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ABSTRACT

Recent advances in tester technology have led to automatic test equipment (ATE) that can operate at

up to GHz speeds. However, system-on-chip (SOC) scan chains are typically run at lower frequencies, e.g.,

10-50 MHz. The use of high-speed ATE channels to drive slower scan chains leads to an underutilization of

resources, thereby resulting in an increase in SOC testing time. We present a new test planning technique to

reduce the testing time and test cost by matching high-speed ATE channels to slower scan chains using the

concept of virtual test access architectures. We also present a new TAM optimization framework based on

Lagrange multipliers and analyze the impact of virtual TAMs on the overall SOC test power consumption for

one of the ITC’02 benchmarks. Experimental results for TAM optimization based on Lagrange multipliers

and virtual TAMs are presented for three industrial circuits from the set of ITC’02 SOC test benchmarks.
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1 Introduction

The widespread use of embedded cores in system-on-chip (SOC) design has led to higher chip densities and

shorter design cycle times. However, the growing demand for automatic test equipment (ATE) resources

during manufacturing test of SOCs has led to a sharp increase in test cost [28]. Test cost for large SOCs can

be viewed as consisting of:

1. Explicit test cost (Cost of investing in a new ATE, also known asCapital Expenditure): Complex

cores often require expensive ATE resources such as high-frequency channels, high pin counts, large

memory depths as well as special features for analog and RF cores [21]. As a result, older-generation

ATE are often inadequate and large investments in new ATE must be made.

2. Implicit test cost: Large SOCs require long test sequences to guarantee high levels of fault coverage

for embedded cores. This has led to an increase in testing time during which the SOC sits on an

expensive ATE, thereby preventing other SOCs from being tested. This in turn leads to increased

time-to-market and decreased profitability.

As a result of rising costs, test is increasingly being viewed as a major bottleneck in SOC design and

manufacturing; it is therefore important to reduce both explicit and implicit test cost through SOC test

planning.

The reduction ofexplicit test cost requires that an existing amortized-cost ATE be used instead of

investing in a new, expensive ATE. Methods proposed to match SOC test requirements to current ATE

capabilities include test data compression [15], response compaction [23, 25], and reduced pin-count test

[29]. All these methods seek to ensure that the SOC test can be handled by the existing ATE. However,

current growth trends in SOC functionality and test requirements predict that future investment in newer

and expensive ATE is inevitable [10].

On the other hand, reduction ofimplicit test cost requires that once a new, expensive ATE has been

purchased, its resources must be utilized as efficiently as possible. If an investment in an expensive ATE has

already been made, e.g, for at-speed functional test or high-speed I/O test, it is more cost-effective to reduce

the implicit cost by utilizing the available resources, compared to using older generation ATEs that yield

higher SOC test times. This mandates that SOC testing times must be minimized such that several SOCs

can use the ATE in a short time, and that the high-frequency data channels and pin-count resources of the

ATE are properly utilized by each SOC.

Modular testing of SOCs is being increasingly used to simplify test access, ease test application, and

reduce testing time [30]. To facilitate modular test, an embedded core must be isolated from surrounding
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Figure 1: SOC testing using test wrappers and TAMs [14].

logic, and test access must be provided from the I/O pins of the SOC. Test wrappers are used to isolate

the core, while a test access architecture, also referred to as a test access mechanism (TAM) is used to

transport test patterns from a pattern source to a core-under-test, and test responses from a core-under-test

to a response sink. A number of test access architectures have been proposed in the literature [30]. Test

wrapper design and TAM optimization are important during system integration because they directly impact

hardware overhead, testing time and tester data volume on the ATE. Figure 1 illustrates SOC test access

based on wrappers and TAMs.

Methods to increase the efficiency of ATE-use include test scheduling, TAM optimization, and multi-

site test. Test scheduling seeks to obtain an effective ordering of tests applied to the SOC to minimize

testing time [4, 13]. TAM optimization is performed to improve test access to embedded cores in a modular

test environment [6, 7, 11, 17, 18, 24]. Finally, multi-site test seeks to test several copies of the SOC

simultaneously on the ATE, thus reducing testing time across an entire production batch [28]. While these

test planning methods increase the efficiency of ATE-use, they assume that the ATE always operates at core

scan clock frequencies. Scan chains are typically run at frequencies lower than 50 MHz to reduce power

consumption and avoid time-consuming high-frequency scan design [26]. However, recent advancements

in tester design have led to ATEs that can operate at up to several hundred MHz [16]. The use of such high-

frequency ATE channels at low scan clock frequencies severely under-utilizes ATE capability, resulting in

an increase in testing time and time-to-market, thereby directly impacting implicit test cost.

The primary contribution of this paper lies in a new technique to reduce implicit test cost by matching

ATE channel frequencies to core scan clock frequencies usingvirtual TAMs. A virtual TAM is an on-chip

test data transport mechanism that does not directly correspond to a particular ATE channel. The number of

virtual TAM wires is greater than the number of ATE channels; this is in contrast to conventional TAM wires

that have a one-to-one correspondence with ATE channels. Virtual TAMs operate at scan chain frequencies;

however, they interface with the higher-frequency ATE channels using bandwidth matching. Moreover,

3



since the virtual TAM width is not limited by the ATE pin-count, a larger number of TAM wires can be

used on the SOC. This significantly increases the utilization of ATE capabilities and provides the SOC with

a larger amount of test data in a shorter testing time. We study the impact of using virtual TAMs on SOC

power consumption and present results for one of the ITC’02 benchmarks [22].

A secondary contribution of this paper lies in a new method for TAM optimization that leads to the

efficient transport of test data from ATE channels to core I/Os. The new method based on Lagrange mul-

tipliers [19] exploits the monotonically non-increasing function of core testing time with TAM width to

effectively partition the set of virtual TAM wires into test buses that can be used to access embedded cores.

The rest of the paper is organized as follows. In Section 2, we review various TAM optimization

techniques. In Section 3, we introduce the concept of virtual TAMs and derive a lower bound on the SOC

testing time. In Section 5, we discuss the use of Lagrange multipliers for TAM width partitioning. In

Section 6, we present the new TAM optimization flow using a combination of Lagrange multipliers for

TAM width partitioning and a heuristic method for core assignment to TAMs. In Section 7, we present

experimental results for benchmark SOCs demonstrating the applicability of our methods. In Section 8, we

examine the impact of virtual TAMs on SOC test power consumption. A larger number of TAM partitions,

due to the use of virtual TAMs, can lead to greater test parallelism and higher test power. Hence the reduction

in testing time must be carefully balanced with the increase in test power. Section 9 concludes the paper.

2 Review of TAM optimization techniques

Driven by the need to reduce test cost, researchers have presented a number of TAM optimization techniques

in the literature. Dedicated and scalable TAMs such asTest Bus[27] andTestRail[20] architectures appear

to be the most common. Figure 2 illustrates the various TAM architectures.

In the Test Bus architecture shown in Figure 2(a), only one core can be accessed at a time on each test

bus [27]. As a result, cores connected to the same test bus can only be tested sequentially. This architecture

allows for multiple test buses on an SOC that can operate independently. In the TestRail architecture [20]

shown in Figure 2(b), scan-testable cores connected to the same TestRail can be tested simultaneously

as well as sequentially. A TestRail architecture allows for multiple TestRails on an SOC, which operate

independently.

In most TAM architectures, the cores assigned to a TAM partition are connected to all the wires of

that TAM partition. These designs are referred to asfixed-widthTAMs. A generalization of this design

is one in which the cores assigned to a TAM partition connect to (possibly different) subsets of the TAM

wires [13]. The core/TAM connections are made at the granularity of TAM wires, instead of considering
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Figure 2: (a) Fixed-width Test Bus architecture (b) Fixed-width TestRail architecture (c) Flexible-width
Test Bus architecture [14].

the entire TAM bundle as one inseparable entity. These access mechanisms are calledflexible-widthTAMs.

