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Abstract 
High temperature has become a major problem for system-on-chip testing. In order to reduce the test 
application time while keeping the temperatures of the cores under test within safe ranges, a thermal-aware 
test scheduling technique is required. This paper presents an approach to minimize the test application time 
and, at the same time, prevent the temperatures of cores under test going beyond given limits. We employ test 
set partitioning to divide test sets into shorter test sequences, and add cooling periods between test sequences 
so that overheating can be avoided. Moreover, test sequences from different test sets are interleaved, such 
that the cooling periods and the bandwidth of the test bus can be utilized for test data transportation, and 
hence the test application time can be reduced. The test scheduling problem is formulated as a combinatorial 
optimization problem, and we use the constraint logic programming (CLP) to build the optimization model 
and find the optimal solution. As the optimization time of the CLP-based approach increases exponentially 
with the problem size, we also propose a heuristic which generates longer test schedules but requires 
substantially shorter optimization time. Experimental results have shown the efficiency of the proposed 
approach. 
 
Keywords:  SoC testing, test scheduling, thermal-aware testing 
 
 

1. Introduction and related work 
The rapid advances of microelectronic technologies have enabled the design and manufacturing of highly 
complex systems. However, this evolution potentially leads to a dramatic increase of the system cost due to 
high design complexity, long time-to-market, and high production costs. Recently, a core-based system-on-
chip (SoC) design methodology has been employed to reduce the design complexity by integrating pre-
designed and pre-verified intellectual property (IP) cores on a single silicon die. Although the design cost of 
such core-based systems is reduced, the testing cost is raised because of inefficient test access mechanisms 
(TAMs), large amount of test data, and long test application times  [24]. Due to the need of reducing testing 
cost, core-based SoC testing  [24],  [33] has received a wide variety of research interests concerning advanced 
test architecture design  [1],  [4],  [15],  [8],  [19],  [17], test resource allocation  [32],  [12], and test 
scheduling  [5],  [23],  [26],  [12],  [16],  [19],  [17],  [10]. Many of the discussed problems are constrained 
optimization problems which can be categorized into some classical optimization problems, such as bin 
packing problem and rectangular packing (RP) problem  [2],  [20]. The optimization objective can be the test 
application time (TAT), memory size, area size, energy/power consumption, number of pins, number of TAM 
wires, etc. For different problems, the constraints can be different factors, such as the memory size to the 
problem of minimizing power consumption during test, the power consumption to the problem of minimizing 
the TAT, etc. 



As reducing the TAT is considered as one of the major solutions to the reduction of testing cost, SoC test 
scheduling has been studied intensively in recent year. One efficient approach to reduce the TAT is to 
increase the test concurrency in support of advanced TAM designs for core-based SoCs. The parallelism of 
concurrent tests for IP cores depends on the test architecture and in many cases the test scheduling has to take 
into account restrictions on the degree of test concurrency, such as the bandwidth limit of a test bus, the 
limited number of TAM wires, etc. Another important factor that influences test scheduling is the temperature 
of the cores under test (CUTs). 

During test, more power is dissipated than in the normal functional mode because of a substantial increase 
of switching activity in the circuit  [25],  [29]. High power consumption during test can result in excessive heat 
dissipation and high temperature which can potentially damages the CUTs. The thermal issues are even more 
severe to the testing of new generations of integrated circuit (ICs) which employ deep sub-micrometer 
technology. 

The power density of the ICs has been steadily increasing simply because more transistors are integrated 
into the silicon area which remains nearly unchanged in size. A direct consequence of the increasing power 
density is the higher junction temperature that poses several problems  [3],  [9],  [22],  [31]. High junction 
temperature decreases the carrier mobility and therefore reduces the driving current of CMOS transistors. This 
consequently degrades the circuit performance. The reliability and lifespan of the circuits are also decreased 
at high temperatures. 

