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ABSTRACT

We present a test scheduling methodology for core-based
system-on-chips that allows tradeoff between system power dis-
sipation and overall test time. The basic strategy is to use
the power profile of non-embedded cores to find the best mix
of their test pattern subsets that satisfy the power and/or time
constraints. An MILP formulation is presented to globally per-
form the power-time tradeoff and produce the SoC test sched-
ule. Many constraints including peak/average power of cores,
time/sequencing requirements, and ATE pin limitation are also
incorporated within this formulation.

I. INTRODUCTION
A. Motivation

Power consumption during test has become a challenge for
test engineers. Power is a heavily data-dependent factor that is
often checked only for normal-mode inputs (normal patterns).
Empirically, the test-mode inputs (test patterns) could be sub-
stantially irregular and stimulate the internal circuitry to con-
sume excessive power never experienced in the normal mode.
Creating such hot spots can burn the chip during test or lower
its reliability and lifetime [1]. This difficulty motivated us to
work on a test scheme that allows direct power-time tradeoff
during test. Assuming the test patterns and their corresponding
power dissipation profiles are known, the formulation optimizes
the SoC’s power under time constraints or optimizes test time
under cores’ power constraints.

B. Prior Work

Using pre-designed cores to implement a system-on-chip can
significantly shorten the design turnaround time and time-to-
market. However, this advantage brings with itself many chal-
lenges for the SoC testing. These challenges include: accessing
cores buried deep inside, with limited IO pins (design of test
access mechanism) [2] [3], test scheduling to shorten the over-
all test time and manage the activities efficiently [4], testing the
interconnects among the cores [5] [6] and power dissipation of
cores and SoC during test. More specifically, due to popular-
ity of low-power SoC applications special attention was paid in
the literature to address concerns about power dissipation dur-
ing test. The work in [7] presents a heuristic, based on the com-
patibility graph, to limit the power dissipation during test. In
[8], an algorithm for power-constrained scheduling problem is
presented. A method for determining preemptive and power-
constrained schedules is discussed in [9].
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C. Contribution and Paper Organization

The main contribution of our work is a test scheduling
methodology for core-based SoCs that allows the user to per-
form power-time tradeoff. This is specifically advantageous
for large multi-core SoCs that require large set of determin-
istic or pseudorandom test patterns. A mixed integer lin-
ear programming (MILP) formulation takes information about
power consumption of non-embedded cores (i.e. power profile)
into account and optimizes the test schedule to achieve mini-
mum overall test time or minimum power consumption. This
method considers the peak and/or average power consumption
of cores, time/sequencing requirements and the ATE (automatic
test equipment) pin limitation as constraints.

The rest of this paper is organized as follows. We review
the basic factors contributing to power consumption and con-
cept of core-based SoC design in Section II. The simulation-
based method to obtain the power profile of cores and their role
in power-time tradeoff are discussed in Section III. The basic
MILP formulation, to minimize both the test time and the power
consumption, is explained in Section IV. The experimental re-
sults are discussed in Section V. Finally, the concluding remarks
are in Section VI.

II. BACKGROUND
A. Importance of Power Analysis

The great demand for wireless and mobile communication
systems, and the increase of frequency and density of VLSI cir-
cuits made the power dissipation as important as area and delay,
in design, synthesis and testing of such applications. In CMOS
technology power dissipation is mostly due to capacitive charg-
ing and discharging of the nodes [10].

Power dissipation is a data-dependent characteristic. Re-
searchers argued that different estimation algorithms that mea-
sure the switching probability and then estimate dynamic power,
can be evaluated by their ways of addressing these two factors:
1) multiple-bit input switching (transition); and 2) the correla-
tion among signals. Ignoring each of these two results in lack
of accuracy. There are analytical methods, such as [11] [12]
simulation-based, such as [13] [14], to estimate the switching
probability. A survey of these methods is presented in [15].

