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Abstract Higher power densities and the non-linear spatial distribution of heat of VLSI chips put greater emphasis on
chip-packaging and temperature control during test. For system-on-chips, power-based scheduling algorithms are used to optimize tests
while satisfying power budgets. However, it has been shown that power-constrained test scheduling does not ensure thermal safety due
to the non-uniform power distribution across the chip. In this paper, we present a test schedule optimization method for system-on-chips
using cycle-accurate power profiles for thermal simulation, test partitioning, and interleaving that ensures thermal safety while still
optimizing the test schedule. Our method uses a simplified thermal-cost model and bin-packing algorithm to ensure that the maximum
temperatures of SoCs with fixed TAM and core assignments satisfy the temperature constraints with minimum increases in test

application time.
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1. Introduction

The rapid advancement of VLSI manufacturing processes is
being spurred on by the ever growing demand for faster,
cooler, more power efficient and reliable chips. Because of
this, higher power and heat density have also become a
primary concern for the VLSI industry. This is especially true
for newer System-on-Chips (SoCs) which integrates various
functional cores into one chip while being designed for use in
situations which demand low-power, low-heat operation such
as in mobile devices. Furthermore, the problem of overheating
becomes more significant during testing where there is a
larger number of switching activity compared to functional
operation due to the need for concurrently testing cores to
minimize test time. Overheating can lead to problems such as
increased leakage power, random errors and even permanent
chip damage. In fact, since for every 15°C rise in temperature,
there is approximately a 10-15% delay in timing, timing
uncertainties can result in yield loss. Normally, engineers
simply use better packaging and cooling methods to solve
heating problems but this has become increasingly difficult
and expensive. To reduce packaging cost, packages have
increasingly been designed for the worst case typical
application [10] and the cost of cooling during test can
become impractical.

The most common design-for-testability technique for SoCs
involves the use of a test delivery mechanism, called TAM
(Test Access Mechanism) and module isolation circuitry,
called wrappers. Approaches to optimize wrapper design and
test schedules [1, 2, 3] and limiting test power [3, 4, 5] have
been proposed. Still, because of the non-uniform spatial power
distribution across the chip, limiting the maximum chip-level
power dissipation does not ensure a reduction in localized
heating (called hot spots) which occurs faster than chip-wide
heating [7, 10]. Rosinger et al. [7] first proposed using a
RC-based thermal model from [10], which takes advantage of
the similarities between heat and electrical phenomena, as a
basis for test scheduling instead of a chip-level power
constraint. In [8], Liu et al. proposed algorithms which try to
evenly spread heat over a chip using layout information and a
progressive weighting function. In [9], He et al. proposed
using test partitioning and interleaving to allow hot cores to
cool off while freeing the test resources to test other cores and
avoid overheating. For all previous methods, only fixed
average power values per core and steady state temperatures
were considered. In [13], we first proposed an integrated
TAM/wrapper co-optimization and test scheduling method for
SoCs with flexible TAM under a thermal constraint.
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In this paper, we target SoCs with pre-designed TAM and
core assignments, and propose a method to optimize SoC test
schedules to satisfy a thermal constraint while keeping the test
application time constant. The proposed algorithm combines a
schedule rearrangement heuristic based on a simplified
thermal-cost model and test partitioning and interleaving,
since thermal simulation dominates the overall execution time
for the algorithm. We utilize the HotSpot tool [11] for test
schedule validation and instead of a fixed power dissipation
value per core, we chose to assign a different power value per
wrapper configuration. We also used the cycle-accurate power
profiles from [5] to generate thermal profiles. To demonstrate
the effectiveness of our approach, experiments were done
using the ITC’02 benchmark SoC d695[6].

The rest of this paper is organized as follows. The
motivation for this work is discussed in Section 2. Section 3
discusses the proposed test scheduling optimization algorithm.
Section 4 gives the experimental results while Section 5
concludes this paper.

2. Motivation

For this paper, we focus on optimizing fixed-TAM SoCs by
incorporating schedule rearrangement, test partitioning and
interleaving with respect to cycle-accurate power and
temperature data. As shown in Figure 1, we are assuming a
Test Bus Architecture.
TAM is partitioned into fixed sub-buses and each IP core is
assigned to one of these partitions. This allows for multiple
independent test buses on one SoC as can be seen in Figure 1
for the d695 benchmark SoC. While cores cannot use TAM
wires belonging to other partitions, cores belonging to the

This architecture assumes that the

same partition can be tested sequentially in any order, as
shown in Figure 2, where the test order of cores c2, c6, and c8
in TAM2 with bus width 8 varies the between the two
schedules in Fig. 2(a) and Fig. 2(b). Our method takes

Figure 1. Example of Test Bus Architecture

TAMA = 16bits

TAM2 = 8bits

TAM3 = 8bits

(@)
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Figure 2. (a)Example Test Bus schedule, (b)after
re-arrangement, (c) after test partitioning and

advantage of this flexibility in order to derive a schedule with
a lower temperature by rearrangement (10°C drop in Fig. 2(b))
and interleaving (additional 5°C drop by partitioning c5 into
c5a and c5b, and interleaving them with c3 in Fig. 2(c)).