Recently, thermal-aware test scheduling has attracted a lot of research interests, since this issue has 
become more and more critical for testing high-performance systems. In  [21], Liu et al. propose a technique 
to distribute the generated heat evenly across the chip during test, so that high temperature can be avoided. 
In  [27] Rosinger et al. propose algorithms based on clique partitioning to generate thermal-safe test schedules 
with minimized test application time. They take into account the adjacency of cores and utilize this 
information to drive the test scheduling and reduce the temperature stress between cores. The authors assume 
that by applying a single test, the temperature of the CUT does not go beyond the temperature limit  [27]. This 
assumption is coincident with the facts of most SoC testing nowadays. However, due to employing new 
technology in the manufacturing process as well as different purposes of testing such as at-speed test, the 
temperature stress during test can increase dramatically and the temperature of the CUT can go beyond the 
temperature limit even during a single test. Therefore, in this paper, we address the thermal-aware test 
scheduling problem in such a scenario that the temperature of a CUT can go beyond the imposed temperature 
limit before the single test is completed.  

In this paper, we aim to minimize the TAT by generating efficient test schedules. At the same time, the 
temperature of each core should be kept below the temperature limit, and the bandwidth of a test bus utilized 
to transport concurrent test data should also be kept below a given limit. In order to prevent overheating the 
CUTs, each test set is partitioned into shorter test sequences and cooling periods are introduced between 
consecutive test sequences from the same test set. Because of the introduced cooling periods, the TAT can be 
substantially increased. Thus, we interleave test sequences that belong to different test sets, so that the TAT 
can be reduced. Based on the test set partitioning and interleaving technique, we propose a test scheduling 
approach to minimize the TAT. 

The rest of this paper is organized as follows. The next section presents the assumed test architecture. In 
Section 3, the temperature simulation for system-on-chip is introduced. In Section 4, the test set partitioning 
and interleaving technique is demonstrated and a motivational example is given to illustrate the thermal-aware 
test scheduling problem. Section 5 presents the problem formulation and Section 6 presents the optimization 
model using the constraint logic programming. A heuristic for test scheduling is proposed in Section 7 and 
experimental results are demonstrated in Section 8. The paper is concluded in Section 9. 

2. Basic test architecture 
We have assumed a test architecture using a test bus to transport test data between the CUTs and a tester. The 
tester can be an external automated test equipment (ATE) or an embedded tester integrated on the chip. Each 
core on the chip is connected to the test bus through a number of dedicated TAM wires. The tester has a local 
memory that stores a generated test schedule and test patterns for all cores. According to the test schedule, the 
test controller sends the test patterns to the CUTs through the test bus and the TAM wires. When the test 



patterns have been applied, the obtained test responses are transported through the same paths back to the 
tester for analysis. 

Figure 1 gives an example of the assumed test architecture for a system with five cores. In this example, a 
system consisting of five cores is depicted. In order to test the cores, a test bus and an embedded tester are 
also integrated on the chip. The embedded tester includes a test controller and a local memory. Test patterns 
are stored in the tester memory and are transported to the CUTs through the test bus. The functionality of the 
test bus can also be implemented by reusing a functional bus such as the advanced microcontroller bus 
architecture (AMBA)  [7]. It should be noted that the embedded tester in this example can be replaced by an 
ATE. 

SoC

Embedded 
Tester

Test 
Controller

Tester 
Memory

Core 2

Core 5Core 4Core 3

Core 1

Test Bus

Figure 1. Basic test architecture 

3. SoC temperature simulation 
In order to obtain the temperature of a core during test, we have employed a microarchitecture-level 
temperature simulator HotSpot Error! Reference source not found.,  [30] to obtain the temperature profiles 
of the CUTs. HotSpot uses a compact thermal model  [13] based on an assumed package configuration 
including the following top-down layers: the heat sink, heat spreader, thermal interface material, silicon bulk, 
interconnect layer, I/O pads, ceramic substrate, and joint balls. There are three major heat flow paths in the 
chip package  [30],  [13]. The heat is generated on the silicon bulk and can be transferred through the vertical 
layers (up and down) as well as the lateral blocks.  

The compact thermal model employed by HotSpot is based on the duality between the thermal quantities 
and the electrical quantities  [31]. In the compact thermal model, large blocks at various layers are divided into 
smaller units. It assumes that the adjacent units are connected through thermal resistors and/or thermal 
capacitors, and thus an abstracted thermal-RC network is established. Taking the floorplan of the chip and the 
power-consumption profile of each unit as inputs, HotSpot calculates the instantaneous temperature of each 
unit by deducing the thermal-RC network into lumped thermal-RC values and solving the first-order 
differential equation with the fourth-order Runge-Kutta method.  

