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Recently, the rapid growth of integrated circuit (IC) has brought up many 

challenges in IC testing industry. The most challenging problems are the overhead of 

power dissipation, of test data volume, and of test time. These three challenges are 

expected to get worse as IC gets more complex and the system-on chip (SOC) gets 

deeper and more embedded.  

This dissertation addresses these three challenges thoroughly and then offers 

the solutions to alleviate their seriousness. These solutions are so well shaped that 

their performance results turn out to be quite impressive and significant. It is proved 

by the simulation with the various benchmark circuits, ISCAS’85 and ISCAS’89. 

Furthermore, this dissertation discusses about the future work, some of which are 
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present work, its possible further improvements, and its new investigation in terms of 

power dissipation, test data volume, and test time.  
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Chapter 1 

Introduction 

 

The integrated chip (IC) has become a critical component of modern 

electronic devices. As the devices continue to improve, they demand ever more 

powerful ICs that can perform more functions and meet higher performance standards. 

For that reason, more modules are being integrated into single ICs, a trend expected to 

continue as long as the technology allows. Furthermore, many of the components 

integrated into single ICs are heterogeneous. Such a chip is called a system on a chip 

(SOC), a phrase coined to indicate that components that previously existed as systems 

on printed circuit boards (PCB) are now placed on single chips without loss of 

functionality. This greater complexity, however, has also dramatically increased the 

amount of power the chips must consume. 

The industry has long recognized that excessive power consumption is a 

serious issue in that it can degrade the performance of an IC. Moreover, if it rises 

above given limits, even for brief periods of time, excessive power consumption can 

severely and permanently damage an IC. The problem becomes more pronounced for 

battery-operated devices, such as many portable and mobile products. Batteries place 

a strict limit on the availability and usability of the power the device can consume. For 

a device to be more portable, it must have a more powerful and longer-lasting battery.  
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Until technology can produce a battery with the necessary robustness, 

however, research into the problem of power dissipation should continue apace. This 

research is essential, because the more power that is dissipated, the more complicated 

the package gear must become and the more expensive it is to keep it cool effectively. 

Power dissipation is an even more serious problem during the testing of ICs. 

During the test mode of an IC, power dissipation is much greater than during the 

normal operation mode. The reason for this difference is that the test data has less 

correlation [1], and consequently more transitions occur in the circuit under test 

(CUT) than during normal system operations. Moreover, to meet time-to-market 

(TTM) [2, 3] requirements, testing often becomes intensive and rapid, which in turn 

leads to excessive power dissipation. To make matters worse, when all cores in a chip 

are being tested concurrently, testing the SOC can exacerbate the excessive power 

dissipation problem. By contrast, during normal operations the simultaneous operation 

of all cores is less likely in an SOC. For those reasons, many researchers are seeking 

methods to reduce power dissipation to a power limit during testing. 

As an IC becomes more complicated, another issue appears: the increase in 

time to test the chip. As more functions and more modules are integrated into a single 

chip, more test time is required, because more test patterns must be generated and 

applied to the CUT. In developing the SOC, as opposed to developing the modules in 

SOC from scratch, most chip integrators prefer to buy the modules from developers or 

vendors, because purchasing them saves time and costs. These modules contain 
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intellectual property (IP) that is generally not divulged to integrators or users. Thus, 

integrators have no information about or know the structure of what is inside the IP 

core. Vendors provide integrators only with data that does not compromise the privacy 

of their IP. 

Vendors do, however, supply information about their test methods and the test 

set of each core. Yet, not every purchased core has a unified test method, and test 

methods may differ from core to core. This inconsistency makes the testing of SOC 

chips even longer and more difficult. The lack of consistency also creates problems 

like limited bandwidth, difficulty in accessing the cores, difficulty in isolating cores, 

and levels of power dissipation over a given limit. If the integrator builds every core 

in an SOC from the start, testing problems would be alleviated, but that approach is 

not practiced because it would increase the cost of the product and prolong the TTM, 

as mentioned before. Therefore, the trend of purchasing cores will continue. Just as 

researchers are attempting to reduce power dissipation, they are also seeking methods 

to reduce testing time. Some of that research will be discussed in the next section. 

A few of the challenges facing the testing of SOCs are introduced in [4]. They 

include test wrapper design, the design of test-access mechanisms, test scheduling, 

and test-volume reduction. Until those challenges are resolved, little progress on the 

test issues can be expected. . 
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1.1   Definition of Power and Test Time 

 

There are two types of power dissipation in ICs: static power and dynamic 

power dissipation. The static power dissipation is characterized mostly by current 

leakage, and dynamic power dissipation is characterized by the transition from 0 to 1 

or from 1 to 0 in the internal node of the circuit. Note that the power dissipation issue 

in testing involves mostly dynamic power dissipation. Thus, dynamic power 

dissipation will be the focus of this study. As defined above, dynamic power 

dissipation occurs when the internal node in the CMOS circuit undergoes switching 

from 1 to 0 or from 0 to 1. The model for calculating the power consumption in the 

CMOS circuit based on the switching activity is as follows: 

 

swloadclkddd ACfVP 25.0=                                        (1)   

 

Where ddV is the power supply voltage, clkf is the clock frequency, loadC  is the 

load capacitance, and swA is the switching activity. The calculation based on this 

expression is known to be a good method of approximating the power dissipation of a 

circuit.  

On the other hand, the measurement based on the switching activity in the 

CUT given in Equation 1 is also known to be a time-consuming process. For that 
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reason, a Weight Transition Metric (WTM) [5] is used alternatively to compute the 

power consumption from the shifting operations of scan test patterns. This model is 

generally accurate in estimating the switching activity in the internal nodes of the 

circuit caused by the scanning-in of test pattern and the scanning-out of test response. 

The reason for its good estimates is that the scan test patterns are reasonably weighted, 

depending on the bit positions inside them and the length of their scan chains. The 

following expression shows how WTM is calculated: 

 

• The WTM for the jth input test vector: 

)()( 1 inbbWTM ii
j

in −×⊕= −    

• The WTM for the jth test response: 

ibbWTM ii
j

res ×⊕= − )( 1   ( 1:1 −= ni , :n the number of scan  

cell in a scan chain) 

• The total WTM for a test set (input test vector and its test response): 

totalWTM = ( 1
inWTM  + …+ j

inWTM + …+ m
inWTM )  

+  ( 1
resWTM +…+ j

resWTM +…+ m
resWTM )                                (2) 

    ( mj :1= ,  :m  the number of input test vector)     

 



 
 

6

In calculating test time, assume that one scan-in or one capture takes place 

during one clock cycle and that the scan-out process occurs simultaneously with the 

scan-in process except for the first and the last test pattern. For instance, if the CUT 

has one scan chain that is 100 scan cells in length and has 100 input test patterns, the 

clock cycles for the scan-in of all input test patterns are 10,000, which is obtained by 

multiplying 100 (the clock cycles for the capture that is performed once per input test 

pattern) times 100 (the scan-out of the test response of the last input test pattern). The 

total number of clock cycles, 10200, is obtained by summing those resultant numbers. 

• Test time: TT  =  ( m  x  n ) + m + n  

( :m  the number of input test vector, :n the number of scan cells in a chain)      (3) 

 

The calculation of the test data volume here is simple: when there is a test set, 

all 1 bits are added together. Another simple way to calculate test data volume is to 

multiply the number of test patterns by the bit length of a test pattern. For example, 

when a test set has 100 test patterns and its test pattern is 1000 bits long, the volume 

of test set is 100 x 1000. It is generally reasonable to think that reducing the test data 

volume automatically leads to a reduction in test time, because the absolute amount of 

the test set to be scanned in the scan architecture is smaller. Hence, any method to 

reduce the volume of the test set is also considered a method to reduce test time. The 

following expression is used to calculate the test data volume. 

