optimization is applied to several SoCs
including R100, R200 and R500 in order to further evalu-
ate the performance of the algorithm. Table 7 summarizes
the optimized test times. Here we notice that by scaling the
voltage and frequency dynamically the test time could be
shortened by 45 to 60 %.

Table 7 Test times (in arbitrary units) for non-preemptive sessionless
test scheduling with voltage and frequency scaling

Test time Test time
Benchmarks without with %

scaling! scaling Reduction?
a586710 14090716 5797578.6 58.85
h953 122636 60805.62 50.42
ASICZ 262 137.85 47.38
d695 13301 5210.05 60.83
21023 18084 8898.82 50.79
p34392 701684 279570.6 60.15
t512505 5344747 2940986.25 44.97
p93791 139008 68638.25 50.62
R100 1208 625.83 48.2
R200 2366 13374 43.47
R500 5807 3497.6 39.8

LAt fixed voltage and frequency, obtained from Best-Fit Decreasing
algorithm

ZpPercentage with respect to the reference test time without scaling
(column 2)

5.2.1 Comparison with Session-Based Testing

The test times for session-based and sessionless test sched-
ules are compared for the case of fixed voltage and test clock
frequency (Fig. 9a) and the case of scaled voltage and test
clock frequency (Fig. 9b). It can be inferred from these figures
that the difference in test time between the two test schedul-
ing strategies is less than 30 % for the SoC benchmarks
considered. Session-based testing introduces some idle time
gaps in the test schedule by waiting for the longest test in
the session to complete and hence leads to longer test times
than sessionless testing. In comparison, sessionless testing
does not allow idle time gaps since the test scheduling
occurs immediately after completion of older tests.

While sessionless test scheduling provides the lowest test
time compared to sequential or session-based test schedul-
ing (the same as session-based, in the worst case), it requires
a complex control infrastructure. This is because concur-
rently executing tests require independent control resources,
such as scan-enable signal, shift and capture clocks, wrapper
instruction register (WIR), etc. [26, 31]. In cases where the
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(b) Clock rate and Vpp scaled.

Fig. 9 Comparing test time results for session-based (left bar) and
sessionless (right bar) test schedule optimization for fixed (a) and
scaled (b) voltage and clock rate. The optimal test time is normalized
with respect to that of the session-based test schedule
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test time of a sessionless test schedule is only marginally
lower than that of a session-based schedule (e.g., t512505 in
Fig. 9a or b), the control overhead costs may not be offset
by the test cost reduction achieved by the sessionless testing
scheme.

6 Discussion
6.1 Lower Bound

Table 8 compares the SoC test times for the session-based
and non-preemptive sessionless test schedules to the lower
bound given by Eq. 7. The value for V), is substituted as
0.7V. Note that V,,; = Viync, as shown in Fig. 3, is the volt-
age for the minimum test time for a core. The optimal test
time of sessionless testing is evidently closer to the lower
bound than is the test time of session-based testing. The dif-
ference between the lower bound and the optimal test time
can be attributed to the fact that while calculating the opti-
mal Vpp point, a least restrictive condition was assumed for
the structure constraint. This, however, is not the case for all
cores of the SoC and therefore, V,; for such cores will be
higher than the value 0.69V calculated in Section 4.3.

It can be noted from Table 8§ that for benchmarks h953
and t512505 the difference between the lower bound and the
optimal test time is much larger than the rest of the bench-
marks. This follows from a theorem [40] stating that the
lower bound on test time for a core is achieved when the
test clock is set by scaling the nominal clock rate by a ratio
Ppax/ Prest. For some cores in these two benchmarks, this
ratio is as large as 2000. The individual clock constraints,
however, are not as high as the ratio, Py,qy/ Pres:- As aresult,

there is a marked difference between the lower bound and
the optimal test times for these two benchmarks.

6.2 Frequency and Voltage Scaling

In this work, we vary the test clock frequency within the
bounds of structure constraint (such as critical path) and
power constraint (rated power limit) of the cores. For timing
tests where frequency is critical during the capture cycle,
varying the clock frequency may be limited to the shift
cycles used to shift test data in/out. Shifting of test data
involves multiple clock cycles to move data through shift
register as opposed to the capture cycle which is a single,
often at-speed, clock cycle. Hence, shifting data faster by
varying clock frequency can lead to a considerable reduc-
tion in the overall test time of the SoC. The constraints on
the shift clock rate would be the critical delay of the scan
path (structure constraint) and the shift power limit (power
constraint) of the scan tested core. Our proposed method
of finding the optimal Vpp may also be confined to the
shift cycles during the SoC testing, such that voltage can be
reduced to regulate the shift power such that the shift cycle
clock frequency can be increased (as done by PMScan [7]).