We utilize HotSpot to simulate instantaneous temperatures of the CUTs. As mentioned above, the heat can 
be transferred vertically and laterally. Although the heat can be conducted from the active core to its adjacent 
blocks through both heat-flow paths, the effects of the heat transfers are different. Through the heat-flow path 
in the vertical direction, the heat is transferred to the ambient, while, in the lateral direction, the heat is 
conducted to the adjacent cores. Consequently, there are two different scenarios on the temperature 
distribution across the silicon die. When the vertical heat transfer dominates, the temperature of a core has 
very little impact on its adjacent cores. On the other hand, if the lateral heat transfer is not negligible, the 
temperature of a core can influence its adjacent cores. Whether the temperature influence between adjacent 
cores is negligible depends on many factors, such as the package configuration, the materials used at different 
layers of the package, and the physical dimension of the units. 



In this paper, we assume the same package configuration as modeled in HotSpot. We also assume that the 
contact area size of a core in the vertical direction is much larger than that in the lateral direction. Thus, the 
vertical heat transfer dominates the heat exchange in the entire system and the temperature influence between 
adjacent cores is negligible. This is a typical characteristic of the most widely used SoCs with cores of 
considerable or large sizes. In Figure 2, the temperature profiles of two adjacent CUTs are depicted from the 
temperature simulation results. Figure 2(a) illustrates the case that Core 1 is tested while Core 2 is not tested. 
It can be seen that the temperature of Core 2 remains almost constant even when the temperature of Core 1 
increases rapidly during the test. Figure 2(b) shows the temperature profiles when both cores are tested. By 
comparing the temperature curves of Core 1 in Figure 2(a) and Figure 2(b), we can see that the temperature of 
Core 1 is not significantly influenced by the temperature of Core 2, even when Core 2 is tested in parallel. 
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Figure 2. Temperature profiles of two adjacent cores under test 

4. Test set partitioning and interleaving 
During test, the temperature of a core increases towards a certain limit beyond which the core can be damaged. 
Therefore, a test has to be stopped before the temperature of the core reaches the limit, and the test can be 
restarted later when the core has been cooled down. Thus, by partitioning a test set into shorter test sequences 
and introducing cooling periods between them, we can avoid the overheating during test. Figure 3 illustrates a 
scenario in which a test set TSi (1 ≤ i ≤ n) is partitioned into four test sequences, namely TSi1, TSi2, TSi3, and 
TSi4, and cooling periods are introduced between the test sequences. In this way, the temperature of the core 
remains below the imposed temperature limit. 
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Figure 3. An example of test set partitioning 

It is useful to partition a test set into test sequences with equal length and to insert identical cooling periods 
between the test sequences. By using this strategy to partition test sets, we can significantly reduce the 



complexity of the test controller as well as restrict the exploration space so that the optimal solution can be 
obtained in a reasonable time. As depicted in Figure 3, test sequences TSi2 and TSi3 have equal lengths and all 
the cooling periods are identical. Note that the first test sequence TSi1 is longer than the other test sequences. 
This is because, when the test starts, the temperature of the core is the same as the ambient temperature which 
is much lower than the operation temperature during test. The last test sequence is usually shorter than the 
other test sequences (see TSi4, in Figure 3). 

As we have assumed that a test bus is employed in the test architecture, the limit on the test-bus bandwidth 
becomes a constraint to the scheduling of the test sequences. It is obvious that introducing long cooling 
periods between test sequences results in a substantial increase of the TAT as well as an inefficient utilization 
of the test bus. In order to avoid these disadvantages, we interleave the partitioned test sets such that the 
cooling periods reserved for core Ci are utilized to transport test data for another core Cj (j ≠ i), and thereafter 
to test core Cj. By interleaving the partitioned test sets belonging to different cores, the test bus is utilized 
more efficiently and therefore the requirement for extra bus bandwidth is reduced. Figure 4 gives an example 
where two partitioned test sets are interleaved so that the test time is reduced and no additional bus bandwidth 
is needed. 
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Figure 4. An example of test set interleaving 