Figure 2(c) shows an example of a flexible-width test bus architecture.

In this paper, we focus on a test bus architecture in which the embedded cores have fixed-length scan

chains. The TAM optimization problem is known to be��-hard [3], hence heuristic techniques are needed

in practice. In this section, we review several TAM optimization methods that have been proposed recently

and that are used as a basis for comparison in this paper.

In [11], the authors optimized a test bus architecture using a combination of integer linear programming

(ILP) and exhaustive enumeration. Given an SOC with� cores, the optimization problem (�����) in [11]

is formulated as follows: Determine (i) the number� of TAM partitions for the SOC, (ii) a partition of

the total TAM width� among the TAMs, (iii) an assignment of the� cores to TAMs, and (iv) a wrapper

design for each core, such that SOC testing time is minimized.

The problem of wrapper design was solved using the������ 	
����
 algorithm [11] based on Best Fit

Decreasing heuristic. The core assignment problem was solved using an ILP model formulated as follows.

Consider an SOC consisting of� cores and� TAMs of widths	� 	� � � �  	� . The time taken to test

Core� assigned to TAM� is denoted by���	�� clock cycles. Let��� be a binary variable, which is defined

as follows:

��� �

�
�
� otherwise

The time taken to test all cores on TAM� is given by
��
��� ���	������ . Since all the TAMs can be used

simultaneously for testing, the system testing time equals��������
��
� ���	������ . The ILP model for

core assignment can be formulated as follows.
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Objective: Minimize testing time� , subject to

1. � �
��
��� ���	������  � � � � �, i.e.,� is the maximum testing time on any TAM

2.
��
��� ��� � � � � � � � , i.e., every core is assigned to exactly one TAM

It was observed in [11] that the ILP model for core assignment can be solved in reasonable time for a

small number of TAM partitions. Hence, a brute-force method referred to as the ILP/enumerate approach

was used to exhaustively enumerate TAM partitions. A major drawback of this brute-force method is that it

does not scale for� � �. The execution time increased exponentially with� and thus the algorithm failed

to yield efficient results for� � �.

The optimization approach of [11] was extended in [12] to include a heuristic method for core assign-

ment. The heuristic approach in [12] uses three steps for TAM optimization. In the first step, a heuristic

algorithm called��
� ������ is used for assigning cores to TAMs. In the second step, a procedure termed

��
������ �������� is used to enumerate and evaluate a large number of TAM partitions. A solution space

pruning technique is used to limit the number of unique partitions evaluated, thereby ensuring feasible ex-

ecution times for large problem instances. As a final optimization step, the ILP model is used only once to

improve the solution. The heuristic core assignment procedure��
� ������ from [12] forms a part of the

TAM optimization method presented in this paper.

In [13], the authors presented a method to integrate TAM design and test scheduling using rectangle

packing. They introduced the notion of flexible-width test buses and used a fork-and-merge test bus archi-

tecture. In this approach, the embedded cores in an SOC are allowed to be connected to any subset of the

top-level TAM wires, thereby improving the utilization of the TAM wires. However, a drawback of this ap-

proach is that it can potentially increase the complexity of physical design due to more complicated routing

of TAM wires.

Finally in [6], the authors presented a heuristic algorithm for TestRail optimization, which forms the

basis of the TR-Architect tool. This approach is effective for both the TestRail and test bus architecture.

However it lacks flexibility in one important aspect—the optimization flow in TR-Architect as presented

in [6] does not allow the user to limit the number of TAM partitions. The number of TAM partitions is

determined by the various procedures that constitute the optimization flow. In many practical scenarios, it

might be necessary to limit the number of TAM partitions in test bus architectures due to power consumption

constraints.
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3 Virtual TAMs

Recent advancements in ATE technology have led to a substantial increase in ATE channel frequencies. In

addition, the “test processor-per-pin” architecture, as in the Agilent 93000 tester [1], allows the ATE to drive

channels with different speeds and reach data rates of up to 2.5 Gbps. However, the frequency at which

an embedded core can be tested is limited by its scan clock frequency, typically under 50 MHz [16]. For

example, [26] reports results on low-power scan testing for an industrial circuit with scan clock frequency of

40 MHz. Scan clock frequencies are kept low to meet SOC power constraints and to avoid the design costs

of high-frequency scan. The TAMs designed to transport test data to core scan chains, e.g., in [6, 7, 11],

are therefore constrained to operate at frequencies far lower than ATE channel capabilities. This reduces the

utilization of ATE resources and increases testing time, thereby increasing the implicit test cost.

The mismatch between ATE capabilities and TAM operating frequencies can be reduced using virtual

TAMs based on bandwidth matching [16]. The on-chip TAM wires are of two kinds: i) low-frequency TAM

wires driven by low-frequency ATE pins, and ii) low-frequency TAM wires driven by high-frequency ATE

pins.

We apply bandwidth matching at the interface between SOC-internal low-frequency TAMs and the

set of ATE channels, which may include both high-frequency and low-frequency channels. Bandwidth

matching leads to an increase in the number of TAM lines available within the SOC for core testing. The

number of ATE channels, including low-frequency and high -frequency channels, used for SOC testing is

less than the TAM width present internally for core testing after bandwidth matching is applied. Since the

increase in the internal TAM lines is not visible at the ATE-SOC interface, we term the resulting internal

TAM as the virtual TAM. The virtual TAM can adapt any of the TAM architectures described in Section 2

for core-internal testing. In this paper, we use a test bus TAM architecture.

Virtual TAMs are based on the following relationship between the TAM width and operating frequency

of test data transport mechanisms:

���� � ���� ����	 � ���	 (1)

where���� and���	 are the total ATE channel width and the total SOC TAM width, respectively, and

���� and���	 are the ATE channel and virtual TAM frequencies respectively. If bandwidth matching is

not used,���	 equals����, and all the low-frequency and high-frequency ATE pins operate at the lower

���	 frequency.

In order to minimize the the testing time by using the high frequency ATE pins, yet not violating the

scan frequency constraint of the cores, we increase the available TAM width and decrease the frequency of

high-speed TAMs by the same factor�, such that Equation (1) is satisfied. This is illustrated as follows.
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Figure 3: Virtual TAMs based on bandwidth matching.

Given an SOC TAM of���� pins (driven by the ATE), of which� pins are driven at the higher

frequency���� and (���� � � ) pins are driven at the lower scan frequency���	, such that���� �

�� ���	 using frequency division and bandwidth matching, the following relationship holds:

������	������ ��� ���	 � ���� ���	

	 ����� � ������	 (2)

Therefore, the total number of pins available to the SOC for core testing, defined as the virtual TAM width,

is given by

� � �� � 	 ����� � �� � ��� ��� 	���� (3)

Thus every ATE pin operating at the higher frequency gives rise to� � � virtual TAM pins. The virtual

TAMs decrease testing time significantly since they provide a larger bandwidth of test data to the embedded

cores.