B. SoC Design & Test Paradigm

In order to cope with the growing complexity of modern
systems, designers often use pre-designed, reusable megacells
known as cores. A core is a highly complex logic block which
is fully defined in terms of its behavior, and is also predictable
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and reusable. Typical cores include memories, microprocessors,
datapath-controller pairs, etc. Core-based SoC design strategies
help companies significantly reduce the time-to-market and de-
sign cost for their new products. The Semiconductor Industry
Association’s National Technology Roadmap [16] predicts the
percentage of reused cores in SoCs rising from 40% in 1997 to
80% in 2006 while it expects a 50% reduction in time-to-market.

Unfortunately, there are difficulties in testing core-based
SoCs. Some difficulties stem from the sheer complexity inher-
ent in putting an entire system’s functionality on a single chip,
which makes it harder to control and observe what is happening
in the circuits embedded deeply inside the chip [17][2][3]. Other
difficulties arise when the complete information about the cores
is not available to the system designer. This happens because
cores are often purchased from the third party vendors anxious
to protect their intellectual property.

III. POWER PROFILING FOR NON-EMBEDDED CORES
A. Concept

To be able to control the SoC’s power consumption during test
first we need to have a clear picture of cores’ power consump-
tions as their corresponding test patterns are applied. Specifi-
cally, at the logic gate level, a circuit simulator computes the
functional values of all nodes and therefore the switching activ-
ities become available. Practically, many power analysis tools,
such as simulators in Synopsys [18] do this by adding some an-
alytical computation to the original gate level simulation.

Tracing the power consumption for each transition from one
pattern to the next is not practical. Therefore, we propose to
approximate power analysis by putting some breakpoints in ap-
plying the patterns. These breakpoints effectively partition a test
pattern set to some subsets and the formulation can look for the
best timing to apply each. Inserting m — 1 breakpoints partitions
the set of n patterns to m subsets, e.g. S1,- -+, Sk, -, Sm, such
that >, |Sk| = n. Without loss of generality, we assume that
these breakpoints are drawn in such a way to create subsets with
equal number of patterns, i.e. |Sg| = |S| = cte Vk.

Figure 1 shows the power consumption of a small multiplier
core for n = 12 test patterns. Two power profiles corresponding
to subset size (|S|) of 4 and 2 are shown. Obviously, smaller
subset size means more accuracy and also more computational
time during optimization. For this example, using first and sec-
ond profile, we need to integrate n/|.S| numbers in the formu-
lation, i.e. {3, 8, 7} mWatt and {4.1, 4.3, 7.8, 8.3, 7.5, 7.1}
mW att for profile 1 and 2, respectively.

When multiple cores exist in the system, still one number, i.e.
the greatest common divisor, will be chosen for |.S|. Parameter
S helps our formulation to perform scheduling and blend differ-
ent partitions for power-time tradeoffs. Note that in our discus-
sion each time step is equivalent to the number of cycles, in test
mode, required to send | S| patterns. More specifically, the basic
test scheduling time step (unit) will be equivalent to time needed
to apply |S| test patterns. If the speeds of cores during test are
different, we still use one parameter |\S| but it corresponds to
different number of test patterns for different cores. For exam-
ple, assume the length of scan chains in two cores are the same
and accessing these chains have no other restriction. |.S| patterns
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Fig. 1. The concept of profiling for a small example.
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of a core with frequency f; is time-wise equivalent to
patterns of another core with frequency f-.

There are analytical optimization techniques as to how to in-
crease accuracy of such profiling. This is beyond the scope of
this paper but interested reader can refer to approximation and
regression techniques [19] [20] [21].

B. Power-Time Tradeoff

Having the power profiles of cores, we are ready now to de-
vise an optimization technique to do tradeoff between power
(peak or average) and test time. This optimization technique
should also produce a test schedule to control power during test.