Interleaving the partitioned test sets can introduce time overheads due to switching tests between different 
cores  [8]. Therefore, increasing the numbers of partitions for the test sets can potentially lead to a longer TAT. 
However, decreasing the numbers of test partitions for the test sets does not necessarily reduce the TAT. This 
is because, in these partitioning schemes, the lengths of test sequences and cooling periods are increased 
despite the decreased numbers of test sequences and time overheads. The longer test sequences and cooling 
periods can also result in inefficient test schedules and longer TATs. Thus, elaborately selecting the number 
of partitions for every test set is very important to our optimization problem. When the number of partitions 
for each test set has been decided, the rest of the problem is how to schedule all the test sequences such that 
the TAT is minimized and the constraint on the test-bus bandwidth is not violated. Our test scheduling 
problem is similar to a rectangular packing problem, while the partitioning and interleaving of test sets as well 
as the introduced cooling periods make our problem even more difficult to solve. 

Figure 5 gives a motivational example for our optimization problem. In Figure 5(a), three test sets TS1, TS2, 
and TS3 are partitioned into 5, 3, and 2 test sequences, respectively, and a feasible test schedule is generated 
for the test sequences. In Figure 5(b), the three test sets are alternatively partitioned into 4, 4, and 3 test 
sequences, respectively. As a consequence, a shorter test schedule is found. This example shows the 
possibility to generate a shorter test schedule by exploring alternative partitioning schemes based on which 
the test sequences are interleaved in different manners. Note that, in different partitioning schemes, the 
numbers and the lengths of test sequences as well as cooling periods are different. For example, the test set 
TS2 is partitioned into fewer test sequences in Figure 5(a) than those in Figure 5(b), while the length of test 
sequences and the length of cooling periods in Figure 5(a) are larger than those in Figure 5(b). 
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Figure 5. A motivational example 

5. Problem formulation 
Suppose that a system S consists of n cores, denoted with C1, C2, ... , Cn respectively. In order to test S, the test 
architecture illustrated in Figure 1 is employed. Each core in the system is connected to a test bus with a 
constant number of TAM wires which indicates the required bus bandwidth for testing the core. We denote 
the required bus bandwidth for testing core Ci (1 ≤ i ≤ n) with Wi, and we denote the bandwidth limit of the 
test bus with BL (∀i, Wi ≤ BL, 1 ≤ i ≤ n). The system has a temperature limit, denoted with TL, which is the 
maximum tolerable temperature and should not be violated at any time. 

A test set TSi (1 ≤ i ≤ n) consisting of li (li > 0) test patterns is generated for core Ci. Further, a test set can 
be partitioned into a number of test sequences. We denote the number of test sequences that are partitioned 
from the test set TSi with mi (1 ≤ mi ≤ li, 1 ≤ i ≤ n), and we denote the j-th test sequence of TSi with TSi,j 
(1 ≤ j ≤mi, 1 ≤ i ≤ n). Note that when mi = 1, the test set has only one partition and the term “test sequence” is 
referred to the entire test set in this case, if not mentioned otherwise.  

In order to reduce the optimization time so that optimal solutions can be found in a reasonable time even 
for large designs, we can restrict the exploration space. Thus, we restrict the length of the test sequences 
partitioned from the same test set to be identical, except the first 1 and the last test sequence. Moreover, we 
restrict the length of the cooling periods between the test sequences from the same test set to be identical. By 
adding these restrictions, the complexity of the test controller is also reduced since fewer states of the test 
schedule are needed to be stored in the local memory of the tester.  

                                                           
1  We assume that the CUT is at the ambient temperature when the first test sequence starts. We also assume that the first test 
sequence is partitioned such that it can be continuously applied until the core temperature reaches the temperature limit. 



Each partitioning scheme has three parameters, the number of partitions mi, the time duration of the first 
test sequence li,1, and the cooling period di between two consecutive test sequences. Each test starts at time ti 
which is equal to the starting time of the first partition in the same test set. 

1,ii tt =  

The number of partitions for a test set and the starting time of the test are decided during the optimization. 
The starting time and the finishing time of test sequence TSi,j are denoted with ti,j and ei,j, respectively. ti,j and 
ei,j can be calculated as follows. Note that oi is the time overhead for core Ci. 