3. Test Schedule Optimization Problem
In this section, we formally present the test schedule
optimization problem Pgp.

Problem Ppp: For an SoC S, given:
Temp,,,,: maximum allowed temperature during test
TAM,,: TAM and core configuration of the SoC which
includes:
B: a set of TAMs
For each TAM b; €B of S,
- W;: allotted TAM width
- C;: aset of cores
- For each core ¢; €C;,
- P;: power profile
- TAT;: test application time
- NPy
partitions allowed

maximum number of test
Determine the following output:
For each core ¢,
- NP;: set of partitions of the test for ¢,
- For each test partition p,eNP;
- Tstarty: test start time
- Tend,: test end time
such that the temperature does not exceed Temp,,, while
preserving the test application time.
3.1 Thermal Cost Function
The optimization algorithm should be able to decrease the
number of thermal simulations needed as this often take a very
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Figure 3. Lateral thermo-resistive model [7]

long time to finish and constitutes a very large part of the
overall processing time. [7] proved that there exists a positive
correlation between heat and heat dissipation paths
represented by lateral thermal resistances, shown in Figure 3.
In this work, we have chosen to use lateral thermal resistance
as one of the basis for our model and cost function, with the
following assumptions. First, since the TAM and wrapper
configurations are fixed, minimizing the heat flowing into the
core by schedule reconfiguration and interleaving is more
practical instead of maximizing heat flow out of the target
core as in [7, 13]. Secondly, only active cores contribute heat
to other cores so we model the heat flowing into a core as the
thermal resistance from the center of adjacent active cores to
one of the edges of the hotspot core. Thus, if core 1 and core 2
are tested in parallel, heat flows to core 2 to from core 1 via
Ry,2, and the opposite through R, ;. As discussed in [13], we
have to consider both the concurrency and precedence of the
cores. Furthermore, the time dependence of temperature must
also be considered. As in [13], we want to test hot cores with
large power densities as short as possible and minimize their
effects on other cores. This is done by avoiding concurrency
and immediate precedence with cores in the immediate
physical periphery of the hot spot core.

Since we are dealing with SoCs with a fixed TAM
configuration (i.e. fixed partitioning and width) as well as
fixed core distribution among the TAM partitions, the wrapper
configuration and power profile for each core are already
fixed. The problem of minimizing the hot spot temperature,
therefore, becomes a problem of limiting the thermal
contributions of the peripheral cores on the hotspot core. For
this work, we express the thermal contribution of core ¢; on
core c; as the thermal cost function is Equation 1.

In Eq. 1, we assume that the heat flowing from a core ¢; to
core ¢; is proportional to the lateral resistance R;; from the
source to the destination core as well as the source’s power
dissipation, Pavg. Moreover, the more heat dissipation paths a
source core has, the lesser the heat flowing through each

lateral resistance and thus we divide the cost by Rror.

Trel , a
TAT,

where : R, : Lateral thermal resistance from core ¢, to c,,(R, =0)
Rpyr,; + Total lateral resitance of core ¢,
Pavg , : Average power dissipation of ¢,
TAT, —(Tstart, —Tend ), if Tend ; < Tstart,
Trel , = {TAT ,if Tstart, <Tend ; <Tend,
TAT, —(Tend ; —Tend ), if Tstart ; <Tend, <Tend
TAT, : Test application time of c,
Tstart  : Test start time of ¢,
Tend, : Test end time of ¢,
Trel; expresses the weight we give on how the relative test

R
Teont ;(c,) = R £

x Pavg ; x
J

times between two cores c¢; and ¢; affect their thermal
contributions to each other and models the fact that the greater
the time they have to affect each other, the greater the heat
contribution of the cores to each other, but it is set to zero
when the value becomes negative. From [13], we know that
the average power dissipation gives a closer thermal profile
curve to the actual thermal profile derived from cycle-accurate
values compared to peak power values. Thus, instead of
considering cycle accurate power, we chose to use average
power values to greatly simplify cost calculations. The total
thermal contribution of other cores to c; for a certain schedule
is computed as follows:

Teont ;o (c;) = ﬁ: Teont ;(c;) )
Iz

where : N : Total number of cores of the SoC
The main idea is to reconfigure the test schedule such that

the overall thermal contribution to the hot spot core is
minimized to the point that the constraint is satisfied.
3.2 Test Scheduling Algorithm