• Test data volume:  TDV  =  m  x  n 
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( :m  the number of test vector, :n the number of scan cells)                               (4) 
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1.2   Contribution and Dissertation Overview 

 

In this dissertation, various techniques are introduced that reduce power, test 

data volume, and test time during IC testing. Some of the techniques focus on all three 

problems simultaneously; others focus on reducing test time and test data volume only. 

The techniques represent various approaches to resolving the problems.  

The organization of this dissertation is as follows. 

In Chapter 2, three different methods for reducing power dissipation and test 

time are introduced. Each method comprises several submethods that are combined to 

resolve drawbacks. All three methods implement scan cell reordering, which in turn 

always raises problems in scan routing. Thus, Chapter 2 starts by presenting the 

technique of scan routing and then presents two methods of reconfiguring scan 

architecture that are combined with scan reordering and scan routing. The two 

methods, which are accomplished by making a simple change of the conventional 

scan architecture, are efficient at reducing power dissipation and test time. The third 

method is a technique that partitions a long scan chain into multiple scan chains and 

that takes into account the concept of compatible scan cells and the length of scan 

routing. This method guarantees a reduction in the volume of the test set. 

Chapter 3 introduces a nonlinear feedback shift register (FSR) that is applied 

to the Built-In Logic-Block Observation (BILBO). The linear FSR is popular in the 

research, whereas the nonlinear FSR has seen little use. In this study, the application 
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of the nonlinear FSR to the scan architecture is meaningful and effective, even though 

it has only limited application to the BILBO architecture. An attempt to apply the 

nonlinear FSR to a self-test using MISR and Parallel SRSG (STUMPS) scan 

architecture is found to have various restrictions. Nevertheless, because some circuits, 

such as an extensive data-path circuit, need the BILBO scan architecture, the 

experiment for reducing the test data volume in this chapter is valuable and 

worthwhile. Using the nonlinear FSR shows promising results in the reduction of the 

test set. 

In Chapter 4, the relationship between compaction algorithms and two 

reseeding compression methods is examined in terms of test data volume. The 

compaction is applied to reduce the number of test patterns when or after test patterns 

are generated by the automatic test pattern generator (ATPG). Generally, during 

compaction, the number of specified bits in a test pattern increases, because a test 

pattern is designed to detect more faults. The increase in the number of specified bits 

in a test pattern has an adverse influence on the reduction effect of the two reseeding 

compression methods, whose encoding efficiency depends on the number of specified 

bits.  

Second, a static compaction algorithm is developed that favors a static 

reseeding method that has currently been adopted in the testing industry. Because 

static reseeding relies on the greatest number of specified bits in a test pattern, this 

compaction process is designed to distribute almost the same number of specified bits 



 
 

10

evenly to each test pattern. This even distribution helps maximize the encoding effect 

of the static reseeding method. 

Chapter 5 concludes this dissertation with closing statements.
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Chapter 2 

The Reduction of Power Dissipation and Test Time by Using 

Various Scan Architectures 
 

This chapter begins with a discussion of the method to find an optimal scan 

routing length. The length of a scan routing is not necessarily extremely short, because 

it may create the hold-time violation, which can be prevented by inserting buffers into 

the scan path [6, 7]. Conversely, a long scan routing is not desirable either, because it 

creates a shortage of resources and a delay problem [8]. Therefore, the length of scan 

routing should be reasonably short to satisfy all the requirements. The work regarding 

scan routing in this dissertation is intended mainly to support ideas introduced in the 

next section of this chapter. All of those ideas use basically the scan-reordering 

technique, so they have to examine the length of scan routing after the scan reordering 

is applied. The effect of scan routing should be considered at the same time that any 

given idea is applied, because there is always an on-going compromise between the 

scan routing and the reduction of power dissipation, test data volume, or test time. 

Based on the proposed scan routing technique, three different methods are 

introduced to tackle the emerging testing problems. The first method does not 

consider the effect of scan routing, whereas the last two methods do take it into 

account. The reason that the first proposed method does not consider the effect of scan 
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routing is that the first method is similar to the second. Thus, for study purposes, it is 

acceptable that only the second method consider scan routing. The first two methods 

are accomplished by reconfiguring the conventional one-scan chain architecture, 

whereas the third method is the efficient scheme of partitioning a single long scan 

chain into multiple scan chains. 
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2.1  Optimal Scan Routing 

 

This section begins by introducing two proposed methods for finding short 

scan routings: a cluster-based method and a heuristic method. The cluster-based 

technique finds a short scan routing between clusters at the same level by forming the 

clusters in their placement based on physical information. Then, the heuristic method 

is applied for further reduction by finding a possible short scan path between two 

clusters in two neighboring levels [9]. When scan cells are routed, scan routing should 

be optimized for shortness without creating any excessive congestion. 

The proposed scan routing is first connected by forming the clusters in the 

placement that are created based on the physical information about the scan cells. The 

scan cells in the same region are combined into a cluster. After all clusters have been 

set in the placement, an optimal scan routing is determined inside each cluster. Then, 

all optimized clusters are linked together to form a global connection. For further 

reduction of short scan routing, the heuristic method, modified from that in Lin-

Kernighan [10], is adopted.  

There are several studies related to scan routing. S. Makar et al. [8] introduced 

a layout-based scan ordering that takes into account factors like multiple clock 

domains. Y. Bonhomme et al. [11] presented a scheme that relieves power dissipation 

in testing under the scan-routing constraint. This scheme, however, is not efficient, 

because the amount of reduction in power consumption becomes less as the number of 
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clusters increases to bring the length of scan routing closer to that obtained by Silicon 

Ensemble [12]. K. Rahimi et al. in [13] investigated the problem of assigning scan 

cells into multiple scan chains based on physical information, and C. S. Chen et al. 

[14] proposed a method to find short scan routing by selecting and chaining scan flip-

flops with the goal of achieving a minimal area overhead of scan routing. M. Hirech et 

al. [15], R. Gupta et al. [16], and S. Narayanan et al. [17] introduced various schemes 

that redistribute scan cells in the scan chain to accomplish their goals. The first of 

those studies dealt with the physical constraints that might be incurred by 

redistributing scan cells, whereas the latter two studies did not. 

 

2.1.1   A Cluster-Based Scan Routing Method 

One of the critical requirements in cluster-based scan routing is to define the 

size of the cluster. Although the technique in [11] uses a cluster-based approach to 

find an optimal scan routing, the authors did not discuss how to determine the size of 

the cluster. The cluster-based technique simulates various square-shaped clusters in 

order to ascertain which one provides a better solution than those of the others. The 

size of the clusters ranges from 4 rows to 14 rows, where a row is a fixed y-position 

having scan cells. After the clusters and a short scan routing are obtained, the heuristic 

method is applied for additional reduction of the scan routing. Table 2.1 shows the 

optimal number of rows in the cluster that gives the best solution. 
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Table 2.1: Number of rows in the cluster with the best scan routing solution 

Bench-
mark 
circuit 

Number of 
rows in the 
cluster 

Total 
number of 
the clusters 

Bench-
mark 
circuit 

Number of 
rows in the 
cluster 

Total 
number of 
the clusters 

s5378 8 25 s15850 8 64 

s9234 8 36 s38417 6 324 

s13207 7 81 s38584 6 324 

 

Consequently, the clusters with 6, 7, and 8 rows give the best scan routing, 

that is, 8 for small circuits and 6 for large circuits. With those cluster sizes established, 

the cluster-based technique and the heuristic technique begin. 