( )nimjdltt iijijiji ≤≤≤≤++= −− 1,21,1,,  

( )nimjolte iijijiji ≤≤≤≤++= 1,1,,,  

The last test sequence in each test set is important, as its finishing time is the completion of the single test. 
Thus the finishing time ei of test set TSi is 

imii ee ,=  

and the test application time TAT for testing all cores is the maximum finishing time of all single tests. 
{ }ini

eTAT
≤≤

=
1
max  

The test application time TAT is the cost function of our optimization problem, and our objective is to find 
the optimal solution {(mi

*, ti
*) | i = 1, 2, ... , n} such that the test application time is minimized, subject to the 

following two constraints: 
(1) at any time moment x, the total amount of test bus bandwidth used by the concurrent test sequences is less 
than the bandwidth limit, i.e.  

BLWTATx xp

k k ≤≤∀ ∑ =1
,  

where px is the number of concurrent test sequences at the time moment x;  
(2) at any time moment x, the temperature of each core should be lower than the temperature limit, i.e. 

TLTM xi ≤,  

We assume that when a test starts, the CUT is at the ambient temperature, denoted with TA. The test set 
has to be partitioned into a number of test sequences if the CUT reaches TL before the entire test is completed. 
When partitioning a test set into test sequences, the length of each test sequence and the number of test 
sequences depend on the length of the cooling period between two consecutive test sequences. This is because 
of the following facts. A longer cooling period leads to a lower temperature at which the succeeding test 
sequence will be started. Thus, with the partitioning schemes that have longer cooling periods, a test set can 
be partitioned into fewer number of test sequences but each test sequence is longer. It is important to find a 
possible interval of the number of partitions for each test set, since our optimization algorithm explores 
alternative partitioning schemes in which the number of partitions varies between the minimum and the 
maximum values of this interval. We denote the interval of the number of partitions for test set TSi with Ii 
(1 ≤ i ≤ n), and Ii = [Ii,min, Ii,max]. 

We have used the temperature simulation to find the interval Ii (1 ≤ i ≤ n) for each test set. It is obvious that 
a relatively long time is needed in order to cool down a core to the ambient temperature, as the temperature 
decreases slowly at a lower temperature level (see the dashed curve in Figure 6). Thus we let a core to be 
cooled down until the slope of the cooling curve reaches a certain value k which is experimentally set by the 
designers, and then we start the next test sequence. We define the number of partitions obtained by using this 
approach as the minimum value of the exploration interval Ii, denoted with Ii,min. In Figure 6, an example is 
given to illustrate how the minimum number of partitions is obtained. In this example, test set TSi is 
partitioned into four test sequences (TSi1 to TSi4) by using the approach demonstrated above, and Ii,min is equal 
to four. In order to find the maximum value of the exploration interval Ii, denoted with Ii,max, we have done 
experiments for different designs and we have found out that the actual numbers of partitions in the optimal 
solutions are close to the minimum values Ii,min. Thus we consider the maximum value Ii,max = K + Ii,min, where 
K is a constant fixed by the designers. Thereafter, the obtained exploration interval Ii = [Ii,min, Ii,max] (i = 1, 
2, ... , n) for TSi is taken as an input to the optimization algorithm. 
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Figure 6. An example of the initial thermal-safe partitioning scheme 

6. Constraint logic programming model 
We have used constraint logic programming (CLP) to model the test set partitioning and scheduling problem 
as well as to find the optimal solution. CLP provides supports to define relationships or constraints among 
entities and thus the programmers can focus on formulating the problems in their application domains  [18]. 
CLP usually uses logic programming language to describe the constraints and finds feasible solutions for the 
specified problems. Some CLP tools also provide solvers to find the optimal solution using branch and bound 
or exhaustive search. We have used CHIP (Constraint Handling In Prolog)  [11],  [6] to model and solve the 
formulated problem. 

For each test set TSi (1 ≤ i ≤ n), two variables have to be decided during optimization: one is the number of 
partitions, denoted with mi, and the other is the starting time of the test, denoted with ti. The two sets of 
variables for all test sets compromise the decision variables of our optimization problem. The finishing time 
of a test is equal to its starting time plus the durations of all its test sequences and all the cooling periods 
between consecutive test sequences. The finishing time of a test set is given by 

( ) ( ) ( )nimodlte mi ≤≤−×+++= ∑ 11

{ }

iiij jiii =1 ,  

During the optimization, the decision variables are instantiated and the test schedules that satisfy the 
constraints are explored. The solver finds the optimal solution which has the minimal test application time. 
The minimal TAT formulated in the CLP model is 

{ }iniImILt
eTAT

iiii ≤≤≤≤≤≤
=

1,0min maxmin
max,min,

 

where L is the maximum value for the variables ti (i = 1, 2, ... , n). This value is specified as a constant in the 
CLP model. 