The voltage and frequency scaling schemes presented in
this work are intended only for the reduction of test time
and should not interfere with the fault coverage of the test. It
has been shown that while Vpp does not affect stuck-open
defects, it may affect the behavior of resistive opens [8, 25].
Chang and McCluskey conclude from their experiments that
low voltage testing captures defects that can cause early-life
and intermittent failures and that these defects are unde-
tected at nominal voltage [2, 3]. However, Engelke et al.
showed that testing at very low voltages may contribute

Table 8 Test times (in arbitrary units) for non-preemptive sessionless test scheduling with voltage and frequency scaling

Lower bound Sessionless testing

Session-based testing

Benchmarks (LB)! Test time % Difference? Test time % Difference?
a586710 5464175.96 5797578.6 5.75 6799115.12 19.63
h953 19763.41 60805.62 67.5 79318.76 75.08
ASICZ 104.83 137.85 23.95 148.25 30.23
d695 4376.98 5210.05 15.99 7173 39.02
21023 5427.69 8898.82 39.0 12193.05 55.48
p34392 245784.34 279570.6 12.08 369692.1 335
t512505 755712.11 2940986.25 74.30 3038172.5 75.12
p93791 57836.72 68638.25 15.74 90391.77 36.01
R100 539.07 625.83 13.86 730.40 26.2
R200 1078.14 1337.4 19.38 1536.34 29.82
R500 2695.35 3497.6 22.93 4212.27 36.01

"Lower Bound calculated at Vopt = 0.69V, by Eq. 7

ZPercent difference is computed with respect to the lower bound
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to coverage loss [8]. These observations do not invalidate
the proposed method but only restricts the available volt-
age range for the voltage and frequency scaling scheme.
Thus, in the method of this paper the user may select the
range of voltages based on the defect coverage requirement.
Most of the previously reported work is on very low voltage
testing 2, 3, 8, 11, 25].

7 Conclusion

System-on-chip (SoC) devices continue to grow in size and
complexity due to continued advancement in IC technology.
The test data required to test such large, complex SoCs is
voluminous, leading to long test times. Also, since power
consumption during test mode is much higher than dur-
ing functional mode, the SoC test power may cause local
hotspots and supply voltage droops. In this work, a power-
aware optimization method of SoC test schedules through
voltage and frequency scaling is discussed. The test clock
frequency can be scaled by a factor (referred to as frequency
factor in this work) to speed-up the SoC test. This fac-
tor, however, is limited by SoC power budget and also by
the maximum clock rates of individual cores of the SoC.
Restrictions on the core-level clock rate may be imposed by
either a power constraint (maximum power dissipation limit
of the core) or a structure constraint (critical path delay).
Voltage can be reduced to lower the power dissipation and
possibly increase the clock frequency without exceeding the
power limit of the core, thereby achieving test time min-
imization. However, in accordance with the alpha power
law [32, 35, 36], any reduction in voltage causes the critical
path delay to increase which, in turn, leads to increased test
time. Hence, a proper choice of both Vpp and test clock rate
is required to optimize the SoC test time. The voltage and
frequency scaling method of optimization is applicable to
both session-based and sessionless SoC test schedules and
has been demonstrated using several SoC benchmarks. The
main contribution of the paper can be summarized as pro-
viding a heuristic approach to session-based and sessionless
test schedules which can handle large complex SoCs and
provide solutions comparable to the exact methods.

For the session-based test scheduling, a power-aware
SoC test optimization technique by session-wise optimal
selection of Vpp and clock rate has been proposed. A
mixed-integer linear program (MILP) model is formulated
to obtain an optimized solution. Results show more than
50 % test time reduction over conventional reference test
schedules where Vpp and clock rate are fixed at given nom-
inal values. While the MILP method was able to provide
optimal solutions for smaller benchmarks, typical SoCs may
contain hundreds of cores. Customizing Vpp and clock for
such SoCs by use of MILP is not practical since the CPU

time required to obtain an optimal solution increases expo-
nentially as the number of cores and the complexity of the
SoC increases. Hence, a simulated annealing based heuristic
optimization method that can provide near-optimal solu-
tions with much lower runtime than the MILP method for
large SoCs is presented. The effectiveness of the algorithm
was demonstrated through experiments on SoCs as large as
500 cores. From the results it can be concluded that the
size of the SoC did not have a large impact on the perfor-
mance of the heuristic approach, unlike that of the MILP
method. The optimization technique through frequency and
voltage scaling was also applied to sessionless test schedul-
ing. The heuristic method, similar to the one proposed for
the session-based scheduling, is employed to provide opti-
mal test times. Results show up to 60 % test time reduction
over conventional reference test schedules where Vpp and
clock are fixed at given nominal values. It can be inferred
from the comparison between session-based and session-
less testing schemes that the latter could yield the lowest
test time but at an additional cost for the test control archi-
tecture. The algorithms presented in this paper are only for
non-preemptive test schedules and might be extended to pre-
emptive schedules in the future, though keeping in mind that
their application could be even more complex.
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