Virtual TAMs are implemented on-chip using serial-in parallel-out registers at the inputs of the em-

bedded cores and parallel-in serial-out registers at the outputs of the cores. As seen in Figure 3, the low

frequency data channels are connected directly to an embedded core and each high frequency pin is fed

through a 1-to-� (� � 
 in this example) serial-in parallel-out register. Similarly, parallel-in serial-out regis-

ters used at the chip outputs are used to ensure that increased test parallelism is achieved without increasing

the number of I/O channels. The increased parallelism reduces the overall SOC testing time. Moreover,

since the serial-in/parallel-out interfaces used for implementation are placed next to the cores, only the orig-

inal���� TAM wires are routed through the system. Thus, a large number of TAM wires can be obtained

with low routing and hardware cost.
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4 Selection of values for the parameters � and �

The testing time of an SOC is often dominated by the testing time of bottleneck embedded cores. The testing

time for a bottleneck core reaches its minimum value at a particular TAM width�� , and it does not decrease

any further for TAM widths greater than�� . In such situations, the SOC testing time also does not decrease

any further for TAM widths greater than a particular TAM width, and it levels off at a corresponding lower

bound value of�� [3]. The presence of bottleneck cores in an SOC and the resulting lower bound on the

testing time greatly influence the choice of� and� for a virtual TAM architecture. In this section, we

discuss how appropriate values of� and� can be determined.

Let� � denote the TAM width at which the SOC testing time reaches a lower bound due to a bottleneck

core. Table 1 lists the values of�� for several ITC’02 benchmark SOCs. For a given value of����, values

of � and� that result in a virtual TAM width greater than�� lead to excess on-chip TAM wires without

providing any reduction in testing time. Recall that� � �� 	 ��������. To ensure that� ���, the

following relationship must hold:

� � � �� 	 ����� � ��

which implies that

���� �� �� � ������ (4)

Since� � ����� is constant, the inequality (4) represents a rectangular hyperbola when� is plotted

against�, and the desired values of� and� lie in the shaded region below the curve in Figure 4. (This

generic figure is not specific to an SOC.)

From Figure 4 we see that if� and� are chosen such that the corresponding point�� in the graph lies

below the curve, hence the total virtual TAM width� is less than��. In this way, the on-chip TAM wires

are fully utilized, since every TAM wire contributes to the reduction of the overall test time of the SOC.

However, since�� lies below the curve, it yields a testing time that is greater than the lower bound. On the

other hand, if the choice of� and� are made such that� � ��, � � ��, and the corresponding point�

lies exactly on the curve, the testing time of the SOC equals the testing time of the bottleneck core, which

is the lower bound on the testing time for the SOC. If� is constrained by ATE limitations, the inequality

(4) yields the value of� that achieves the testing time lower bound. Similarly, if� is constrained,� can be

chosen accordingly.

Figures 5 shows the variation of� versus� when� is limited by�� for the ITC’02 benchmark SOCs

with bottleneck cores. It is seen that for a larger���� value, the number of feasible values for� and�

decrease. However, by using the relationship between� , �,����, and� �, we can choose a (� �) pair

such that the virtual TAM width is efficiently utilized.
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SOC � � � �

(bits) (clock cycles)
u226 48 5333
d281 48 3926
g1023 40 14794
p34392 36 544579
t512505 36 5228420

h953 16 119357
f2126 16 335334

q12710 16 2222349

Table 1: The TAM width� � and lower bound on testing time�� due to bottleneck cores for a number of
ITC’02 benchmark SOCs.
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Figure 4: The variation of� versus� for a given���� when� is limited by�� (figure not drawn to
scale).

Lower bound on testing time: We next derive a lower bound on the testing time when� TAM wires

are derived from���� ATE channels via bandwidth matching. This lower bound is especially useful for

SOCs that do not contain bottleneck cores. In our lower bound and in our test scheduling approach, we

do not allow overlap of the scan-out operation for the last test pattern of a core with the scan-in operation

for the first test pattern of the next core on the same TAM partition�. While this is feasible for a TestRail

architecture as in [6], it is difficult to implement for a Test Bus architecture. Moreover, since the overlap can

exist only foronetest pattern for every core, the saving in testing time due to the overlap is less than����

on average if the average number of test patterns per core is 1000, and this percentage is even lower for a

larger number of patterns.
�This restriction should not be confused with the notion of overlap in scan testing in which the scan in of a test pattern for a core

is overlapped with the scan out of the previous pattern for that core. Such an overlap is indeed permitted here.
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Figure 5: (a)� versus� for SOCs p34392 and t512505 (�� � ��), (b)� versus� for SOCs h953, f2126,
and q12710 (�� = 16), (c)� versus� for SOCs U226 and d281 (�� � 
), and (d)� versus� for SOC
g1023 (�� = 40).

In order to derive the lower bound using a geometric argument, we use a rectangle representation for

the core tests as in [13]. The testing times for a core in the SOC can be represented using a set of rectangles.

A setR� of rectangles for Core� (� � � � � , where� is the number of cores in the SOC) is determined

such that the height and width of each rectangle correspond to a TAM width and the corresponding test

application time for the core, respectively. The TAM optimization problem can now be formulated in terms

of rectangle packing as follows: Select one rectangle from each setR�, � � � � � , and pack the selected

rectangles into a bin of fixed height, such that no two rectangles overlap, and the width to which the bin is

filled is minimized.

The area of a bin, with the width representing total testing time� and the height representing total TAM
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width� , is given by� �� . Each core yields a set of rectangles of different areas. Let���	� � �� be the

area of the minimum-area rectangle for Core�. Let the area of a rectangle representing Core� being tested

at TAM width 	 given by���	� � ���	� � 	, where���	� is the testing time of Core� on TAM width

	. It follows that����	 � ����	���	�
 �� 	 �� . We next show that the minimum-area rectangle for

each core is a rectangle of height 1, i.e.��
��	 � �����.

A lower bound on the testing time���	� of Core� on a TAM partition of width	 can be expressed as:

���	� �

�
������� �
�� � �� 	������� �
��

	

�
	 ��

where��� is the number of test bits to be scanned into core�, �
� is the number of test bits to be scanned

out of core�, and�� is the number of test patterns to be applied to Core�. The numerator of the first

term on the right-hand side of the above inequality represents the total test data volume to be applied to

the core; it is independent of the number of TAM wires used to apply the test data. Hence for any core

�, ���	� � ����	 	 ��� � 	 and����� � �� 	 ���, where� is the total test data volume for the core.

Comparing the expressions for���	� and����� for	 � �, we see that����	��	 � � and ���	 � ���

Thus,

���	� � ����� �	 � ��

We also note that the minimum-area rectangles for the cores might not fill the bin of area� � �

perfectly owing to the variations in the sizes of the rectangles. As a result, there may be some unfilled space

in the bin. Let us denote the total area of the unfilled space in the bin by�, where� � �. Now, we know

that the total area of the bin cannot be less than the sum of the minimum-area rectangles of all the cores in

the SOC and the sum of all the unfilled space in the bin. Thus,

� �� � ����� 	����� 	 � � �	�� ��� 	 �

� ����� 	����� 	 � � �	�� ���

which implies that

� �

��
��������

�

�

��
��������

���� 	 ��� ���
� (5)

Let the lower bound obtained from Equation (5) be denoted by���. When compared to the lower

bounds derived in [3] based on the notion of a bottleneck core, and as discussed earlier in this section,���

is more accurate for TAM widths smaller than��. However, for larger values of� (� � ��), the bounds

derived in [3] are tighter. Hence, the overall lower bound��� is determined by taking the maximum of

��� and lower bound from [3]. Tables 3 and 4 in Section 7 show the lower bounds for various TAM widths.
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5 Lagrange multipliers

In this section, we introduce the proposed Lagrange framework for minimizing implicit SOC test cost.

Implicit test cost is reflected in the SOC testing time, since testing time directly impacts the ATE time spent

per SOC and contributes to test cost in real ($) terms. The SOC testing time is minimized by designing a

virtual TAM architecture and optimizing the virtual TAM widths supplied to cores.