The first step of the cluster-based technique is to determine the starting and 

the ending scan cells in each cluster. The starting and ending scan cells are selected 

from the two neighboring clusters, one cell from each cluster chosen simultaneously. 

The cells should be the closest to each other among the scan cells of the two 

neighboring clusters. After the starting and ending scan cells are determined, the scan 

routing inside each cluster is connected from its starting scan cell to its ending scan 

cell, with path shortness as the goal. For this connection, an exhaustive search 

algorithm and a near-neighboring search algorithm are applied. To reduce the 

computational speed, the exhaustive search algorithm is adopted for a cluster that has 

a small number of scan cells, and the near-neighboring search algorithm is applied to a 

cluster that has a large number of scan cells. The decision as to what number of scan 
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cells represents the boundary between these two search algorithms depends on the 

users. 

 

Level 1

Level 5

Level 4

Level 3

Level 2

25 Clusters

Cluster 0

Cluster 5

Cluster 14
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Ending 
Scan cell

Starting 
Scan cellRow

 

Figure 2.1: Placement and routing of cluster-based optimal scan routing 

After the connections inside the cluster are completed, a global connection is 

made between the clusters. The global connection is accomplished by simply linking 

from the ending scan cell in a cluster to the starting scan cell in the next cluster in the 

direction of scan routing. The final scan routing can be formed as in Figure 2.1 after 

the application of the cluster-based technique. The clusters are numbered from “0” to 

the “number of clusters – 1” in the direction of scan routing, as shown in Figure 2.1. 

Each cluster belongs to a level. For example, Cluster 6 belongs to Level 2. The 

resultant length of the scan routing obtained by this technique gives almost the same 
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value as that obtained by Silicon Ensemble. For further reduction of short scan routing, 

the heuristic method, modified from that of Lin-Kernighan [10], is employed as 

described in the next subsection. 

 

2.1.2  A Heuristic-Based Scan Routing Method 
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y0 + y1 < x0 + x4  

Figure 2.2: Lin-Kernighan method 

The modified Lin-Kernighan approach is employed to further reduce the short 

scan routing obtained by the cluster-based technique. The Lin-Kernighan technique, 

which is a good heuristic method for solving the traveling salesman problem [18], has 

been modified and simplified for its new application for reducing scan routing. 

Whereas the cluster-based technique focuses mainly on connecting two clusters at the 

same level, the Lin-Kernighan technique concentrates on finding and linking possible 
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short paths between two clusters in two neighboring levels. Figure 2.2 depicts the 

basic principle of the Lin-Kernighan method. 

In the left trajectory of Figure 2.2, if the length of y0 and y1 combined are 

less than that of x0 and x4 combined, y0 and y1 can replace x0 and x4 for a shorter 

total length. This replacement obviously guarantees a shorter total length since the 

length of other paths remains the same. The right trajectory in Figure 2.2 is the result 

of the replacement. 

Figure 2.3 depicts the modified Lin-Kernighan method for scan routing. The 

solid-lined scan routing in the left placement of Figure 2.3 shows the order of scan 

routing that is created by the cluster-based technique. This order could be altered 

when the possible path between two clusters in two neighboring levels provides a 

shorter scan routing. When the scan cell, s37, is reconnected from the order of s36, 

s37, and s38 to the order of s9, s37, and s10, the routing is definitely shorter, because 

the combined length of y0, y1, and y2 is shorter than that of x0, x1, and x2. The right 

placement in Figure 2.3 shows the new shorter scan routing after this replacement. 
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s11
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If y0 + y1 + y2 < x0 + x1 + x2,
overall length with y 0, y1, and y2 < overall length with x 0, x1, and x2

Check Point

Check Point

Figure 2.3: Modified Lin-Kernighan method for scan routing 

Note that some clusters in the leftmost and the rightmost of the placement can 

have only one target cluster, that is, the cluster involved with the base cluster in 

finding a shorter path in the modified Lin-Kernighan method, as shown in Figure 2.3. 

The reason for this is the location of the clusters in the placement. The length of scan 

routing obtained by the above two methods is shorter than that obtained by Silicon 

Ensemble. Moreover, the scan routing created by the two methods does not have any 

crossover and congestion unless the routing constraints create them. As a result, this 

scan routing can have more flexibility in terms of scan routing congestion. 
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2.2 Scheme of Scan Cell Reordering 

 

The basic idea of the proposed scan reordering scheme is to put “don’t-care” 

bits together by rearranging the test sets (the input and response test cube) in the 

descending (or ascending) order of the number of don’t-cares in its column, and then 

defining the shape and the size of clusters of don’t-cares depending on the way the 

don’t-cares in the test sets are grouped. Once the clusters are set, they will be omitted 

permanently from the scan operation by using two proposed scan architectures that 

will be introduced in the following sections. The amount of reduction depends on the 

percentage of don’t-cares in test sets. Some studies from industry show that more than 

90% of the test sets consist of don’t-care bits [19, 20]. Furthermore, some of the 

ATPG techniques were developed to increase the portion of don’t-cares in test sets [21, 

22]. The CUT, however, does not generally have this high percentage of don’t-cares 

in its test set. In line with this, the test set to be used in this dissertation ranges from 

70% to 85% in don’t-care bits. Thus, the results obtained from using the test sets in 

this study can be considered reasonable. 

Figure 2.4 shows a typical test set, in this case, the test set of ISCAS’89 s5378 

benchmark circuit. The bright portion of the figure consists only of don’t-care bits. 

This portion usually takes up most of test set. Basically, the larger this portion 

becomes, the greater is the reduction from the proposed schemes. The scan cell 
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reordering tries to push this bright portion into an area of the test set to form the 

cluster of don’t-cares. 

 

        

Figure 2.4: ISCAS’89 s5378 benchmark (input & response test set) 

Suppose that Figure 2.5 is a deterministic input test cube and its response test 

cube. The heading “number of don’t-cares in the column of test set” at the top of 

Figure 2.5 refers to the combined number of don’t-cares in a column of the input test 

cube and in its corresponding column of the response test cube. For instance, the last 

column of the test set in Figure 2.5(a) has nine don’t-cares, five in the input test cube 

and four in the response test cube. Figure 2.5(b) depicts the test set after application of 

the proposed scan reordering scheme. Now there are two exact clusters in the left-

bottom part of both the input and response test cubes. Those two clusters are the same 

in both size and shape, and they are always shaped as a stair, as shown in Figure 

2.5(b). They have three steps including ground level, and those three steps indicate 

that the input and the response test cube can be either row-wise or column-wise 
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divided into three smaller parts, as in Figure 2.5(b). The three smaller parts mean that 

the proposed reconfigured scan architectures have three partitioned scan chains or two 

multiplexers (MUXs) have been inserted into a scan chain. Basically, the greater the 

number of steps in the clusters, the larger is the size of the clusters and the more 

complex is the control logic. 