Rectangular 2-D bin packing has been extensively used to
solve the test scheduling problem for embedded cores. Each
wrapper configuration of a core is represented by a rectangle
whose height and width represents TAM width and test
application time, respectively. The rectangles are packed into
a bin with unbounded width, representing overall test time,
and bounded height representing external TAM width. The
aim is to find the optimal way of packing the rectangles such
that the overall test application time (e.g. bin width) is
minimized. For this paper, previous bin-packing algorithms
cannot be directly applied since we cannot simply add the
various temperatures of the cores to obtain the overall
tempeérature of the SoC. Furthermore, since it has been shown
that the restricted 3-D bin packing problem is NP-Hard in [4],
this paper proposes a heuristic algorithm to solve the problem.
Note that each core is represented by one rectangle since the
TAM assignments and wrapper configurations are fixed.
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Furthermore, each core rectangle can only be packed to the

pre-assigned TAM.

Initialization: Bin Sorting and Initial Scheduling
The initialization steps first make sure that each core

wrapper configuration satisfies the thermal constraint Temp 4.

Each core ¢; has a minimum cost cos?_min; and maximum cost
cost_max; (both initially set to infinity), a priority value Pr;
(initially set to NULL), and a temporary cost to determine
potential hot spot cores, cost_tmp;, computed for each core
using Equation 3, where Areq; is the surface area of c;. It is
supposed in Eq. 3 that the core with the highest power density
and/or longest test time has the potential to be the hottest core
during the test. The core rectangles are then sorted in
descending order from the core with the highest cost_tmp.
cost_tmp = LB (14T) 3)
Area,
The bin is first divided into |B| sub-bins representing each
TAM partition, b; (I <i=|B|). The rectangles are packed into
their respective pre-assigned sub-bins (e.g. TAM partitions)

according to their cost tmp. Thermal simulation is then
performed, after all rectangles have been packed, on the
finished schedule to determine the hottest core, cpypqin, using
the HotSpot simulator developed in [12]. The algorithm ends
if the hottest core does not exceed Temp,,,. If it does exceed
the constraint, its priority value Prypu,, is set to 1, where a
lower priority value denotes a hotspot core with a greater
priority. Priorities determine which cores take precedence
when minimizing the thermal cost during the following steps.
The overall thermal contribution Tcontror(Crmain), to the
original hotspot core is computed and set as cost_maxymgin-
Step 1: Re-packing Rectangles with Thermal
Cost Minimization for Main Hotspot Core

Before re-packing, the algoritim again re-sorts the
rectangles according to their cost_tmp. The algorithm first
packs the hotspot core cypuqim With the highest priority (Prymain
= 1) into its assigned sub-bin.

It then looks for the core rectangle, c,, with the highest
cost_tmp value but the smallest thermal contribution,
Tconty(Chmain) 10 Chmain Next, the rectangle representing c, is
packed into its pre-assigned TAM partition. This search and
packing routine is repeated until all the core rectangles have
been packed. After packing the all the rectangles, another
thermal simulation is performed and the hottest core, cpypey, iS
determined. The algorithm finishes if the temperature of cgyey
satisfies Temp,,q,. If not, cype, is checked to see if it is the
same hotspot core, Cymam, before re-packing (e.g. Prye,.=1). If
it is the same core, the algorithm jumps to Step 3, otherwise,
the overall thermal contribution, Tcontror(Ciman), to the

original hotspot core is computed and set as cost_mingmai,.
The priority value, Prigye,, of Chnew is set to Prigma, + 1 and
the algorithm proceeds to Step 2.

TAM width

Sub-bin B,

Sub-bin B,

Time t

Figure 4. Packing cores with respect to reference
and target cores (Step 2)

Step 2: Re-packing with Multiple Hotspot Cores

In this step, we designate the set of scheduled cores with a
fixed cost_min as reference cores, C,.s; and the target hotspot
core to be cooled-down as ¢4, Which is initially set to cyypey-
All the sub-bins are again emptied and the cores are sorted
into two lists: all rectangles with Pr#NULL are put into L,,;,
the rest into L,,. L, is sorted in ascending priority value
while L, is sorted according to decreasing cost_tmp. L, is
then concatenated to the end of L, to form a master list,
Lmasler-

We first set the core with the lowest priority value as
Cnex’ICrerand pack it first into its sub-bin.

Step 2.1:

Choose the next rectangle ¢y in Lyggrer and

i. if Cpexr has a fixed cost_min>0, then c,ex/IC,er

ii. else if Pryoss > Prigrger, S€t Cpext @S NEW Crarger

We then compute the current thermal contribution of this
new core and the scheduled cores, Tcont.,,en(c) for each
¢;€Cep. If Teontyypen(c) Scost_max; for each c;€C,p; then
compute its thermal contribution to ¢/arger, TCONtnext(Crarger). DO
this for all possible ¢,y in Lpyagrer, then pack the rectangle with
the lowest Tcontne(Crarge). If mo rectangle can be found,
revert to the schedule at the end of Step 1 and go to Step 3.
Otherwise, continue doing Step 2.1 until all rectangles have
been packed and go to Step 2.2. In Figure 4, before packing c2,
the overall cost of the reference cores c¢3 and c4 must still
satisfy their maximum values while contributing as little as
possible to the new target hotspot core, c7.