As pointed out earlier, dynamic power dissipation forms the
significant part of overall power consumption of digital SoCs.
Dynamic power is a data-dependent factor that depends on
switching activities which itself depends on number of bit transi-
tions between the patterns. Therefore to be able to use the power
profile, we should preserve the order of pattern for at least some
partitions (e.g. for subsets Sy ) of patterns.

Just to show how power-time tradeoff offers different test
schedule we use a small SoC made of two cores. Figure 2 shows
the power profiles of two cores with subset size of |S| = 4.
Core 1 and 2 require 8 and 12 test patterns, respectively. Fig-
ure 3 shows four test schedules for the SoC. In this figure the
shaded and white bars correspond to the power profiles of Core
1 and Core 2 (reflected also in Figure 2), respectively. For
simplicity, we assumed there is no limitation on available ATE
pins. Test schedules shown in Figure 3(a) and (b) correspond
to minimum test time subject to the SoC’s peak power of 13
and 10, respectively. The test schedule in Figure 3(c) is gener-
ated with constraint on the overall average overall power, that

Pv
is @vabvifl = M = 6.20. Note that for Core.j, the
7 7

average power of testing a core depends on power dissipation
caused by each set (P; ) and its start/end time step (b;/e;)
and not directly on the overall test time. For example here, the

average power for core 1 and core 2 is @z% = 6.00 and
44847

Goa)il = 6.33, respectively. Finally, the schedule in Figure
3(d) takes into account the average power of individual cores.
In this schedule, the average power of core 1 and core 2 will be

5 __ — 4.00 and AE8ET — 4.75, respectively that satisfy

(B—1)+1 (5—2)+1

the constraints.
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Fig. 2. A SoC example: power profile of two cores.

512 512 B. Variables
§' § m There are two global variables, total_time and total_power
g 8 g 8 denoting overall test scheduling time and total power consump-
S . S . tion of the system at any time step, respectively. total_power
H H can take a real value since all of the power constants (PP EAK
o o ..
o 0 PAVE P 4, etc.) can be real numbers. This is why our formu-
;che":,ul?ng“swi ;ch:du,:i;ng“smi lation is a mixed integer linear programming (MILP). We need
(@ PP 13 ) P 10 an additional set of variables as defined below:
1 if C'ore_j is scheduled to receive its test data
:c::>12 _§12 tigg = subset S, at time step /
£ £ 0 otherwise
2 8 2 8
2 2
38 38 For the purpose of simplicity in writing the equations and con-
24 g4 straints, we define c; ; variables:
& &
0 1 2 3 4 5 0 12 3 4 5 N]SET
Scheduling Step Scheduling Step Z "
P ,
© PV 7 (d) pAVG <=4; pAVE 5 i i
Core 1 Core 2 k=1
Fig. 3. A SoC example: four test schedules. c¢j; = 1 means that Core_j is tested at time [. Note that c; ; is

not independent of other variables. We use it only for further
clarification in writing the constraints.

m To be able to compute average power for each core, we need
In this section we discuss the integer linear programming for- 4 know when its testing begins and when it ends. Let b; and e;

mulation whose objective function can reflect overall scheduling  gepote time step index that Core._j receives the first and last test
time, total power limit or a weighted mix of both. pattern sets, respectively.

IV. THE MILP FORMULATION

A. Constants C. Objective Function

There are overall ten constants to be used in the formulation: g The objective is to minimize a linear function of weighted test

NCORE  Total number of cores time and power consumption:

NFET Total number of test pattern subsets for Core_j .

P; Peak power dissipation when subset S, tests C'ore_j (Wi - total time) + (W), - total_power)

PEAK :

i AVG ﬁzzizﬁz gszfagz\gzzvcg E?EOC Selecting normalized weights for W; and W), (e.g. W; = rt:—trp

P]AVG Maximum average power for C'ore_j and W, = rt:frp for arbitrary positive values of r; and r;,) im-

NFPIN Total number of pins available to test SoC ply the importance of these factors in the optimization process

NIV Total number of pins required to test Core_j from the user point of view. For example, (We, Wp.) values of
when subset Sy, is applied (1,0) and (0,1) correspond to time and power optimization, re-

W, Optimization weight for total test scheduling time spectively. (Wi, Wp) = (0.5,0.5) shows that both factors are

W, Optimization weight for total power consumption S¢en equally important. By changing these two weights we can

explore different options and see the tradeoff between time and
For simplicity in expressing the constraints, we also define power to select the best case that fits our constraints and need.