 

0
1
1
1
X
X

1
0
X
X
X
X

1
1
X
0
X
X

0
0
1
1
1
0

0
1
X
1
1
1

0
X
X
X
X
X

4   8   5   1   2   9
0
X
X
X
X
X

1
0
X
X
X
X

1
1
X
0
X
X

0
1
1
1
X
X

0
1
X
1
1
1

0
0
1
1
1
0

9   8   5   4   2   1

1
1
0
0
X
X

0
1
X
X
X
X

1
1
1
1
X
X

1
1
1
0
X
0

X
1
0
1
1
0

1
0
X
X
X
X

1
0
X
X
X
X

0
1
X
X
X
X

1
1
1
1
X
X

1
1
0
0
X
X

X
1
0
1
1
0

1
1
1
0
X
0

Input Test 
Cube

Response 
Test Cube

number of don’t-care in the column

(a) Input & Response 
Test Cube

(b) Input & Response Test Cube 
after Proposed Reordering  

Figure 2.5:  Input test cube and its response test cube before and after the 

application of a proposed reordering scheme 

The reordering scheme of scan latches, known to be a NP-hard problem [18], 

employs the heuristic method. Before the details of the proposed heuristic method are 

explained, note that, if any a column in the input test cube changes its position, its 

corresponding column in the response test cube should move to the same position. For 
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instance, as the first column of the input test cube in Figure 2.5(a) moves to the fourth 

column, the first column in the response test cube should travel to the fourth column 

position. Columns always move together, and this principle is always the case for all 

columns in the test set. 

Here are the details of the proposed heuristic method. 

 

Step 1: ●  Rearrange the columns of the test set in the descending (or 

ascending) order of the number of don’t-cares in the column. Go 

to Step 2. 

Step 2: ●  If the test set is rearranged in the descending (or ascending) order, 

the left-bottom (or right-bottom) part of test set is usually 

reserved for the clusters of don’t-cares.  

●  Reserve the left-bottom (or the right-bottom) part of the test set 

for the cluster of don’t-cares. Its size is set as large as possible at 

the beginning, and its shape should be a down-stair (or an up-

stair). Advance to Step 3. 

Step 3: ●  Find any specified bit in the reserved part for the clusters. If it is 

found, go through the reordering process to replace the column 

that has the specified bit with the column outside the reserved 

part that has only don’t-cares for the reserved part. 
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●  If it is impossible to remove any specified bit from the reserved 

part by an additional reordering process, repeat Step 3 with a 

smaller part reserved with the new number of steps that is one 

step less than the previous number of steps. 

●  If any specified bit is not found in the reserved part, proceed to 

Step 4. 

Step 4: ●  The reserved part becomes the cluster of don’t-cares. Go to Step 

5. 

Step 5:●  Reorder the scan latches for fewer transitions inside each smaller 

column-wise-divided test set. 

 

■ Note that the required number of steps of a stair-shaped cluster (the number 

of smaller divided parts) is determined by the number of scan chains 

employed in the proposed reconfigured scan architectures. The number of 

scan chains in the proposed scan architectures is determined by user decision. 

In this simulation, the initial number of steps is randomly set as five, and then 

the number of the steps decreases down to two steps by one step, with a 

smaller part reserved for the clusters if the clusters cannot be created. 

 

If defining and removing two clusters of don’t-cares from the test set fail, the 

work reported in this paper would not have succeeded. Failure is not likely, however, 
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because most test sets usually comprise more don’t-cares toward their bottoms. Thus, 

at least, small-size clusters can be obtained. The next section introduces two new 

reconfigured scan architectures that take the cluster of don’t-cares out of the scan 

operation permanently. 
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2.3   MUXed Scan Architecture and Multiple Partitioned Scan 

Architecture 

 

The two previous sections have introduced the scan-routing method and the 

proposed method for scan reordering. In this section, the two methods will be 

combined with the two proposed reconfigured scan architectures in order to make 

improvements in terms of power and test time. 

The two reconfigurations of scan architecture are easily obtained by making a 

simple change to conventional scan architecture. The MUXed scan architecture is 

achieved by inserting MUX into one long scan chain architecture, whereas the 

multiple partitioned scan architecture is acquired by partitioning one long scan chain 

into multiple scan chains while still maintaining one shared scan-in and scan-out [23, 

24, 25, 26]. The scan architecture described in [26] is employed directly here, but the 

implementation of the architecture differs from that in the earlier study. The following 

paragraph summarizes a survey of the techniques by which scan architecture is used to 

reduce power dissipation and test time. 

 L. Whetsel et al. [26] introduced the clock scheme and the reconfigured scan 

architecture to decrease power dissipation by shifting test data in scan chains. The 

scheme proposed in the current study, however, produced a greater reduction in both 

power dissipation and test time than that in [26]. D. Ghosh et al. [27] proposed that the 

reduction of power dissipation and test time could be achieved by partitioning a scan 
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chain into multiple scan chains and by reordering the scan latches in each partitioned 

chain. P. Girard et al. [28] presented a clock scheme that reduced the number of 

transitions in the linear feedback shift register (LFSR). S. Samaranayake et al. [29] 

introduced a dynamic scan that reduced test-set volume and test application time by 

taking advantage of don’t-cares in the test sets. The drawback in [29], however, was a 

large circuit overhead to maintain control signals. I. Hamzaoglu et al. [30] proposed a 

reconfigurable scan architecture that used the parallel test mode of scan chains for 

most of the faults and then used the serial test mode of scan chains for the rest of the 

faults. O. Aerts et al. [31] introduced various scan architectures with three scan chains 

and analyzed them for decreases in test-set size. R. Sankaralingam et al. [32] proposed 

that the clocks to some scan chains could be disabled for some portions of a test set, 

which would reduce switch activities in both the scan chains and the CUT. O. 

Sinanoglu et al. [33] and I. Lee et al. [24] addressed two issues together, power 

dissipation and test time. 

 

2.3.1   MUXed Scan Architecture 

Figure 2.6 depicts an original scan chain architecture and its modified 

architecture, the MUXed scan architecture. The proposed MUXed scan architecture is 

reconfigured just by inserting MUXes in one scan chain, as in Figure 2.6(b). An 

inserted MUX has two inputs, one input from the output of the scan cell ahead of it 

and the other input from the scan-in of the scan chain. The position of a MUX in a 
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scan chain is determined by how the test set is divided and on what the column size is 

for each smaller divided test set. For example, the test set in Figure 2.5(b), which is 

depicted again in Figure 2.7, is divided into three smaller test sets, each of which is 

two columns wide. Thus, two MUXes are placed immediately after the second and 

fourth scan cells, respectively. The number of required MUXes is the “number of 

division of test set – 1.” 

 

Scan-In

Scan-Out

Scan Cell

(a) Original Scan Chain Architecture

Scan-In

Scan-Out

Control Signal

(b) MUXed Scan Chain Architecture

Scan Chain A
Scan Chain B

Scan Chain C

 

Figure 2.6:  An original and the proposed MUXed scan architecture 

The clock scheme for this scan architecture is similar to the conventional 

clock scheme. For the first part of the test set in Figure 2.7, the clocks to every scan 

chain work for shifting in the same way as the conventional clock does. For the 

second part, the clocks to the first scan chain from the scan-in input position (Scan 

Chain A) are disabled for shifting, while the clocks to the second and third scan chains 
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(Scan Chains B and C) continue to work for shifting. Thus, the first MUX in Figure 

2.6 takes input test data directly from the scan-in position of the scan chain, because 

the bits in the first scan chain (Scan Chain A) will be don’t-cares until the end of the 

scan operation. For the last parts, only the last scan chain (Scan Chain C) is involved 

in the shifting process, using the second MUX to take input test data directly from the 

scan-in position. 