Lagrange multipliers can be applied to many constraint-driven optimization problems [19]. Consider

the maximization problem:

Maximize: � �  subject to � � ! "�

The problem of maximizing� � , where � is a vector of variables and� � and" are constants, can be

formulated as the minimization of cost function# defined as follows:

# � � � � $�� � � "��

Here$ is an integer, referred to as the Lagrange multiplier, whose value can be appropriately varied to

minimize the cost function subject to the constraints.

We first describe a simple TAM optimization problem and discuss how it can be solved using Lagrange

multiplier. We then formulate the general case. Consider an SOC with two TAMs (� � �) and two cores

(� � �). Let � denote the number of TAMs and� denote the number of cores in the system. Let	�

and	� be the widths of the two TAMs. We assume here that the core assignment to TAMs is determined

a priori. (This constraint is relaxed in Section 6, where a method for integrated core assignment and TAM

optimization is presented.) Core 1 is tested on TAM 1 and Core 2 is tested on TAM 2. Let the testing time

of Core 1 on TAM 1 be denoted by���	��, and the testing time of Core 2 on TAM 2 be denoted by���	��.

Note that���	�� and���	�� are both monotonically non-increasing functions, as shown in [13]. We now

solve the following optimization problem: determine the values of	� 	�, such that (i)	� 	 	� �� , and

(ii) ���	���	�� ���	��
 is minimized, where� denotes the total virtual TAM width available.

We rephrase this problem as the minimization of a Lagrange cost function [19]. Let the Lagrange cost

function� �	� 	�� be defined as

� �	� 	�� � ���	���	�� ���	��
	 $�	� 	 	�� (6)

where$ is referred as the Lagrange multiplier.

The theory of Lagrange multipliers shows that for every� , there exists a Lagrange multiplier$ such

that the minimization of���	���	�� ���	��
 is equivalent to the minimization of the right-hand expres-

sion in Equation (6) [19]. Thus, instead of minimizing���	���	�� ���	��
, we solve Equation (6). Our
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Figure 6: Illustration of the relationship between TAM width� and the Lagrange multiplier$ in the
minimization of cost function� .

goal is to devise an algorithm that determines the values of	� and	�, such that� �	� 	�� is minimized

for a given$.

Next, we investigate the relationship between$ and� . We consider two corner cases to study the

impact of$ on the value of� . Even though these abstract corner cases never arise in practice, they are

presented here to highlight the relationship between$ and� .

Case 1. Let us minimize the expression for� �	� 	�� in Equation (6) while setting$ to 0. If $ � �, then

� �	� 	�� �
�
� ���	���	�� ���	��
. Hence, the penalty term$�	� 	 	�� vanishes. Now, since both

���	�� and���	�� are monotonically non-increasing,� �	� 	�� �
�
 is minimized when both	� ���

and	� ���. Therefore, if$ is set to 0,� �	� 	�� is minimized by selecting a large value of� .

Case 2. Next, let us minimize the expression for� �	� 	�� while setting$ to a large value, i.e.,$ �� �.

In this case, from Equation (6),� �	� 	�� � $�	� 	 	��. The penalty term thus outweighs the max term

in Equation (6). Hence, to minimize� when$ is large, a small value of� must be chosen, i.e.,� �� �.

From the above two cases we note that if we vary the value of the Lagrange multiplier$, an inversely

proportional value of� in needed to minimize� (and equivalently, the SOC testing time cost function).

The variation of� with $ is illustrated in Figure 6.

Next, we formalize the problem for the general case of� � � TAMs and� � � cores. Recall that the

core assignment to TAMs is pre-determined. Let the constant��� � � (� � � � � � � � � �) denote that

core� is assigned to TAM�, otherwise��� � �. Generalizing Equation (6) for� cores and� TAMs, we

formulate the problem as follows. Determine the TAM widths	� � � �  	� , such that
��
���	� � � and

14



the cost function� �	� ��� 	�� is minimized, where

� �	� � � �  	�� � ���
�

�
��
�

���	�����

�
	 $

��
���

	� � (7)

The expression����
���

� ���	�����
�

gives the maximum testing time over all TAM partitions. The

penalty term is the product$ �� , and$ varies inversely with� . For a given$, a corresponding value

of� is achieved that minimizes the cost function. It is possible to arrive at a desired value of� by using

a bisection search over all possible values of$. In our experiments, we have found that in order to find

partitions for TAM widths varying from 8 to 160, the$ values need to vary from 10,000 to 1, as shown in

Figure 6. For example, for the SOC benchmark circuit p22810,$ � �� ��� yields a TAM partition for a

TAM width of � � .

Iterative descent procedure. Given a value of$ and the set of values for the��� variables, we solve

Equation (7) using an iterative descent procedure. This procedure optimizes the cost function� along each

dimension� in a round-robin manner. Let��
� � 		
�
�
� � � � � � �
 be the initial value of the solution

vector, e.g., an arbitrary choice of equal TAM widths. In the first iteration, we keep the values of all	�

(� �� �� fixed at their initial values, i.e.,	���� � 	
�
�
� for � �� �. We then optimize the cost function to

determine the optimal value of	� for this constrained problem instance. Let	�� denote the optimal value of

	�. We set	���� � 	��. In the second iteration, keeping the values of all	� (� �� �) constant, we optimize the

cost function to determine the optimal value of	�. In this manner, locally-optimal values for	� � � �  	�

are determined. The procedure then repeats to find the next value for	�. The procedure cycles through

each value of�, ending when the decrement in the cost function� goes below a given threshold%. Also, it

is reasonable to assume that TAM partitions in practice do not exceed a width of 64 [11]; thus all values of

	� are chosen such that	� � 	���, where	��� � �
.

An important property of the above procedure is that the cost at the end of the�� iteration is always

less than or equal to the cost at the end of the�� � ��� iteration, i.e.,� �	� � � �	���. We exploit this

property to show that the procedure is guaranteed to converge. Note that� is bounded from below (a trivial

lower bound is� � �). Also, from the property��	� � � �	���, � �	� is a monotonically non-increasing

function of�. Since a monotonically non-increasing function that is bounded from below is guaranteed to

converge, the iterative procedure is also guaranteed to converge.

Illustrative example. We demonstrate the efficiency of the proposed method using a simple illustrative

example. Let� � � and� � � as before. Let Core 1 be tested on TAM 1 and Core 2 on TAM 2.

Furthermore, let���	�� � ������ and let���	�� � ������� . Note that both���	�� and���	�� are

monotonically non-increasing function of	� and	�, respectively. Let$ � �. We wish to minimize

� �	� 	��, where

� �	� 	�� � ���	������  �������
	 �	� 	 	��� (8)
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Let the allowed values of	� and	� be constrained, such that� � 	� 	� � ��. A brute-force solution

would require the evaluation of� for all 100 possible combinations of	� and	�. Such a brute-force

search in this example gives	��� � �, 	��� � � and#���� �� � 
����
. Next, we solve the problem

using the proposed procedure. We initialize the TAM width vector to	
�
�
� � 	

�
�
� � ��. Since$ � �,

# �
� � �������.

In the first iteration, we minimize� �	� 	�� varying only	�, while keeping	� � ��. The constrained

cost function can be expressed as

� ��	�� � ���	������  �� ���
	 	� 	 ��� (9)

Using the bisection search method [5], we find that the value	� � � minimizes the cost function in Equa-

tion (9). Thus,	���� � �, 	���� � ��. After iteration 1,#��� � ������
. In Iteration 2, we set	���� to 2, and

minimize the cost function, while varying	�. The new constrained cost function can thus be written as

� ��	�� � ���	���� �������
	 � 		�� (10)

Here, bisection search [5] yields	� � �, and the minimal value of the cost function#��� equals
����
.