YF]',F.
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D. Constraints

Based on the constants defined earlier, we use three indices
(j, k and ) to define the variable. Their ranges are: 1 < j <
NCORE 1 <k < NPT for Corejand 1 <1 < TMAX, The
required variables will be as follows.

m Variables ¢ ;. ; should be 0 or 1:

tige <1 Vi k1 M
m Variables c; ; indicate that Core_j is tested at time step [:
e <1 Vil 2

m Each scheduling time step used should be within the given
bound:

total_time < TMAX 3)
m Define ¢;; based ont; ; ; for simplicity:
NSPT
cil = Z tiks Vil 4)
k=1

m The assigned time step (e.g. [ * ¢; ;) to test each core should

stay within the overall scheduling time:
Vil ®)

m All test pattern subsets for each core must be applied during
the schedule:

[ xc;; <total_time

m Total average power is also limited:
NCORE N]SET

S D Pk < PV xtotal time (12)
j=1 k=1
m Variables ¢; and b; are bounded:
lxcj; <e; <totaltime Vj,l (13)
L<b; < (TMAX 4 1) — (TMAX — 14 1) xejy Vi, (14)

We need also to make sure that variables e;/b; get the max-
imum/minimum of scheduled time steps. To do this we add
this term also in the objective function that, independent of to-

tal_time and total_power, maximize/minimize these variables:
NC OREFE

> (e — b))

j=1
= For some cores (e.g. combinational circuits) the order of test
pattern subsets can be changed. This may change the power
profile accuracy slightly due to transition changes on patterns in
border of subsets. But for large .S and large number of subsets,
this is negligible. On the other hand, for others (e.g. sequential
circuits or when we need higher power accuracy) we may prefer
to preserve the order of test pattern subsets. In such cases, the

subset S must be applied before subset S 41:
TMAX TMAX

Z { * tj,k,l < Z { * tj,k+1,l V_], k
=1 =1
E. The Complete MILP Formulation

s5)

The complete MILP formulation is obtained by combining all

TMAX
Z cji = NjSET vj (6) constraints expressed by Equations 1 through 15:
CORE
=1 Minimize (W; - totaltime) + (Wy, - total_power) + Zjvzl (e; — by)
m Total power should stay within the limit at any given test time subject to:
. 1 e <1 Vi, k1
step: oAb =
total_power < PPEAK @) @  cu<1 V5,1
m Total power of the selected cores to be tested at each time step (3)  totaltime < TMAX
should be within the limit:
NSET ]
NCORE N]SET “ Ci0 = Zkil gkl Vil
Z Z P+t < total_power Vi ) (5)  lxcjy < totaltime V.1
j=1 k=1 ArAx
©) e =NFET Vi
m Any test pattern subset must be scheduled only once:
7 total_power < pPEAK
TMAX
_ - CORE NSET
Z tik: = 1 Vi k ©)] ®) Zj\;l wl1 Pikxty ke < total power Vi
=1
TMAX .
m If there are information and limit on the ATE pins, they can ©) =1 ki =1 Vi, k
be also incorporated within the constraints as follows. The total NCORE _ NSET
number of ATE pins used at the same time is limited: a0y >l Dokl NSV sty g KNPV vl
SET NPET
NCORE N3 an 37,20 Pix <PV (e;—b+1) vi
ST NI sty < NPV (10)
=1 k=1 7 NOORE NFET AVG .
I= - (12) Z]:l Zk:l P p <P * total time
m Each core has its own average power limit: (13) Ixe;y < e < totaltime Vil
N7ET (14) 1< bj < (TMAX L 1) - (TMAX _ {4 1) xe;; Vi1
AVG .
Z Pj,k < Pj * (6]' - bj + 1) vy (11 pMAX TMAX ]
b1 (15) oy Drtira < lel Ity pgt v, k
IF]‘,F.
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Fig. 4. Intel 8051 microcontroller block diagram.

