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Abstract－The progress of the SOC technologies has 
inspired the requirements of complex circuits. The 
potential complexity of SOCs results in the difficulty of 
testing and long testing time. The testing time of a SOC is 
determined by the total test bandwidth of TAM and the 
test sequence of cores. High bandwidth TAM provides 
faster test data access of cores and thus reduce the testing 
time of SOCs, but it also results in high area overhead. 
Besides, under the constraint of the total test bandwidth, 
the test sequence of cores affects the SOC testing time 
significantly. In this paper, we propose a TAM Switch 
based test scheduling algorithm for SOCs, under the 
constraint of fixed TAM width. Experimental results show 
the proposed approach obtains low testing time for all 
cases in SOC d695 and SOC p93791 benchmarks 
Index Terms－X-filling, capture power, LCP X-filling. 
 

1. INTRODUCTION 
 

Modern semiconductor technologies enable the 
design of a complete system on a single chip (SOC). 
In order to reduce time-to-market, more 
pre-designed modules (cores), are used in the 
design of SOCs. But the testing of core-based 
SOCs is facing a serious challenge [2]. Because 
cores are deeply embedded in SOC, we can’t 
directly access test data from chip I/Os. In order to 
transport test data and test responses between cores 
and chip I/Os, a special test access path is built to 
increase the test accessibility of SOCs. This test 
path is called test access mechanism (TAM). The 
SOC testing time is directly related to TAM width. 
The larger the TAM width is, the less the SOC 
testing time will be. But the increase of TAM width 
will lead to an increase of area overhead. 

Furthermore, the test sequence of cores will 
affect the SOC testing time significantly. The 
purpose of this paper is to minimize the total 

testing time by arranging the test order among 
cores and fulfilling all the given constraints. 

Scheduling the tests in a system means that the 
start time and end time for each test are determined 
in such a way that all constraints are satisfied and 
the total test time is minimized. The constraints 
usually considered in SOC test scheduling are 
listed as follows: 

1). Power consumption [5][6]: In order to reduce 
the SOC testing time, as many cores are required to 
be tested concurrently as possible. However, that 
too many cores are tested simultaneously results in 
the increasing of power consumption and may thus 
damage SOC due to overheating. To avoid such 
situation, the power limit of the SOC must be 
specified in advance to prevent the sum of power 
consumed by the cores tested concurrently from 
exceeding the threshold at any instance during test. 

2). Test bandwidth [7]: The bandwidth of TAM 
directly influences the SOC total testing time. High 
bandwidth TAM provides faster test access of cores 
and thus reduces the SOC testing time; however, 
large test bandwidth results in high area overhead 
and will affects system performance and reduces 
the yield of chips. 

3). Test resource [8]: In built-in self-test (BIST) 
cores, the designers must allocate extra test 
hardware to enhance the controllability and 
observability. The extra test hardware will lead to a 
large area overhead. In order to reduce area 
overhead, cores with similar functionality can share 
test resources. But it will lead to conflicts if the 
cores sharing the same test resources are tested 
concurrently. 

4). Preemptive and non-preemptive test 
scheduling [9][10]: If a new test is allowed to start 
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before the current test session is completed, the 
kind of test scheduling is called preemptive, 
otherwise called non-preemptive. 

Several TAM architectures have been proposed 
[1]-[4]. Aerts and Marinissen described three 
scan-based test access architectures [4]: (1) 
multiplexing architecture, (2) daisychain 
architecture, and (3) distribution architecture. In the 
multiplexing architecture, only one core can be 
accessed at one time, so cores must be tested 
sequentially in the multiplexing architecture. The 
total testing time of SOC is the sum of the test time 
of individual core in the multiplexing architecture. 
The daisychain architecture transports test patterns 
to every core simultaneously. An efficient way of 
using the daisychain architecture is to test as many 
cores as possible in parallel, and turn on a core’s 
bypass as soon as it runs out of test patterns. In the 
distribution architecture, the total TAM width is 
divided into several test buses and each is 
distributed to the cores under test. The TAM 
architectures illustrated above can’t change the test 
bandwidth of a core during test once the test 
bandwidth for the core is determined in test design 
stage. Consequently, part of test bandwidth will be 
wasted if the test bandwidth assigned for the core is 
large than that of the required. The TAM Switch 
architecture proposed in [12] allows dynamically 
reconfiguring the test bandwidth of each core 
during test. To adjust the test bandwidth, a switch 
is typically placed between the core under test and 
test bus. Figure 1 illustrates the TAM switch 
architecture. TAM switch is a simple configurable 
switch which connects P wires out of the N test bus 
wires to the core test input terminals and collects P 
wires from the core test output terminals to the test 
bus. Where, N presents the SOC total test 
bandwidth; P is the test bandwidth that will be 
assigned to a given core. The switch is used to 
choose P wires among the N test bus wires that will 
be connected to the test pins of the core. The input 
pins of SOC will be connected to the input pins of  
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Figure 1. TAM Switch Architecture 

 
TAM Switch (e0…en-1). We also use TAM Switch 
to select the inputs (i0…ip-1) that will be 
connected to the core for test. We export the test 
response (o1…op-1) via the output pins of TAM 
Switch (s0…sn-1). 
 