Next, in Iteration 3, we fix	� to 1 and vary	�. The solution obtained at the end of Iteration 3, remains

unchanged. Thus, we have achieved the optimal values of	� and	�. These are given by	� � �, 	� � �.

Recall that this solution is the same as the one we obtained earlier using brute-force search. However,

we are able to find the optimal solution in only three iterations using the iterative descent procedure, as

compared to 100 iterations using the brute-force search. Moreover, from the theory of Lagrange multipliers,

the complexity of the proposed approach is linear in�, whereas that of the brute-force method is exponential

in �.

6 TAM optimization and core assignment

In the previous section, we used Lagrange optimization to determine an optimal partition of TAM widths

among cores when the core assignment to TAMs is known. In this section, we solve the more general

problem of optimizing core assignments as well as TAM widths in conjunction. This problem is equivalent

to the general TAM optimization problem����� formulated in [11]. Here, we first repeat the problem

formulation from [11], and then present a method based on the Lagrange optimization procedure of Section 5

to solve�����.

Problem �����: Given an SOC having� cores and a total TAM width� , determine the number of

TAMs, a partition of� among the TAMs, an assignment of cores to TAMs, and a wrapper design for each

core, such that the total testing time is minimized. �

Problem����� was shown to be��-hard in [11].
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Figure 7: Procedure for core assignment and TAM optimization.

We use the method of alternating projections [19] to iterate between the Lagrange optimization proce-

dure and a heuristic algorithm for core assignment [12], where the cost function is the SOC testing time.

First, the Lagrange optimization procedure is used to obtain a TAM width partition that minimizes the test-

ing time for the SOC (based on an initial arbitrary core assignment). This width partition is then provided as

input to the core assignment algorithm [12], and cores are re-assigned to TAMs. After this step, the new as-

signment is fed as input to the Lagrange optimization procedure and the process is repeated. The Lagrange

optimization procedure and the core assignment algorithm are run alternately until the SOC testing time

converges, i.e., the decrease in the cost function is less than a predefined threshold.

Figure 7 illustrates the alternating procedure for core assignment and Lagrange width partition opti-

mization. The wrapper design algorithm from [11] is used to optimize core wrappers for the SOC. From the

wrapper design procedure, we obtain the testing time���&� of each core for TAM width& (� � & � 	���),

where	��� is the upper limit on TAM width supplied to the wrapper design algorithm. The core testing

times are then input to the core assignment algorithm [12] and cores are assigned to TAMs based on an ini-

tial ad hoc TAM width partition in which the width of each TAM is set to	���. After the core assignment

is performed, the Lagrange optimization procedure determines the new expression for the cost function� ;

a TAM partition that minimizes this cost function is obtained. The new TAM width partition is input to the
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Number of TAM partitions:� � � Number of TAM partitions:� � �
� ���� � ����� ���� � ���� � ����� ���� �

44 1909 46 18 0.009 1571 170 24 0.01
48 2949 46 18 0.006 2889 48 24 0.008
52 4401 65 18 0.004 5059 100 24 0.004
56 6374 111 18 0.002 8499 110 24 0.002
60 9000 278 18 0.002 13776 172 24 0.001
64 12428 708 18 0.001 21643 256 24 0.001

Table 2: Efficiency of the Lagrange optimization procedure for� � � and.

core assignment algorithm and the process repeats until the testing time converges. Convergence is achieved

when the decrement in the testing time is less than a threshold value%. In our experiments, we set% to 3

clock cycles.

Recall from Equation (6) that the cost function for the Lagrange optimization problem is� �	� � � �  	��

� ����
���

��� ���	�����
�
	 $

��
� 	� � Now, the cost function (SOC testing time) for the core assignment

algorithm of [12] used in the proposed method is given as:� � ����
���

� ���	�����
�
� It is therefore

interesting to note that the cost function expressions for core assignment and TAM optimization are the

same, since the values of$ and� remain constant during an execution of the procedure illustrated in Fig-

ure 7. Hence the testing time converges at a quicker rate than if the Lagrange procedure were run with no

alternating core re-assignment step. The procedure in Figure 7 is once again an iterative descent procedure;

each Lagrange and each core assignment iteration guarantees a decrease in the testing time. The proof of

convergence for this procedure is therefore similar to that given in Section 5 for the Lagrange procedure.

In the absence of an analytical expression for the number of iterations required to arrive at a solution,

we demonstrate the efficiency of the proposed procedure empirically. In Table 2, we list the total number

���� � of unique TAM partitions for a total TAM width of� and for� TAMs. The value of���� �

is calculated using the expression���� � � ����

�������� [12]. Note that this expression is accurate only for

larger values of� ; hence we present results only for� � 

. We compare the efficiency of the Lagrange

optimization algorithm with that of thePartition evaluatealgorithm proposed to solve Problem�����

in [12]. The efficiency' is calculated as the ratio of the number of TAM partitions evaluated by the Lagrange

optimization procedure to the total number of unique partitions, i.e.' �
����
���� � . It can be seen that the

number���� of partitions evaluated by the Lagrange procedure is less than the number����� of partitions

evaluated byPartition evaluate. The value of���� is constant over� , but increases super-linearly with�.

Since bothPartition evaluateand the Lagrange procedure use the same algorithm for core assignment [12],

the overall improvement in TAM optimization using the Lagrange procedure is based solely on the new

TAM partitioning algorithm. Hence, the performance of the Lagrange procedure does not deteriorate with
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increasing� , which is not the case forPartition evaluate[12]. This is especially critical when virtual

TAMs are designed, since the total virtual TAM width for a high-performance ATE can be very high. For

large TAM widths, the computation time in [12] is in the order of minutes, whereas the proposed approach

requires computation time in the order of a few seconds.

7 Experimental results

In this section, we present experimental results on core assignment and TAM optimization using virtual

TAMs. We demonstrate that the SOC testing time and therefore implicit test cost can be significantly re-

duced using virtual TAMs. We present results for three large benchmark SOCs from theITC’02 SOC Test

Benchmarkssuite [22].

In Table 3, we present results on the testing times obtained for different values of TAM width using

virtual TAMs. The testing time is measured in terms of the number of scan clock cycles. The total number

of high-frequency and low-frequency ATE pins used for test is denoted by����. Therefore thereal TAM

width at the SOC boundary is����. Of the���� pins, there are� high-frequency pins and (���� �� )

low-frequency pins.

The� high-frequency pins are assumed to be capable of operating at a frequency of four times that

of the (���� � � ) low-frequency pins, which operate at the lower scan clock frequency. Therefore, from

Equation (3), the number of virtual TAM pins available to cores is given by� �����	�� . The value of

���� is varied from 16 to 64 for each benchmark SOC. For each SOC, we perform two sets of experiments,

setting (i)� � ����

� , and (ii)� � ����

� . Testing time results are obtained for both these cases. By����,we

denote the testing time obtained by using Lagrange optimization, if no virtual TAMs are used. This follows

the TAM design methods proposed in [6, 11, 12, 13], where the entire TAM width of���� was assumed

to operate at the lower scan clock frequency, and only���� TAM wires are partitioned among the cores.

By ����, we denote the testing time obtained using Lagrange optimization and virtual TAMs. The lower

bounds on testing time��� for the� virtual TAMs, as discussed in Section 4, are also presented. The

percentage decrease in the SOC testing time�� using virtual TAMs is presented for each value of����

for the three benchmark SOCs. The value of�� is calculated as���������
����

� ���.