Step 2.2:

Perform thermal simulation on the finished schedule and
check if Temp,,,, is satisfied. If not, determine the hottest core
Chnew and

i if cost_maxppe*(1-f) =

cost_miny,., (B is a heuristic percentage value),

CHnew € Creﬁ and

then decrease cost_maxp,., by B percent and go to
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Step 2.
i. else if cpuew€Cren, and cost_maxpe,*(1-f) <
coSt_Mingy,,, then revert to the schedule at the end
of Step 1 and go to Step 3.
iii. else if cyuew=Ciarger, Tevert to the schedule at the
end of Step 1 and go to Step 3.
iv. else determine the core ¢, C,r With the highest
priority value, Pr,;, and set Pry.,= Prp,+I.
Then Tcontror(Ciarge) =COSt_MaXiarge, and go to
Step 2.
Step 3: Test Partitioning and Interleaving
The algorithm takes note of the time tyor when the
temperature of the hottest core Temppep=Tempp,,, then the
test of Cpne i partitioned at fyor as long as NPy, =
NP ppewmax- The rectangle representing cyy.,, is essentially split
into two, creating two new virtual cores, Crpew,; and Crpew,2
replacing cpy., and having the following characteristics:
i. Chnew,1 Tetains the priority and cost limits of cypey
while cpey, 2 is treated as a completely new core
ii. Chnew,1 and Cppey, 2 has infinite thermal contribution
to each other which prevents them from being
scheduled right next to each other
iii. Chmew,2 €an only be scheduled after finishing the
test of Cyyey,; and this holds for further partitions
of Crmew
The algorithm updates the core list and returns to Step 2, but
this time with the added precedence constraint of the
partitions. Furthermore, all cores there were active on or
before tyor will retain the previous schedule configuration as
shown in Figure 5. It terminates when the constraint if
satisfied, no more tests can be partitioned, or when successive
partitioning and interleaving does not yield any drops in
temperature.

4. Experimental Results

The experiments were done using one SoC from the ITC’02
SoC Benchmark suite [6], d695. For thermal simulation,
cycle-accurate power profiles provided by the authors of [5]
were used. Note that the actual power profiles were originally
expressed as number of transitions per clock cycle. We
converted the values into Watts by simply dividing them by 20
to reflect power dissipation during test. Experiments were
done using an HP ProLiant Workstation with 4 Opteron CPU’s
operating at 2.4GHz with 32GB of memory.

Since the original SoC benchmarks did not include layout
information, we handcrafted the layout of the SoC. Further
more, a set of 10 different TAM and core configurations,
shown in Table 1, were designed for the experiments. In Table

TAM width

Sub-bin B,

Sub-bin B,

Time t

:tHOT

Figure 5. Partitioning and interleaving of cores
1, information on the total TAM width (#,,,), the number of
partitions, the overall test time (747), and the maximum
temperatures (maxT) from the initialization step of the
algorithm are given. The TAM width (W;) of each TAM
partition as well as their member cores (W;(cores)) are also
given in no particular order. It is assumed that each core can
be partitioned a maximum of 3 times.

The experimental results for each schedule are shown in
Table 2. We set the temperature constraint, Temp,,,, at an
initial value of 125°C and decreased it by 5°C intervals. Here
maxT is the actual maximum temperature of a schedule from
thermal simulation. Temperatures due to partitioning and
interleaving are grayed-out to distinguish it from results due
to simple schedule re-arrangement. It can be seen from the
results for schedule 4 that temperature can be decreased by as
much as 10°C through re-arrangement alone. Furthermore,
greater temperature drops can be achieved when applying
partitioning and interleaving, with an average drop of around
10.7°C (around 9% average). Specifically, a maximum
temperature drop of 15.6°C or 14% of the highest temperature
for schedule 4 was achieved.

5. Conclusion

In this paper, we have presented a thermal-aware test
schedule optimization algorithm for system-on-chips with
fixed-width TAMs safety while
preserving the test application time. The proposed method

that ensures thermal

allows us to further explore, beyond the limits of peak-power
based test scheduling, possible variations of a schedule which
can lead to further reductions in temperature using test
reconfiguration, partitioning and interleaving. Using
cycle-accurate power profiles per wrapper configuration and
considering both the spatial and temporal dimensions of heat
transfer, overall, allows us to more closely approximate real
world thermal phenomena.
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