2. PRELIMINARIES  
 

We can use rectangles to model the test of cores; 
this notion is proposed in [1]. As show in Figure 
2(a), the height of the rectangle represents the test 
bandwidth of core i and the width represents the 
test time of core i at the given test bandwidth. 
Therefore, as show in Figure 2(b), we can use 
2-tuple (W(i) , T(W(i))) to represent the test 
bandwidth assigned and the test time consumed for 
core i. The maximum test bandwidth for each core 
must be specified before test schedule is performed. 
If core i has m functional inputs, n functional 
outputs, b bi-directional I/Os, and s internal scan 
chains in which the maximal scan chain length is 
lm, the maximum test bandwidth for each core i is 
given by: 
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Assume that the number of test patterns for core 
i is pi. When assign the maximum test bandwidth 
Wmax(i) to core i, the required testing time in 
cycles is given by: 
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Figure 2. The relation between the test 

bandwidth and the test time 
 
For a given core, the testing time of the core 

varies with TAM width as a staircase function. The 
testing time decreases only when the TAM width 
exceeds core-specific thresholds. We can regard 
these threshold points as pareto-optimal points, and 
are formally defined in [11]. As illustrated 
previously, we use 2-tuple (W(i), T(W(i))) to 
represent the test schedule of core i. We regard a 
solution (W(i), T(W(i))) as the pareto-optimal if 
and only if there does not exist a solution (W(k), 
T(W(k))), such that W(k) ≤ W(i) and T(W(k)) ≤ 
T(W(i)). 
 

3. PROPOSED METHOD  
 
3.1. Assumptions 

 
Before detailing the proposed approach, the 

assumptions used in this paper are stated as follows. 
Assume that the SOC consists of N cores, for each 
core i, 1 ≤ i ≤ N, there are mi functional inputs, ni 
functional outputs, bi bi-directional I/Os, si internal 
scan chains and pi test patterns. In addition, the 
length of the maximal scan chain is lmi. Then the 
maximal allowed test bandwidth for each core i is 
given by Wmax(i) = si + ⎡(max(mi, ni) + bi) / lmi ⎤. 
If the assigned test bandwidth for core i is less than 
its maximal allowed test bandwidth, test data 
serialization will be required at core I/O. The 
amount of test data serialization required at the 
inputs and outputs is determined by Wmax(i), 
which influences the testing time of core i, because 
if the core requires serialization at its I/Os, more 
testing time is needed to complete a test. If the test 
bandwidth assigned to core i is less than Wmax(i), 
the test time for this core is given by Ti = ( pi + 1) 
× (the test time of a test pattern) + pi. 
 

3.2. TAM Switch Based Test Scheduling 
Algorithm 

In this section, we detail the proposed algorithm. 
The Problem to solve in this paper is formally 
stated as follows: given N cores and total 
bandwidth W for a SOC, the object is to determine 
an optimal test schedule based on TAM switch 
Architecture such that the SOC total test time is 
minimum. The proposed test schedule algorithm is 
shown in Figure 3. The first step of the proposed 
algorithm is to calculate the pareto-optimal width 
for each core and to initialize the input parameters. 
If the available TAM width, w_avail, is greater 
than the test bandwidth of a group of cores, then 
the core among the group, say i, with the longest 
testing time has the highest priority to schedule. 
The TAM width assigned to core i is width(i) and 
the testing time for core i is Ti(width(i)). Otherwise, 
we assign the highest pareto-optimal width w to 
core i, where w ≤ w_avail. Hereafter, two cases, as 
illustrated in Figure 4, are discussed. If the end 
time of core i is less than next_time, as show in 
Figure 4(a), we assign the TAM width, w_avail, to 
core i. In this case, the available TAM width is not 
increased during the test of core i. Therefore, the 
test bandwidth assigned for core i is not changed. If 
the end time of core i is greater than next_time, as 
show in Figure 4(b), the available TAM width are 
increased during the test of core i, because of the 
releasing of test bandwidth by the core which has 
completed its test. In this case, the increased test 
bandwidth is added to core i at this point, next_time. 
Note that the test bandwidth assigned to core i can’t 
exceed the maximal test bandwidth of core i. Here, 
we use Figure 4(c)(d) to explain the case that the 
assigned test bandwidth for core i varies to the 
change of the available TAM width. As show in 
Figure 4(c), the available TAM width is increased 
at point a; therefore, the test bandwidth assigned 
for core i can be increased with the addition of 
available TAM width. When assigning the test 
bandwidth for core i, we must consider the 
pareto-optimal width of core i. As show in Figure 
4(c), although the available TAM width is 
increased at point b, the test bandwidth for core i is 
not changed, if the higher pareto-optimal width for 
core i can’t be found at this point. 
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As show in Figure 4(d), if the higher 
pareto-optimal width for core i at point b exist, the 
test bandwidth for core i can be changed with the 
increase of the available TAM width at this point. 