7. A heuristic approach 
By using the exact approach based on CLP, we can obtain the optimal solution for our test set partitioning and 
scheduling problem. However, the optimization time of the CLP-based algorithm increases exponentially with 
the problem size. This means that the algorithm may not be able to find the optimal solution in reasonable 
time for very large designs (see experimental results). Therefore, we propose a heuristic to generate slightly 
longer test schedules but the computation times are much shorter. The pseudo-code of the proposed heuristic 
is depicted in Figure 7.  

The heuristic chooses the partitioning scheme which has the minimum number of partitions for each test 
set TSi (1 ≤ i ≤ n) (line 2). According to the selected partitioning scheme, each test set TSi is partitioned into 
test sequences between which cooling periods are inserted (line 3). Then, all the partitioned test sets are 



collected into a queue, denoted with Q (lines 5 and 6). The order of the partitioned test sets in Q coincides 
with the precedence in which the partitioned test sets are considered for scheduling, the closer to the queue 
head, the earlier to be considered for scheduling. Thus, the heuristic sorts Q decreasingly according to the size 
of each partitioned test set TSj

* (1 ≤ j ≤ n) (line 7). The size of a partitioned test set is defined as the duration 
of the partitioned test set, including all test sequences and cooling periods, multiplied by the test-bus 
bandwidth required by the test set (line 8). According to the order given by Q, each partitioned test set is 
scheduled to the earliest possible time moment (lines 9 to 11). Note that when a partitioned test set is 
scheduled, the cooling periods between the test sequences have to be kept identical as specified by the applied 
partitioning scheme. Finally, the heuristic returns the obtained test schedule (line 12). 

01:    for (i = 1 to n) loop  
02:        Choose the partitioning scheme that has the minimum number of partitions for TSi; 
03:        Partition TSi and introduce cooling periods according to the selected partitioning scheme; 
04:    end for 
05:    Define a queue of partitioned test sets as 
06:        Q ::= {TSj

* | j = 1, 2, ... , n} where TSi
* is the j-th partitioned test set; 

07:    Sort Q decreasingly according to SizeOf(TSj
*) which is given by 

08:        SizeOf(TSj
*) ::= DurationOf(TSj

*) × BandwidthOf(TSj
*) where 1 ≤ j ≤ n; 

09:    for (j = 1 to n) loop  
10:        Schedule TSj

* ∈ Q to the earliest possible time moment; 
11:    end for 
12:    Return(TestSchedule); 

Figure 7. Pseudo-code of the proposed heuristic 

8. Experimental results 
We have used the ISCAS’89 benchmarks as cores for SoC designs in our experiments. Table 1 shows the 
experimental results with different SoC designs. The number of cores in each design is listed in column 1 
of Table 1. Test patterns are generated for each design and the amounts of switching activity occurring in the 
circuit are measured in proportion to the numbers of transitions between consecutive test patterns. We have 
used the approach proposed in  [28] to obtain the power consumption values, taking the amounts of switching 
activity as inputs. HotSpot has been used to find the minimum number of test sequences for each test set, and 
the imposed temperature limit for each core is 90°C. The total number of partitioning schemes and the 
problem size with respect to each design are listed in columns 2 and 3 of Table 1, respectively. The problem 
size is defined as the number of partitioning schemes multiplied by the number of cores. We have employed 
the CLP-based algorithm as well as the heuristic to generate the test schedule for each design. Columns 4 and 
6 of Table 1 list the test application times (in number of clock cycles) of the test schedules generated by the 
CLP-based algorithm and the heuristic, respectively. The corresponding optimization times by using the CLP-
based algorithm and the heuristic are listed in columns 5 and 7, respectively. When the test schedule for a 
design has been generated, the temperature simulation is performed according to the obtained test schedule. 
The simulation results have confirmed that the temperatures of cores during the tests are below the imposed 
temperature limits. 