The disabling of scan chains for shifting contributes to reductions in power 

dissipation and test time. Note that, when a long scan chain is partitioned into multiple 

scan chains, the number of scan latches in all partitioned scan chains should be close 

to each other. This close proximity of latches leads to less control circuitry and is 

easily manageable. 
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Figure 2.7: Test set after the proposed scan cell reordering (an example) 

Suppose that the scan architecture consists of three scan chains and their 

numbers of scan latch are 96, 96, and 97, respectively. If the test set for each scan 

chain can be divided by three smaller test sets, all the test sets should be divided such 
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that their first two smaller test sets, including the cluster of don’t-cares, have the same 

number of column, for example, (32, 32, 32), (32, 32, 32), and (32, 32, 33). In that 

case, MUXes are placed immediately after the 32nd and the 64th scan cells in each 

scan chain. The consistency of the MUX locations between the different scan chains 

reduces the control circuitry required and does not create stall during testing. A 

counter is designed to control MUXes. When a new test pattern with a cluster of 

don’t-care bits starts shifting in, the counter sends out a control signal to the given 

MUX to change its input to the initial input of the scan chain. The following 

paragraphs give more details. 

Using the test set in Figure 2.7 as an example, assume that the proposed scan 

operation is separated into three phases (Phase 1, Phase 2, and Phase 3). Phase 1 is 

with Part 1 (Input Test Pattern 1, 2 and Test Response 1, 2), Phase 2 is with Part 2 

(Input Test Pattern 3, 4 and Test Response 3, 4), and Phase 3 is with Part 3 (Input Test 

Pattern 5, 6 and Test Response 5, 6). Note that the rightmost column of the input test 

cube in Figure 2.7 scans in first. This test set is applied to only one scan chain. 

In Phase 1, the proposed MUXed scan architecture operates in the normal way 

in that the input test pattern scans in at the same time that the test response scans out, 

and one capture cycle is consumed. The control signal to the first MUX is assigned to 

take its input from the scan cell ahead of it. 
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Figure 2.8: Phase 2 (right after the third clock cycle of shift-in of Input Test 

Pattern 4) 

Caution should be taken when Phase 1 switches to Phase 2. In the last stage of 

Phase 1, all scan cells hold Test Response 2, which must be shifted out since every bit 

in Test Response 2 is valuable for the test response analysis. Thus, the first input test 

pattern in Part 2, Input Test Pattern 3, should shift in the same way that the input test 

pattern in Phase 1 does. In Phase 2, the first MUX takes input from the initial point of 

the scan chain, because two scan cells ahead of this MUX will hold only the don’t-

care bits from now on. Only four bits of the input test pattern and test response in 

Phase 2 are practically employed in the scan operation. Figure 2.8 depicts the state of 

scan cells immediately after the third clock cycle of the shift-in of Input Test Pattern 4. 
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Figure 2.9: Phase 3 (right after the first clock cycle of shift-in of Input Test 

Pattern 6) 

The same caution should be taken at the time of switching between Phase 2 

and Phase 3. To push out only four bits of Test Response 4 without two don’t-care bits, 

Input Test Pattern 5 scans in the same manner that the input test pattern in Phase 2 

does, even though Input Test Pattern 5 has four unnecessary don’t-care bits. Likewise, 

in Phase 2, Phase 3 cuts off four superfluous don’t-care bits in the scan operation, and 

it spends only two clock cycles during the shifting process. Figure 2.9 depicts the state 

of the scan cells immediately after the first clock cycle of shift-in of Input Test Pattern 

6. 

If the test set in Figure 2.7 experiences a conventional scan operation up to the 

end of the scan operation, it spends a total of 48 clock cycles (= (6 * 6) + 6 + 6). The 

proposed scheme, however, uses 36 clock cycles, as shown in Table 2.2, which 

summarizes the total clock cycles consumed in the above example and the proposed 

MUXed scan operation. Eight clock cycles of test time are saved. The first input test 

pattern from the second phase follows the same scan process as in the previous phase. 
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Generally, the impact of the above effect becomes less significant as the test set grows 

larger. Therefore, the rate of reduction of the test time in the real circuit becomes 

greater than that obtained in the example here. 

Table 2.2:  Summary of test clock of the above example  

Phase of 
Operation 

Clock 
Cycle 

Description (Clock Cycles to be Consumed) 

1st – 7th Scan-in of Input test pattern 1 (6) + Capture (1)  

   Phase 1 8th – 14th Scan-in of Input test pattern 2 (6) + Capture (1) 

1st – 7th Scan-in of Input test pattern 3 (6) + Capture (1)  

Phase 2 8th – 11th Scan-in of Input test pattern 4 (4) + Capture (1) 

1st – 5th Scan-in of Input test pattern 5 (4) + Capture (1) 

6th – 9th Scan-in of Input test pattern 6 (2) + Capture (1) 

 

 

Phase 3 10th –11th Scan-out of Test response 6 (2) 

Total test time: 14 (Phase 1) + 11 (Phase 2) + 11(Phase 3) = 36 clock cycles 

 

 

2.3.2   Multiple Partitioned Scan Architecture 

Figure 2.10 presents the proposed multiple partitioned scan architecture. Each 

partitioned scan chain has one buffer at its end that is designed to block the scan-out 

of the test response in the scan chain. The required number of scan cells in each 

partitioned scan chain depends on the column size in each column-wise divided part. 

For instance, all three divided test sets in the column of the test set in Figure 2.7 have 

two columns, respectively, so that each partitioned scan chain will have two scan 
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latches. The controller is used to count or control shifting cycles, capture cycles, the 

buffers, and so on. 

 

Scan-In

Scan-Out

Scan Cell

(a) Original Scan Chain Architecture

(b) Multiple Partitioned Scan Chain 
Architecture

Scan Chain A

Scan Chain C

Scan Chain B
Scan-In

Scan-Out

Controller

 

Figure 2.10: Multiple partitioned scan architecture 

Unlike the clock scheme in [26], a modified clock scheme is employed here to 

run the proposed scan operation. As mentioned above, the test set in Figure 2.7 can be 

row-wisely divided into three smaller parts based on the clusters. When the first part 

of the test set is in the scan operation, the clock operates in such a way that only the 

first scan chain (Scan Chain A) shifts while the other two scan chains (Scan Chains B 

and C) remain calm during the first two clocks. Then, only the second scan chain 

shifts for next two clocks, while the other two scan chains rest. After all scan chains 
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go through shifting during two clocks individually, one clock is ticked for every scan 

chain to capture a test response. For the second part of the test set, only the first two 

scan chains are involved in the scan operation in the same way as that in the first part. 

The last scan chain is permanently disabled for shifting, because it will have only 

don’t-cares until the end of scan operation. For the last part, only the first scan chain is 

involved in the scan operation, while the last two scan chains are permanently 

disabled for shifting. Those disabled scan chains for shifting contribute mainly to 

reducing power dissipation and test time. Details of the scan operation are given in the 

next paragraph. 

Assume that the proposed scan operation is separated into three phases (Phase 

1, Phase 2, and Phase 3) by using the test set in Figure 2.7, and the scan architecture is 

that given in Figure 2.10. Phase 1, Phase 2, and Phase 3 are with Part 1, with Part 2, 

and with Part 3 in Figure 2.7, respectively. In addition, the rightmost column of the 

input test pattern in Figure 2.7 scans in first. Test Response 1 ~ 6 are the test response 

of Input Test Pattern 1 ~ 6, respectively. 

In Phase 1, the proposed scan architecture operates in the proposed clock 

scheme as mentioned earlier. During the first two clock cycles, the rightmost two bits 

in Input Test Pattern 1 scan in, while Scan Chains B and C stay calm, which means 

the buffers and the clocks to the two scan chains are disabled. The next four clock 

cycles work for Scan Chain B and C, two clock cycles for each scan chain, 

respectively. Then one clock cycle is reserved for the capture of Test Response 1. A 
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total of seven clock cycles are consumed for Input Test Pattern 1 and Test Response 1. 