In the following, an example is used to illustrate 
the proposed algorithm. The benchmark SOC used 
in this example is SOC d695 [13]. There are 10 
cores in SOCd695. We use Ri = (a, b) to represent 
the rectangle of core i, where a is the maximal test 
bandwidth for core i and b is the test time of core i 
when the test bandwidth assigned for core i is a. 
The test bandwidth W is 64. Let the maximal test 
bandwidth and testing time for each core of 
SOCd695 be as follows. Figure 5 shows the 
detailed process. 

R1=(32, 12); R2=(207, 73); R3=(3, 2507); 
R4=(5, 5829); R5=(39, 5105); R6=(20, 9869); 
R7=(21, 3359); R8=(6, 4605). 
As show in Figure 4(d), if the higher 

pareto-optimal width for core i at point b exist, the 
test bandwidth for core i can be changed with the 
increase of the available TAM width at this point. 
In the following, an example is used to illustrate 
the proposed algorithm. The benchmark SOC 
used in this example is SOC d695 [13]. There are 
10 cores in SOCd695. We use Ri = (a, b) to 
represent the rectangle of core i, where a is the  
maximal test bandwidth for core i and b is the test 
time of core i when the test bandwidth assigned for  

 
Algorithm  TAM-switch-based test scheduling 

begin 
Calculate the pareto-optimal width for each 

core and initialize test parameters; 
while Core list is not empty 
begin 

Pick the core, say i, with longest testing 
time; 

If available test width w_avail i ≤ the 
test width of Core then 

assign w_avail to Core i; 
else 

If the end time of Core i is less 
than next_time then 
  assign pareto(w_available) to 

Core i; 
else 

    assign pareto(w_available + 
released test width) to Core i; 
   end (if) 

 end (if) 
end (while) 

end (algorithm) 
 

Figure 3. TAM Switch Test Scheduling 
Algorithm 
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core i is a.The test bandwidth W is 64. Let the 
maximal test bandwidth and testing time for each 
core of SOCd695 be as follows. Figure 5 shows the 
detailed process. 

R1=(32, 12); R2=(207, 73); R3=(3, 2507);  
R4=(5, 5829); R5=(39, 5105); R6=(20, 9869); 
R7=(21, 3359); R8=(6, 4605); R9=(38, 714); 
R10=(34, 3863). 

 
4. EXPERIMENTAL RESULTS 

 
The proposed algorithm is implemented in C++ 

and executed on Windows 2000. Two benchmarks 
d695 and p93791 are used as sample circuits to 
compare the testing time between the proposed 
approach and the approach in [1]. The two SOCs 
are part of the ITC 2002 SOC test benchmarks 
initiative [13]. Table 1 shows experimental results 
for SOC d695 and SOC p93791. The symbol Told 
represent the SOC testing time, in clock cycles, 
obtained by the approach in [1], and Tnew 
represent the testing time obtained by the proposed 
approach. As can been, the testing time of the 
proposed approach is less than that of the approach 
in [1]. 

 
5. CONCLUSIONS  

 
Based on the TAM switch test architecture 

which allows the test bandwidth of cores be 
adjusted dynamically during test according to the 
varies of available TAM width, this paper propose 
a scheduling algorithm to minimize the testing time 
for SOC. Due to the features of TAM Switch, the 
test bandwidth can be used more efficiently and 
thus reduce the idle time as well as the testing time 
for SOC significantly. The experimental results 
show that the testing time obtained by the proposed 
approach is less than that of the approach in [1] in 
terms of the two benchmarks d695 and p93791. 
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Table 1. Experimental results for d695 and p93791
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Figure 5. The illustration of the TAM Switch based test scheduling for SOC d69
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