The results in Table 1 have shown that the test schedules generated by the CLP-based algorithm are in 
average 12% shorter than those generated by the heuristic. However, the optimization times using the CLP-
based algorithm are substantially longer. The last row of Table 1 shows the experimental results with a very 
large design which has 192 cores. In this example, the CLP-based algorithm did not terminate after 8 hours, 
while the heuristic returned an optimized test schedule within 9 seconds. This experiment therefore shows the 
possibility to replace the CLP-based algorithm with the heuristic for very large designs in order to obtain 
sufficiently efficient test schedules in reasonable optimization times. 

 
 
 



Table 1. Experimental results with different designs 

# of Cores 
# of Partitioning 

Schemes 
Problem Size 

CLP-based Algorithm Heuristic 

TAT (# of CCs) CPU Time (s) TAT (# of CCs) CPU Time (s) 

4 7 28 2775 2.141 3384 0.001 
12 8 96 8306 35.359 9682 0.015 
24 20 480 9789 47.500 10657 0.015 
36 20 720 10017 120.219 11524 0.031 
48 20 960 10941 881.766 11694 0.047 
192 20 3840 n/a > 8 hours 27854 8.828 

 
The optimization times of both algorithms used for the designs listed in Table 1 are also separately 

depicted in Figure 8. 
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Figure 8. Optimization time: CLP vs. heuristic 

We have done experiments to see how the optimization result is influenced by the number of partitioning 
schemes. In Table 2, four different numbers of partitioning schemes have been given to the CLP-based 
algorithm for the same design consisting of 6 cores. The optimal solution is the same in the three cases where 
the total numbers of partitioning schemes are 7, 10, and 15, respectively. In the case where the number of 
partitioning schemes is 5, the test application time of the obtained solution is larger than those in the other 
three cases. This experiment shows that, for this design, the optimal solution does not correspond to any 
partitioning scheme among the five alternative partitioning schemes, as indicated by row 1 of Table 2. When 
2 additional alternative partitioning schemes are introduced (see row 2 of Table 2), a better solution is found. 
However, more additional alternatives, up to 15, do not lead to better solutions. 

The reason why a larger TAT can occur with a partitioning scheme that has a smaller number of partitions 
is interpreted as follows. When a test set is partitioned into more test sequences, the test sequences as well as 
the cooling periods become shorter. Although the time overhead in this case is larger, the entire TAT of a test 
can be still shorter. During test scheduling, various partitioning schemes are explored and the optimal solution 
does not necessarily correspond to the partitioning scheme which has the minimal number of partitions. 

Table 2. Experimental results for one design with different numbers of partitioning schemes 

# of Cores 
# of Partitioning 

Schemes 
Problem Size 

TAT with CLP-based 
algorithm (# of CCs) 

CPU Time (s) 

6 

5 30 9574 10.156 
7 42 9570 26.031 

10 60 9570 31.875 
15 90 9570 39.797 

 



As demonstrated in previous sections, in order to solve the overheating problem during test, we employ the 
test set partitioning and interleaving (TSPI) technique. The trade-off caused by using the TSPI technique is 
the increased test application time. This is demonstrated through an experiment that compares the TAT using 
versus not using TSPI. The experimental results are listed in Table 3. Row 1 of Table 3 is directly extracted 
from row 4 of Table 1, which shows the TATs when TSPI technique is employed. The second row of Table 3 
lists the TATs when TSPI is not employed, i.e. the test sets are not partitioned and no cooling periods are 
introduced. Columns 4 and 5 of Table 3 list the TATs by using the CLP-based algorithm and the heuristic, 
respectively. 

Table 3. Comparison of TATs when using/not using TSPI 

# of Cores 
# of Partitioning 

Schemes 
Using TSPI 

TAT with CLP-based 
algorithm (# of CCs)  

TAT with the heuristic 
(# of CCs) 

36 20 Yes 10017 11524 
36 1 No 2329 2355 

 

9. Conclusions 
In this paper, we have presented an exact approach to minimize the test application time for core-based 
systems-on-chip which have limits on the temperatures of individual cores as well as a given bandwidth of the 
test bus. Based on the proposed test set partitioning and interleaving technique, we have employed constraint 
logic programming to generate the shortest test schedule. Nevertheless, the optimization time of the CLP-
based approach increases exponentially with the problem size and therefore it is inapplicable to very large 
designs. Thus, a heuristic has been proposed to generate sufficiently good solutions with much shorter 
optimization times. 
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