Note that the order of N¢9RE and TMAX  \which determines
the number of constraints, makes this formulation of a manage-
able size such that almost any MILP software package can solve
it. Specifically, if 74X is large we can tradeoff accuracy with
faster MILP search time by considering larger size of test pattern
subsets.

Our formulation is comprehensive and flexible. Briefly
speaking, constraints (1) through (9) form a complete (manda-
tory for convergence) set for peak power control. Constraints
(11), (13) and (14) limit the average power consumption of
each core and can be removed if there is no such limit. Three
constraints can be independently added based on user’s choice.
They are constraint (10) on the ATE pin limit, constraint (12)
on the average power limit of the concurrent running cores, and
constraint (15) on the order of patterns within the pattern set for
sequential circuits.

V. EXPERIMENTAL RESULTS

We used the ILOG CPLEX package from ILOG S. A., Inc.
[22] to solve the MILP formulation. We wrote a C program
to translate the ATE/SoC/Core constraints, user-defined specifi-
cations and power profile information to the MILP input format
required by CPLEX. This C program generates the objective and
constraints in [p format in a few seconds. This is a textual format
recognized by many LP/ILP/MILP packages including CPLEX
[22] and Ip_solve [23].

To challenge a large example, we selected the Intel 8051 mi-
crocontroller. Figure 4 shows the block diagram of this micro-
controller. Note that this figure shows the general topology of
the system and does not necessarily reflect the exact bit widths
of each core’s input and output ports for the purpose of testing.
Excluding the oscillator circuitry and RAM in test mode, the six
cores in 8051 microcontroller have overall 20 input ports (with
total bit width of 114 bits) and 13 output ports (with total bit
width of 82 bits). The conventional 8051 has only six I/O ter-
minals (overall bit width of 36) that can be be used to send test
patterns to the cores. However, to be able to show the power-
time tradeoff in our MILP formulation we assume no bottleneck
exists on the core access mechanism and we can access multiple
cores at the same time.

The cores of 8051 system are described in VHDL. Then,
synthesis, test patterns generation power simulation and profil-
ing are performed using Synopsys design toolset [18] using its
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TABLE 1
TRADEOFF FOR 8051 WHEN PPEAK — 160mW anD NFIN = 96,

Weights PAVGE[mWatt] Avg. Run
(Wi, W) 80 | 100 ] 120 Time [s]
(1,0) {14,160} | {12,160} | {10,160} 138.7
©.1) {19122} | {19.122} | {19122} || 107.7
0.50.5) || 114,122} | {12,122} | {11,122} || 1459.5
TABLE II

TRADEOFF FOR 8051 WHEN PAYE = 100mW AND NPIN = 96,

Weights PPEAR [ W att] Avg. Run
(Wi, W) 130 ] 160 [ 200 Time [s]
1.0 {12.130] | {12.160] | {12.200} || 1210
©.1) {19,122} | {19,122} | {19,122} || 1874
0505 || {12122} | {12122} | {12122} || 1713

generic library. Then, the MILP formulation has been applied
to do the power-time tradeoff. The power-time tradeoff results
are tabulated in Tables L, II and III for three different (W;, W,,)
weights.

The results of MILP formulation are tabulated using
{total time,total_power} notation. So, the normal face and
boldface numbers reflect total scheduling time step and total
power in mW att, respectively. As shown in Table I, for given
values of peak power and available pins, the system blends the
test pattern subsets to satisfy average power constraint of each
core as well as overall SoC. In Table II we changed the limit
on overall peak power and the formulation increase or decrease
the overall time steps to satisfy the constraints. Finally, as Table
III reflects, having more ATE pins available for testing, short-
ens the test schedule since the test activities run in parallel as
much as allowed by the peak and average power metrics. The
average wall clock time are also reported using SUN ULTRA 10
workstation.