The next seven clock cycles are spent for Input Test Pattern 2 and Test Response 2. 

Attention should be given to the point where Part 1 shifts to Part 2. 

 

Scan Chain A

Scan Chain C (no shifting)

Scan-In

Scan-Out

Input test pattern 4
X  X  0  1  1  1

Test response 3
X*  X*  1*  0*  0*  1*

no shifting

Clock Scheme

X*X*

1*

1

1

1

  

Figure 2.11:  Phase 2 (right after the third clock cycle of scan-in of Input Test 

Pattern 4) 

Now every scan chain has Test Response 2 in its scan latches. All bits in Test 

Response 2 should be scanned out, because they all are valuable for the analysis of the 

test response. To push out Test Response 2 without any loss, the first input test pattern 

in Part 2 scans in the same manner that the input test pattern in Part 1 does, even 

though it belongs to Part 2 physically. During Phase 2, only four clock cycles are 

consumed for the shifting-in and shifting-out process, while Scan Chain C is disabled 

in the shifting process. Figure 2.11 shows the scan architecture right after the third 

clock cycle of scan-in of Input Test Pattern 4. 
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For the same reasons, attention should also be given to another boundary 

between two phases, that between Phases 2 and 3. After Test Response 5 is captured, 

only the two bits in Scan Chain A are useful for analysis, while the four bits in Scan 

Chain B and C are not necessary because they consist of only the don’t-care bit. Thus, 

Input Test Pattern 6 without four don’t-care bits in the cluster scans in. The buffer to 

Scan Chain B and C are permanently disabled in Phase 3 during the shifting course. 

 

Scan Chain A

Scan Chain C , Scan Chain B (no shifting)

Scan-In

Scan-Out

Input test pattern 6
X  X  X  X  1  0

Test response 5
X*  X*  X*  X*  1*  X*

no shifting

Clock Scheme

X*X*

1*0

X*X* no shifting

 

Figure 2.12:  Phase 3 (right after the first clock cycle of scan-in of Input Test 

Pattern 6) 

In Phase 3, only two clock cycles are spent for the scan-in of Input Test 

Pattern 6 and one clock cycle for the capture of Test Response 6. Phase 3 spends a 

total of five clock cycles for Input Test Pattern 6 and Test Response 6, including two 

more clock cycles of scan-out of Test Response 6. Figure 2.12 depicts Phase 3 right 

after the first clock cycle of scan-in of Input Test Pattern 6. This scheme spends a total 
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of 36 clock cycles, similar to the number cycles in the scheme using the MUXes. 

Refer to Table 2.2 for reference. 

 

2.3.3   Results 

  

 

Figure 2.13: Placement and routing of s9234 benchmark circuit optimized by 

Silicon Ensemble 

This section illustrates the results obtained by implementing the various 

methods together that were mentioned previously. Figure 2.13 shows the scan routing 

of the s9234 benchmark circuit optimized by Silicon Ensemble. To investigate the 

efficiency of the schemes here, experiments were performed on six large benchmark 

circuits of ISCAS’89 with a 0.16um digital CMOS standard cell library used to 

produce the placement and scan routing. As for scan routing, the length of the 
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benchmark circuit was optimally generated by running the Silicon Ensemble, which is 

shown in the fourth column of Table 2.3. 

Two proposed techniques of scan routing were applied to obtain another short 

scan routing. First, the cluster-based approach was applied, and then the heuristic 

approach was further applied for additional reduction of short scan routing. The 

resultant scan routing is in the fifth column of Table 2.3. Two proposed techniques of 

scan routing were implemented by coding the programming in C++. The 

computational complexity of all proposed techniques was generally low, because the 

algorithm they employ is simple. 

The exhaustive search algorithm in the heuristic method of scan routing, 

however, is a different story. The exhaustive search algorithm can require exceedingly 

great computational time, depending on the number of scan cells in the cluster. For 

that reason, when the computation time of the exhaustive search algorithm became 

exceedingly great, it was easily managed to be less by employing the near-

neighboring search algorithm more frequently. Using the near-neighboring search 

algorithm does not degrade scan routing, because the resultant scan routing from the 

near-neighboring search algorithm is a bit longer than that from the exhaustive search 

algorithm. Figure 2.14 depicts the scan routing obtained by applying the two proposed 

techniques of scan routing. 
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Figure 2.14: Placement and routing of s9234 benchmark circuit optimized by two 

techniques of scan routing 

In Table 2.3, the scan routing obtained by the two proposed techniques of 

scan routing is slightly better than that by Silicon Ensemble and, as mentioned 

previously, does not create any crossovers. 

From here on in this discussion, the results of the MUXed scan architecture 

and the multiple partitioned scan architecture are presented. Table 2.4 shows the 

results, in terms of power dissipation, of various ISCAS’89 benchmark circuits 

implementing the proposed MUXed scan architectures. The dissipated amount of 

power is obtained based on the Weighted Transition Metric (WTM) in [5]. The WTM 

is designed to approximately compute the amount of power dissipation incurred by the 

scan shifting of test data. This model is good enough to compare the power dissipation 
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of two schemes. Before applying the WTM, any don’t-care in test sets is converted to 

a specified bit based on the Minimum-Transition Fill (MT-fill) [34], which is designed 

to decrease transitions inside the test sets. 

Table 2.3: Scan routing length of benchmark circuits by Silicon Ensemble and 

two proposed techniques of scan routing 

Benchmark 
circuits 

Number 
of test 
pattern 

Number 
of scan 
cell 

Scan routing length 
by Silicon 
Ensemble 

Scan routing length by 
2 proposed methods of 
scan routing 

s5378 119 178 311595 308797 

s9234 147 228 487538 464230 

s13207 239 669 1.15879e6 1.11316e6 

s15850 120 597 1.14044e6 1.11092e6 

s38417 95 1636 2.9967e6 2.86959e6 

s38584 131 1452 2.79421e6 2.70921e6 

 

Table 2.4: Number of transition from WTM [5] in ISCAS’89 benchmark test sets 

for MUXed scan architecture 

Benchmark 
circuit 

Percentage of 
don’t-care 
(%) 

One long 
scan chain 
architecture 

The scan 
architecture [26] 

The MUXed scan 
architecture 

  WTM WTM Improv. WTM Improv. 

s5378 30871(72.9) 617,588 182,682 
(4) 

70.42 % 382,306 
(4) 

38.10 % 

s9234 49968(74.5) 781,447 432,215 
(4) 

44.69 % 623,493 
(4) 

20.21 % 

s13207 297380(92.9) 2,930,897 412,610 
(5) 

85.92 % 1,525,27
1 (5) 

47.96 % 

s15850 118791(82.9) 2,543,894 628,459 
(5) 

75.30 % 1,670,97
5 (5) 

34.31 % 

s38417 240012(77.2) 22,541,862 7,370,59
2 (4) 

67.30 % 13,557,7
06 (4) 

39.86 % 

s38584 318146(83.6) 19,642,919 3,609,07
9 (5) 

81.63 % 11,142,8
70 (5) 

43.27 % 
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In Table 2.4, the second and third columns indicate the percentage of don’t-

cares in the test set and the number of transitions based on the WTM in a long scan 

architecture, respectively. The fourth column shows the results of the proposed 

scheme in [26] based on the WTM and its improvements on a long scan architecture 

that ranges from 44.69% to 85.92%. The fifth column presents the results of the 

MUXed scan architecture and the improvements on a long scan architecture. Its 

outcome based on the WTM is from 20.21% to 47.96%. The number in parentheses in 

Table 2.4 indicates the number of divisions of the test sets by which a possible best 

result is achieved. For instance, the benchmark, s5378, shows four divisions of the test 

set. 