For p22810, we obtain a decrease of as much as 55.3% in testing time. In SOC p34392, one of the cores

(Core 18) is a bottleneck core, as a result of which the testing time reaches the lower bound value of 544579

clock cycles for all TAM widths larger than 32. This property of Core 18 for TAM widths larger than 32 in

SOC p34392 was presented in [13]. Using virtual TAMs, it is possible to achieve the lower bound of 544579

cycles with���� � ��. The testing time results for p93791 show an improvement of as much as 58.6%

over the testing times obtained without using virtual TAMs, even if only 8 pins out of 16 are running at the
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� � �� � � � �� �

SOC ����
� 	���

�
� � ��
 ����

� ����
� (%) 	���

�
� � ��
 ���� (%)

p22810 16 8 40 ������ 434922 194193 ����� 4 28 ��
�� 285450 �����
24 12 60 ������� 313607 145417 ����� 6 42 ��
���� 190995 �����
32 16 80 �
����� 245622 133628 ����� 8 56 ��
�
�� 145417 ��
��
40 20 100 �
����� 194193 121393 ����� 10 70 �
����� 132025 ����

48 24 120 �
����� 164755 109555 ����� 12 84 �
����� 132025 ����
56 28 140 �
����� 145417 109555 ��� 14 98 �
����� 121393 �����
64 32 160 �
����� 133628 109555 ���
 16 112 �
����� 121393 ����

p34392 16 8 40 ������� 1021510 544579 ����� 4 28 ������� 655144 �����
24 12 60 ������� 729864 544579 ����� 6 42 ������� 544579 �����
32 16 80 ������� 630934 544579 ����� 8 56 ������� 544579 �����
40 20 100 ������� 544579 544579 0 10 70 ������� 544579 0
48 24 120 ������� 544579 544579 0 12 84 ������� 544579 0
56 28 140 ������� 544579 544579 0 14 98 ������� 544579 0
64 32 160 ������� 544579 544579 0 16 112 ������� 544579 0

p93791 16 8 40 �����
� 1775586 734085 ���� 4 28 ������� 1045840 ����

24 12 60 ������ 1198110 501163 ���� 6 42 ������� 733567 ����
32 16 80 ������ 936081 472388 ����� 8 56 ���
�� 514825 ����

40 20 100 ����� 734085 348567 ����� 10 70 ������ 514825 �����
48 24 120 ������� 599373 263404 ����
 12 84 ������ 411860 �����
56 28 140 ������� 514688 257173 ��
�
 14 98 ���
�� 411205 ��
��
64 32 160 ������� 472388 223598 ����� 16 112 ����� 348567 �����

�����: ATE pin-count (real TAM width); �� : Virtual TAM width; ����� : Testing time without virtual TAMs, using Lagrange multipliers;
�����: Testing time using virtual TAMs and Lagrange multipliers;��� : Percentage change in testing time using virtual TAMs;

�: Tighter lower bound obtained from Equation (5) in Section 4;�: Tighter lower bound obtained from [3];

Table 3: Results on testing time (scan clock cycles) for TAM optimization using virtual TAMs.

higher frequency. This represents a significant reduction in implicit test cost. The lower testing times and

ATE pin-count requirements on the part of each SOC facilitate greater utilization of the ATE, and provide

larger returns on the ATE investment.

In Table 4, we compare our results with four recent TAM optimization approaches [6, 11, 12, 13].

Note that the testing times presented for the proposed Lagrange optimization approach in the last column of

Table 4 do not assume virtual TAMs. This is to ensure a fair comparison with the approaches in [6, 11, 12,

13]. In Column 3 of Table 4, we also list the lower bound values on testing time for the benchmark SOCs

calculated in [6].

The results obtained for the proposed approach relate most closely to those of thePartition evaluate

algorithm [12], since the two methods use the same heuristic for core assignment. The CPU times taken

by the method in [12] is in the range of a few hundred seconds at most, while the proposed Lagrange

procedure is usually half of this. This is because, as shown in Section 5, the Lagrange procedure is more

efficient than the partitioning approach used inPartition evaluate, therefore the CPU time taken by the

Lagrange procedure is less than that required byPartition evaluate. The rectangle packing [13] and TR-

Architect [6] algorithms appear to be the most efficient in terms of execution time taking at most 10 seconds

to complete. The ILP/enumeration algorithm [11] takes prohibitively-large execution times (in the range of
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TAM width ILP/enum Partition evaluate GRP TR-Architect Proposed
SOC ���� ��
 [11] [12] [13] [6] method

p22810 16 ������� 462210 468011 489192 458068 434922
24 �
���� 361571 313607 330016 299718 313607
32 ��
���� 312659 246332 245718 222471 245622
40 ������ 278359 232409 199558 190995 194193
48 ��
��� 278359 232409 173705 160221 164755
56 ��
�
�� 268472 153990 157159 145417 145417
64 �
����� 260638 153990 142342 133404 133628

p34392 16 ������ 998733 1033210 1053491 1010821 1021510
24 ���
��� 720858 882182 759427 680411 729864
32 ������� 591027 663193 551778 544579 630934
40 ������� 544579 544579 544579 544579 544579
48 ������� 544579 544579 544579 544579 544579
56 ������� 544579 544579 544579 544579 544579
64 ������� 544579 544579 544579 544579 544579

p93791 16 �������� 1771720 1786200 1932331 1791638 1775586
24 �������� 1187990 1209420 1310841 1185434 1198110
32 ������ 887751 894342 988039 912233 936081
40 �����
� 698883 741965 794027 718005 734085
48 ������ 599373 599373 669196 601450 599373
56 ���
�� 514688 514688 568436 528925 514688
64 ������� 460328 473997 517958 455738 472388

�: Tighter lower bound obtained from Equation (5) in Section 4;�: Tighter lower bound obtained from [3];

Table 4: Results on testing time (scan clock cycles) for TAM optimization using Lagrange multipliers
(without virtual TAMs).

several minutes to hours, depending on the SOC complexity).

As explained in Section 6, the TAM optimization procedure using Lagrange multipliers requires an

initial TAM width partition and an initial assignment of cores to the TAM partitions. This feature of the

optimization procedure can potentially be used to improve the solution obtained using other techniques,

e.g. the heuristic approach of [12] and TR-Architect [6]. The best solution, i.e., with the smallest SOC

testing time, obtained using [6, 12] can be used as the starting point for the optimization based on Lagrange

multipliers. While the proposed approach is not gauranteed to improve upon the solution in all cases, we

found several problem instances in which a small reduction in testing time was achieved over both [12] and

[6]. For example, for� � � and� � 
� in SOC p93791, a testing time improvement of���� and
�,

respectively, was achieved over the TR-Architect solution and for� � �� and� � �
 in SOC p22810, a

testing time improvement of���� and����� was achieved respectively over thePartition evaluatesolution.

8 Effect of virtual TAMs on test power consumption

Dealing effectively with power consumption in SOCs is highly critical. Excessive power dissipation in

an SOC can cause overheating, which can lead to irreversible damage to the chip. Therefore, along with
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efficient TAM design to minimize the testing time of the SOC, it is also important to investigate the effect

of the TAM design on power consumption during scan testing.

The use of virtual TAMs leads to a reduction in the testing time of the SOC due to an increase in the

chip-internal TAM width, which allows the cores to be tested on wider TAM partitions. In addition, virtual

TAMs can potentially allow a larger number of TAM partitions, thereby providing higher parallelism in core

testing. Both peak and average power increase with a larger number of TAM partitions due to greater test

parallelism. In this section, we study the impact of virtual TAMs on test power dissipation for one of the

ITC’02 benchmark circuits. We limit ourselves to a single benchmark circuit for the following reasons.