Three choices of (W;, I, ) have been considered. For the first
choice (1, 0), the MILP formulation finds the fastest test sched-
ule with no consideration of power. For (0, 1), the formulation
finds the schedule with the least power consumption with no ef-
fort to minimize time. Finally, choice of (0.5, 0.5) implies that
both factors are equally important. When both weights W, and
W, take non-zero values, in general, the overall time and power
values are often between the corresponding values obtained by
(1,0) and (0, 1) extremes. Note that the reason of having 122
as overall peak power of the system is the fact that according to
power profile of Core_3, we have P31 = 122 and therefore, this
is the lower bound that the formulation achieves. The CPLEX
running time is longer approximately by a factor 2 to 10 when
both weights take non-zero values.

To show how the test schedule will be affected when power
constraints are changed, we have lowered the average power
limit on cores by 75% and 50% and then ran the MILP. The

TABLE IIT
TRADEOFF FOR 8051 WHEN PP EAK — 160mW AND PAYE = 100mW.

Weights NFPIN Avg. Run
(Wi, W) 64 | 96 | 128 Time [s]
(1,0) {12,160} | {12,160} | {12,160} 132.0
0.1) {19122} | {19.122} | {19122} || 109.1
05.05) || {12122} | {12,122} | {12122} || 4025
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Fig. 5. Test schedules under different average power constraints for cores.

test schedule are shown in Figure 5. The shaded time steps are
those that the core is receiving the test pattern subsets and thus
is under test. Researchers used different techniques to control
power. For example, [9] uses registers for intermediate stor-
age to halt the test for cores. Our control mechanism is based
on stopping the clock for cores to amortize power consump-
tion to the desired limit. For example, overall testing time for
Core_l for PAVE = 45, PAVY = 0.75 x 45 = 33.75 and
PAVE = 0.50 x 45 = 22.25 are 3, 4 and 6 time steps corre-
sponding to ranges [5, 7], [1, 4] and [1, 6], respectively. As Fig-
ure 5 demonstrates, the overall test time for each core and idle
times inserted will change to avoid creating hot spots based on
the given average power limit on the core.

The important practical point about our experimentation is:
1) the size of MILP formulation is quite reasonable such that al-
most any MILP package can solve it. The size is more sensitive
to the number of cores and pattern subsets and thus the run-
ning time is approximately in order of O((N¢OHE 4 TMAXY 4
TMAXY and 2) all three power factors (PPEAR | pAVG and es-
pecially P; 1) significantly affect the results. The formulation
provides a mechanism to globally balance power versus time.

To distinguish our work from similar approaches in the litera-
ture, we like to point out that the work in [7], [8], and [9] do not
use detailed power profile of non-embedded cores to precisely
control the transient peak power like ours. In our work, we use
weights associated with test time and peak power in the ILP
formulation. Consequently, both problems: 1) minimizing the
test time under power constraints, and 2) minimizing the peak
power under time constraints can be addressed by adjusting the
weights. Additionally, our methodology is more flexible than
others reported in the literature in handling various cores. More
specifically, we can address cores that require fixed or variable
order pattern sets and take the individual average power of cores
into account. Finally, the maximum power dissipation of the en-
tire SoC and the limit of the ATE pins are directly incorporated
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within our formulation.
VI. CONCLUSION

To be able to effectively perform power-time tradeoff during
SoC testing we need to use an optimization technique that can
blend various practical factors present in the test environment.
We offered an MILP formulation that takes the power profile
of non-embedded cores as inputs and generates the test sched-
ule. This formulation is quite flexible as it takes into account
various user-defined constraints on peak/average power, time
bounds and ATE pin limitation.
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