Table 2.5: Test time of MUXed scan architecture (unit: clock) 

Benchmark 
circuit 

One long scan chain 
architecture 

The scan architecture 
[26] 

The MUXed scan 
architecture (%) 

s5378 25,799 25,799(4) 19,871(4) (22.98 %) 

s9234 36,703 36,703(4) 31,135(4) (15.17 %) 

s13207 168,239 168,239(5) 82,839(5) (50.76 %) 

s15850 74,051 74,051(5)  50,761(5) (31.45%) 

s38417 159,839 159,839(4) 118,007(4) (26.17%) 

s38584 193,379 193,379(5) 130,667(5) (32.43%) 

 

Table 2.5 illustrates the test time of the MUXed scan architecture. In Table 

2.5, the second column shows the test time of a long scan architecture, whereas the 
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third column gives the test time of the scheme in [26]. Basically, the test times for 

these two schemes are exactly the same, because the scheme in [26] does not save any 

test times even though it uses the multiple partitioned scan architecture. On the other 

hand, the proposed MUXed scan architectures save the same test time. The saved 

amounts vary from 15.17% to 50.76%, depending on the benchmark circuits. The 

number in parentheses in Table 2.4 and 2.5 indicates the number of steps in the 

clusters that grants the best results, as mentioned previously. This number, however, 

does not always guarantee the best results for the simulated benchmark circuits. Other 

numbers of steps might create better results. 

 

 

Figure 2.15: Placement and routing of s9234 benchmark circuit after applying 

the scheme of multiple partitioned scan architecture 
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Table 2.6: Scan routing length of benchmark circuits by Silicon Ensemble and 

multiple partitioned scan architecture 

Benchmark 
circuits 

Number 
of test 
pattern 

Number 
of scan 
cell 

Scan routing 
length by Silicon 
Ensemble 

Scan routing length after 
Multiple partitioned 
scan architecture 

s5378 119 178 311595 386330 

s9234 147 228 487538 519810 

s13207 239 669 1.15879e6 1.69004e6 

s15850 120 597 1.14044e6 1.59472e6 

s38417 95 1636 2.9967e6 3.6994e6 

s38584 131 1452 2.79421e6 3.83704e6 

 

As for the multiple-partitioned scan architecture, its results show a greater 

improvement compared with that of any other schemes in terms of power and test 

time. Figure 2.15 shows the placement and the scan routing of the benchmark, s9234, 

after the application of the scheme using multiple-partitioned scan architecture. As 

seen in Figure 2.15, the scan routing created by the two techniques of scan routing 

does not create any crossovers. Applying the technique of reduction creates a long 

scan routing. This result is expected, because the length of scan routing should be 

somewhat sacrificed in favor of creating the group of don’t-care inside the test set. 

This long scan routing, however, is still under the allowable scan routing constraint 

and is just a little greater than that optimized by Silicon Ensemble, as in Table 2.6. 

Compared with the results from scan routing in [11], the results here are much better; 

for example the scan routing is maintained on the same order of magnitude as that by 
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Silicon Ensemble. Furthermore, the scheme here saves more power and improves test 

time and test data volume, with the need of only a little extra circuitry. 

The improvement in power dissipation provided by the multiple-partitioned 

scan architecture is presented in Table 2.7. In Table 2.7, the third column indicates the 

number of transitions based on the WTM in a long scan architecture. The fourth 

column shows the results of the proposed scheme in [26] based on the WTM and the 

improvements on a long scan architecture that ranges from 44.69% to 85.92%. The 

fifth column presents the results of the multiple-partitioned scan architecture and the 

improvements on a long scan architecture from 48.12% to 86.65%. Those results are 

numerically the best among the schemes in this section, and they are almost the same 

as those in the proposed scheme in [26]. However, if the results of the multiple-

partitioned scan architecture for test time in Table 2.8 are considered together, the 

multiple-partitioned scan architecture is better than the scheme in [26] in terms of 

power dissipation and test time combined. Most of the improvements of the proposed 

schemes stem from removing the clusters of don’t-cares from the scan operation, 

using multiple scan chains with one scan-in and one scan-out, and disabling the clocks 

to some scan chains for some periods. In fact, that last factor is not reflected in 

computing the results of power dissipation. If it is added in the computation, the data 

of the two proposed schemes would show much greater power dissipation even when 

compared with the scheme in [26], because about 40% or more of the power 

dissipation is known to be consumed in the clock system. 
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In Table 2.8, the second column shows the test time of a long scan 

architecture, whereas the third column implies the test time of the scheme in [26]. One 

interesting point is that the resultant test time of MUXed scan architecture is the same 

as that of the multiple-partitioned scan architecture. With respect to power dissipation 

and test time combined, the proposed schemes in this paper have a clear advantage 

over one long scan chain architecture and the scan architecture in [26]. 

Table 2.7: Number of transition from WTM [5] in ISCAS’89 benchmark test sets 

for multiple partitioned scan architecture 

Benchmark 
circuit 

Percentage of 
don’t-care 
(%) 

One long 
scan chain 
architecture 

The scan 
architecture [26] 

The multiple 
partitioned scan 
architecture 

  WTM WTM Improv. WTM Improv. 

s5378 30871(72.9) 617,588 182,682 
(4) 

70.42 % 179,878 
(4) 

70.87 % 

s9234 49968(74.5) 781,447 432,215 
(4) 

44.69 % 405,419 
(4) 

48.12 % 

s13207 297380(92.9) 2,930,897 412,610 
(5) 

85.92 % 391,295 
(5) 

86.65 % 

s15850 118791(82.9) 2,543,894 628,459 
(5) 

75.30 % 625,838 
(5) 

75.40 % 

s38417 240012(77.2) 22,541,862 7,370,59
2 (4) 

67.30 % 6,808,64
5 (4) 

69.80 % 

s38584 318146(83.6) 19,642,919 3,609,07
9 (5) 

81.63 % 3,492,48
3 (5) 

82.22 % 
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Table 2.8: Test time of multiple partitioned scan architecture (unit: clock) 

Benchmark 
circuit 

One long scan chain 
architecture 

The scan architecture 
[26] 

The multiple 
partitioned scan 
architecture (%) 

s5378 25,799 25,799(4) 19,871(4) (22.98 %) 

s9234 36,703 36,703(4) 31,135(4) (15.17 %) 

s13207 168,239 168,239(5) 82,839(5) (50.76 %) 

s15850 74,051 74,051(5)  50,761(5) (31.45%) 

s38417 159,839 159,839(4) 118,007(4) (26.17%) 

s38584 193,379 193,379(5) 130,667(5) (32.43%) 
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2.4   An Efficient Scan Chain Partitioning Scheme for Reducing Test Data 

under the Routing Constraint 

 

A scan chain partitioning scheme proposed in this section reduces the volume 

of the test set while considering the optimal routing inside each partitioned scan chain. 

First, as many as two compatible columns, that is, two compatible scan cells, are 

found in an input test set. One half of the scan cells in the group of compatible 

columns (scan cells) are included in one scan chain, whereas the other half is included 

in another scan chain, The rest of the columns (scan cells) in the test set that cannot 

find compatible columns (scan cells) are included in the rest of scan chains. The two 

scan chains that have compatible columns (scan cells) can share one scan-in, because 

their inserted test data are mutually compatible. Furthermore, when distributing scan 

cells into the partitioned scan chains, the scan routing of each partitioned scan chain is 

optimized for a short scan length. This scheme is applied to any test set after it is 

generated. Thus, rerouting should be performed based on the new order of scan cells 

in each partitioned scan chain. 