Detailed information about the power consumption is only available for two benchmarks, namely d695 and

d281. The d281 benchmark is a small SOC with 6 cores and its testing time does not decrease beyond a

TAM width of 30, thus the circuit does not show much variation in the power consumption with the use of

virtual TAMs. Therefore, we only present results for d695.

In [9], the peak power consumption for the ISCAS-85 benchmark circuits is estimated based on the

maximum switching activity. Since the ISCAS-85 circuits form the cores in SOC d695, we use the power

data reported in [9] for estimating the test power for d695. These power estimates have also been used in

[8] to evaluate power-constrained TAM optimization. Although the power estimates in [9] are for functional

patterns, we use these values for scan test power as in [8] due to lack of any additional power data for these

circuits. In [2], a Monte Carlo approach is used to estimate the average power consumption for the ISCAS-

85 benchmark circuits; we use these power estimates to study the average power consumption in d695 when

virtual TAMs are used.

The instantaneous power consumption������� of an SOC is given by the sum of the instantaneous

power consumption values of the cores being tested in test cycle�. This can be expressed as:������� ���
��� �����, where� is the number of cores and����� is the power consumption of Core� in test cycle�.

The peak power value for Core� is calculated as the maximum of the instantaneous power consumption

values for Core� over all test cycles; this is given as:�� � ��� �����. Now, let(�� be a binary variable

that takes the value 1 if Core� is being tested in test cycle� � & � � & � � , where� is the total number

of test cycles taken for the SOC; else(�� � �. The instantaneous power consumption for the SOC can be

expressed as:������� �
��
��� ���(�. Note that this is an over-estimate, since the instantaneous power

value����� for Core� is replaced by upper bound��; the power consumption for the SOC is likely to be

lower in practice. The peak power����� of the SOC can now be expressed as:

����� � ���


��
���

���(� � � � � ��

If it takes �� clock cycles to test core� and it takes� clock cycles to test the SOC, the average power
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Peak Average
Core power (PSF) power (mW)

c432 660 1.12
c499 602 2.05
c880 823 2.75
c1355 275 5.45
c1908 690 9.22
c2670 354 10.80
c3540 530 14.64
c5315 753 23.10
c6288 641 70.32
c7552 1144 37.52

Table 5: Peak and average power data for ISCAS-85 cores in d695 [2, 9].

consumption of the SOC is calculated as:

���� �

��
��� �� � ��
�

�

To study the relationship between testing time reduction and SOC test power consumption due to virtual

TAMs, we tabulate the peak and average power consumption, and the testing time for d695 for different

values of TAM width. In the absence of any previous work that characterizes test power of a core as a

function of TAM width, we assume that the test power for a core does change appreciably with TAM width.

With wider TAMs, the wrapper scan chains in a core are shorter, and there is less transition activity in

them. Since a 0/1 or 1/0 transition traverses a shorter distance in the wrapper scan chains, it is expected a

core consumes less power during scan shifting in this case. This depends however on the nature of the test

patterns. The potential power reduction due to wider TAMs is also offset by the fact that more cores can be

tested in parallel with more TAM partitions that may arise due to a wider top-level TAM, which in turn can

lead to an increase in test power.

We compare the proposed Lagrange framework with [6], [12] and [13]. As is the case in this paper,

test power was not explicitly considered, either in the objective function or as a constraint in [6, 12, 13].

Nevertheless, it is important to evaluate the impact of TAM optimization on test power. The peak power is

measured as peak switching frequency (PSF) per node [8, 9] and the average power is measured in mW [2].

Table 5 shows the peak power and average power data for every core in d695.

We present results for various ATE TAM widths in Table 6 and Table 7. Of the���� pins, there are�

high-frequency pins and (���� � � ) low-frequency pins. As in Section 7, the� high-frequency pins are

assumed to be capable of operating at a frequency four times that of the (���� � � ) low-frequency pins,

which operate at the lower scan clock frequency. Therefore, from Equation (3), the number of virtual TAM

pins available to cores is given by� � ���� 	 �� . The value of���� is varied from 16 to 64 and 25%
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of the ATE pins are assumed to be operating at the high frequency, i.e.,� �����

� .

In Table 6, we compare the proposed method with some recent TAM optimization approaches [6, 12,

13]. The testing times obtained with TR-Architect for���� � �� in Table 6 have not been published in

the literature; these results were made available to us by Erik Jan Marinissen and Sandeep Kumar Goel of

Philips Research Laboratories. In Columns 2–4, we present the testing time results along with the peak

and average power consumption using���� pins with no virtual TAMs. We then present the same set of

results with the use of virtual TAMs for all the four approaches in Columns 6–9. The percentage decrease

in the SOC testing time�� using virtual TAMs is presented for each value of����. The value of�� is

calculated as�����
��

����, where�� represents the testing time obtained without the use of virtual TAMs and

�	 represents the testing time with the use of virtual TAMs. Similarly, the change in peak power and average

power consumption of the SOC is calculated as�������������
������

� ��� and�����������
�����

� ��� respectively,

where����&	 and����	 represent the peak and average power consumed with the use of virtual TAMs,

and����&� and����� represent the peak and average power consumption in the absence of virtual TAMs.

We also present the number of TAM partitions used to obtain the results. With an increase in the number of

TAM partitions, more cores are tested in parallel, hence the number of TAM partitions indicates the degree

of parallelism in core testing.

The percentage increase in the peak and average power are reported in Columns 12 and 13 of Table 6.

As expected, the use of virtual TAMs is usually accompanied with an increase in the peak and average

power for scan testing. The increase in test power appears to vary directly with the increase in the number

of TAM partitions. An increase in the number of TAM partitions implies an increase in the test parallelism.

For example, in the proposed approach, the increase in average power is highest for the case (���� � 
�)

for which the increase in the number of partitions is highest. However, it is clear that the test schedule also

plays a role in the increase in power, since different approaches with the same number of partitions yield

different results.

Nevertheless, in some cases, the use of virtual TAMs leads to reduced test power, especially if the

number of TAM partitions is either equal to or less than the number of TAM partitions when virtual TAMs

are not used. In these cases, reduced testing time is also accompanied by reduced test power. However, it

can be seen from Table 6 that a reduction in average power is not always accompanied by a reduction in

peak power, and vice versa. From the results reported in Table 6, the� !� approach [13] appears to be the

most efficient from the average and peak power considerations.

Next we examine the impact of virtual TAMs on test power when the number of TAM partitions is the

same as for the case when virtual TAMs are not used. Table 7 presents the testing time and the test power

for four different values of���� for both cases. For each value of����, we vary the number of TAM

partitions from 2 to 6. With an increase in the number of TAM partitions, the test time decreases, but the
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1 2 3 4 5 6 7 8 9 10 11 12 13
��������� ���	
��� [12]

�� Number of ������ ����� �� Number of ������ ����� �� � �� �
����

�� ����
� �

���
(cycles) partitions (��" ) (�� ) ���� (cycles) partitions (��" ) (�� ) (%) (%) (%)

16 42644 4 3288 79.38 28 24701 5 3582 93.79 �42.07 8.94 18.15
24 30032 3 2188 51.42 42 18564 5 3582 94.03 �38.18 63.71 82.86
32 22268 4 2941 72.69 56 13182 6 4112 144.34 �40.80 39.81 98.56
40 18448 3 2587 63.99 70 10432 6 4112 132.18 �43.45 58.94 106.56
48 15300 5 3789 91.10 84 9878 6 4112 108.47 �35.43 8.52 19.06
56 12941 5 3582 144.34 98 9878 6 4112 108.47 �23.66 14.79 �24.85
64 12941 6 4273 108.24 112 9878 6 4112 108.47 �23.66 �3.76 0.212

TR-Architect [6]
�� Number of ������ ����� �� Number of ������ ����� �� � �� �

����
�� ����

� �

���
(cycles) partitions (��" ) (�� ) ���� (cycles) partitions (��" ) (�� ) (%) (%) (%)

16 44307 3 2587 59.08 28 24701 4 3187 99.21 �44.25 23.19 67.92
24 28576 3 2538 65.38 42 16872 4 3117 69.56 �40.95 22.81 6.39
32 21518 3 2587 53.85 56 12462 5 3764 69.72 �42.08 45.49 29.47
40 17677 3 2587 46.24 70 10216 5 3167 83.25 �42.20 22.41 80.03
48 14608 5 3534 86.27 84 9869 5 3764 80.50 �32.44 6.50 �6.68
56 12462 5 3764 69.72 98 9869 5 3764 80.50 �20.80 0 15.46
64 11033 6 4112 113.62 112 9869 5 3764 80.50 �10.55 �8.46 �29.14

���� [13]
�� Number of ������ ����� �� Number of ������ ����� �� � �� �

����
�� ����

� �

���
(cycles) partitions (��" ) (�� ) ���� (cycles) partitions (��" ) (�� ) (%) (%) (%)

16 43723 N/A 2883 45.57 28 25586 N/A 3671 55.40 �41.48 27.33 21.57
24 30317 N/A 3671 51.22 42 17300 N/A 3758 55.10 �42.93 2.36 7.57
32 23021 N/A 4085 54.33 56 13415 N/A 3818 76.51 �41.72 �6.51 40.82
40 18459 N/A 4215 45.01 70 10869 N/A 4954 66.03 �41.11 17.53 46.70
48 15698 N/A 4215 60.65 84 9869 N/A 4196 55.17 �37.13 �0.45 �9.03
56 13415 N/A 3818 58.86 98 9869 N/A 4085 50.35 �26.43 6.99 �14.40
64 11604 N/A 4699 67.81 112 9869 N/A 5301 50.35 �14.95 12.81 �25.74

Proposed Approach
�� Number of ������ ����� �� Number of ������ ����� �� � �� �

����
�� ����

� �

���
(cycles) partitions (��" ) (�� ) ���� (cycles) partitions (��" ) (�� ) (%) (%) (%)

16 42644 4 3228 79.38 28 24701 6 4294 93.79 �42.07 33.02 18.15
24 29300 3 2475 51.42 42 18564 5 3582 94.03 �36.64 44.72 82.86
32 22257 6 4201 72.69 56 12192 6 4954 143.39 �45.22 17.92 97.26
40 18448 3 2587 63.99 70 10432 6 4112 132.18 �43.45 58.94 106.56
48 15300 5 3789 91.10 84 9869 6 5812 108.47 �35.49 53.39 19.06
56 12192 6 4954 143.39 98 9869 6 5812 108.47 �19.05 17.31 �24.35
64 11274 7 4896 108.24 112 9869 6 5812 108.47 �12.46 18.70 0.212

�����: ATE pin-count (real TAM width); ��� : Percentage change in testing time using virtual TAMs;�������: Percentage change in peak
power using virtual TAMs;������: Percentage change in average power using virtual TAMs; N/A: Not applicable (���� uses a

fork-and-merge TAM architecture that does not have unique TAM partitions).

Table 6: Results on testing time and peak and average power consumption for TAM optimization using
virtual TAMs.

average and peak power increase in some cases. However, the percentage reduction in test time in these cases

is much greater than the percentage increase in power consumption. We find that if we limit the number

of TAM partitions due to power constraints, we can not only reduce test time using virtual TAMs, but we

can also reduce peak and average power during scan testing in most cases. For example, if the number of

TAM partitions is limited to 4 for an ATE TAM width of 16 bits, the reduction in test time is
��, and it is

accompanied by a reduction of��� and� in peak and average power respectively.

25



� Number of ����� ���� ���� Number of ����� ���� �� ������ �����
���� (cycles) partitions (��" ) (�� ) ���� (cycles) partitions (��" ) (�� ) (%) (%) (%)

16 44924 2 1897 34.42 28 30390 2 1785 32.62 �32.35 �5.90 �5.22
42674 3 2475 54.34 26869 3 2251 54.23 �37.03 �9.05 �0.202
42644 4 3228 79.38 24775 4 2829 72.84 �41.90 �12.36 �8.23
46741 5 3613 88.35 24701 5 3582 93.79 �47.15 �0.85 6.15
48106 6 4273 104.36 24701 6 4294 121.76 �48.65 0.49 16.67

24 34962 2 1674 32.88 42 22686 2 1897 33.30 �35.11 13.32 1.27
29300 3 2475 51.42 20861 3 2538 54.39 �30.64 �1.89 5.77
29872 4 2829 73.53 18799 4 2941 75.00 �37.06 3.9 1.99
30132 5 3582 102.12 18564 5 3582 94.03 �40.76 0 �7.92
30132 6 3927 135.26 17663 6 4143 128.07 �41.38 5.50 �5.31

32 26162 2 1897 32.56 56 22717 2 1897 33.35 �13.16 0 2.42
25630 3 2587 52.54 15510 3 2538 49.56 �39.48 �1.89 �5.67
22268 4 3005 71.59 14444 4 3228 64.04 �35.13 7.44 �10.54
21566 5 3671 97.72 13354 5 3216 78.11 �38.07 �12.39 �20.06
22257 6 4201 72.69 12192 6 4954 143.39 �41.03 �2.11 17.24

40 22930 2 1897 33.24 70 18607 2 1897 29.74 �18.85 0 �10.52
18448 3 2587 63.99 15209 3 2538 49.19 �17.55 �1.89 �23.12
19322 4 2829 69.30 13363 4 3117 68.24 �30.84 10.18 �1.52
18799 5 3582 97.40 13363 5 3582 82.92 �28.91 0 �14.86
17663 6 4143 126.61 10434 6 4112 132.18 �40.92 �0.748 4.39

Table 7: Results on testing time and power consumption for a fixed number of TAM partitions optimized
using Lagrange multipliers.

Out of the five TAM optimization approaches discussed in this paper,ILP/enumerate, Partition evaluate

and the proposed approach allow the system integrator to specify the number of TAM partitionsa priori.

However, the rectangle packing approach in [13] uses a fork-and-merge TAM design that does not easily lend

itself to a predetermined limit on the amount of test parallelism. In the published procedure for TR-Architect

[6], the number of TAM partitions is determined by the underlying optimization procedures; therefore, it is

also not as amenable to power-constrained TAM optimization.

9 Conclusions

We have presented a new technique to reduce testing time and test cost for core-based SOCs by increasing

test resource utilization. The proposed approach, which is based on the concept of virtual TAMs, allows

high-speed ATE channels to drive slower scan chains at their maximum rated frequencies. We have shown

that even though virtual TAMs operate at scan-chain speeds, they can be interfaced to high-speed ATE

channels using bandwidth matching. In this way, the number of on-chip TAM wires is not limited by the

number of available pins on the SOC; this allows better utilization of high-speed ATE channels and reduces

testing time. We have investigated the effect of virtual TAMs on SOC test power. We have also presented a

new TAM optimization framework based on Lagrange multipliers. Experimental results for three industrial

SOCs from the ITC’02 SOC test benchmarks demonstrate the effectiveness of the proposed approach. As

part of future work, we are investigating power-constrained virtual TAM optimization. We are studying the
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problem of determining optimum frequencies for the tester channels and for the embedded cores, such that

the cores can be matched to tester channels under the constraints of ATE capabilities and test power.
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