M.S. Quasem et al [35] introduced a method that partitioned the wrapper cell 

and the core internal scan cell together in SOCs. Some methods used one shared scan-

in in implementing the multiple scan chain architecture [23, 25, 26, 29, 30]. K. Lee et 

al in [36] argued that the volume of the test set was reduced by generating common 

test patterns applicable to all CUTs by using the compatibility of test patterns. A. 
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Pandey et al. [37] proposed the Illinois scan architecture, which has two scan modes, a 

serial scan mode and a broadcast scan mode. S. Samaranayake et al. [38] developed an 

efficient scheme by combining the Illinois scan architecture and the Dynamic scan 

architecture for reducing test data. K. Miyase et al. [39], Y. Bonhomme et al. [40], and 

G. Zeng et al. [41] described a scan tree architecture, in which some of the scan cells 

can take in the same test data when the trees are mutually compatible. 

 

2.4.1   Definitions 

This section defines terms used in this discussion. The first step of the work is 

to find as many as two compatible columns from an input test set. A column is 

compatible with another column in an input test set when the bit value at each position 

in the column is the same as the bit value in the corresponding positions of the other 

column. Generally, there can be more than one column compatible with another 

column in the input test set. 

 

Definition 1: A compatible column of a column in the input test set is a 

column each bit of which in any given position is the same as the bit in the 

same position in the other column, where don’t-care bits can be interpreted as 

either 0 or 1. 
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Figure 2.16 shows an example of columns that are and are not compatible 

with a particular column in an input test set. As already mentioned, there usually exist 

more than one compatible column with respect to a particular column in input test sets. 

In Figure 2.16, Column B and C are compatible with Column A, because the bits in 

the row of the Column A are compatible with those in the corresponding rows of 

Column B or of the Column C, where don’t-cares are converted as 0 or 1.  

Column D, however, is not compatible to Column A, because first and fourth rows 

have different bits. Note that even though Columns B and C are compatible with 

Column A, they are not necessarily compatible with each other. In this case, Columns 

B and C have different bits in their second rows.  
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1
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X
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1
X
0
1
X
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1
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0
0
1
X

0
0
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1
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1
X

Column ‘A’ B C D

Not Compatible

Not Compatible

Compatible

 

Figure 2.16:  Compatible and not-compatible column of a column in input test set 

A column in an input test set is equivalent to a scan cell because every bit of a 

column scans into a scan cell as its final destination. Finding two compatible columns 
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in an input test sets means finding two compatible scan cells. Thus, the definition of 

compatible scan cell is as follows. 

 

Definition 2: A compatible scan cell of a particular scan cell is defined as the 

scan cell whose corresponding column in an input test set is compatible to the 

column that is equivalent to the particular scan cell. 

 

These two definitions will be used throughout this discussion. The next 

section discusses the algorithm for finding the compatible columns of each column in 

the input test sets and then assigns them to partitioned scan chains. 

 

2.4.2   Algorithm of Scan Chain Partitioning 
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Figure 2.17: An input test set and its placement and its optimal scan stitching  

The proposed algorithm starts with the physical information about the 

placement of the scan cells. The scan synthesis provides the optimal order of stitched 
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scan cells to create a short length of scan routing with the aim of having less 

congestion. The proposed algorithm uses only the placement information of the scan 

cells in partitioning a scan chain into multiple ones, and then the optimal re-routing 

process is performed within each partitioned scan chain. 
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Figure 2.18: Reordering and renumbering after the division 

Given the optimal order of the scan cells in Figure 2.17, their optimal order is 

ignored, and only their placement information is kept and employed. Based on the 

physical information about the scan cells, the division is performed to separate the 

scan cells into two groups. The scan cells in one group come from one half of the 

placements, whereas those in the other group come from the other half. Figure 2.18 

shows only a vertical division; however, it could have been divided into two in a 

different way, for example, horizontally. The way that scan cells are divided into two 

groups is basically the user’s decision, but the two groups must have almost the same 

number of scan cells. 
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After the division, the scan reordering of a test set is conducted. First, the scan 

cells in one half of the placement are placed, and then those in the other half follow in 

the remaining order of the test set. During this reordering process, the scan cells that 

are physically close to each other in each half are placed together in the test set. In 

order to accomplish this principle systematically, the cluster-based approach and the 

near-neighboring approach are used to find the new order of scan cells in each half of 

the placement [9]. Now, the columns in the first half of the input test set physically 

belong to one half of the placement. On the other hand, the columns in the second half 

of the input test set belong to the other half of the placement. Figure 2.18 illustrates 

this process.  
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Figure 2.19: List of the scan cells compatible with the scan cells in the first half 

With the newly reordered input test set, a list of compatible column(s) (scan 

cell(s)) of every scan cell in the first half of input test set is created. A column(s) (scan 

cell(s)) compatible to a column in the first half of input test set is (are) found by 

checking the column’s compatibility to every column in the second half. This creates 
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a list of columns compatible with the columns in the first half, as in Figure 2.19. For 

example, Column 1 in the first half has three compatible columns (Columns 7, 8, and 

10, in the second half, as shaded in Figure 2.19), because all rows of Column 1 and 

those of the compatible columns are compatible in value. 

After the list of compatible columns is generated, the next move is to select 

one eligible compatible column among the many compatible columns of each column 

in the first half of input test sets. The chosen compatible columns will surely give the 

optimal routing solution because the selection of the compatible scan cells in the 

second half is performed while considering the physical proximity among the scan 

cells in the second half. For instance, when the compatible scan cell for Scan Cell 0 in 

the first half shown in Figure 2.19 is found, Scan Cell 6 is assumed to be picked as its 

compatible scan cell. Next, if the compatible scan cell for the Scan Cell 1 in the first 

half is found, the Scan Cell 7 would be a good candidate because it has a smaller 

distance to the Scan Cell 6 than any other scan cells in the second half. The Scan Cells 

6 and 7 are consecutively numbered because of their closeness. This selection and 

connection obviously provides a shorter length. 

 To accommodate this selection process, the term window is introduced in 

Figure 2.20. A window is a group of columns in the first half of the input test sets that 

is selected and tested to determine its corresponding compatible columns in the 

second half. With the input test set in Figure 2.19, the size of the window is 

supposedly set as two scan cells, which means the two columns in the first half are to 
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be selected and tested together. A window size of 1 means that selection and testing 

are no longer performed on a group basis. Thus, the size of the window must be equal 

to or greater than 2. The window procedure is applied to the selection process of the 

compatible scan cells. The window for selecting the compatible columns should be the 

same size as the window in the first half. Figure 2.20 depicts the concept of the 

window. 
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Figure 2.20:  The definition of window 

The size of the window depends basically on the user’s decision. A reasonable 

size of the window can be found by a thorough investigation of the list of compatible 

scan cells and the computational complexity. In addition, it is not difficult to 

determine a reasonable size for the window. If the selected size of the window fails to 

find a sufficient number of compatible scan cells, reducing the size will be an 

alternative solution, because a reduced size is more likely to find a sufficient number 

of compatible scan cells. 
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Before the details of the procedure for choosing a group of compatible scan 

cells are explained, note that the scan architecture that will have a group of two 

compatible scan cells is two scan chains with a shared scan-in, as shown in Figure 

2.21. If a three-scan-chain architecture is adopted with an input test set and a list of 

compatible scan cells, two of the scan chains share the same scan-in input, because 

their input test data has the same compatibility. Basically, the number of scan-ins in a 

multiple-scan-chain architecture is determined by the available number of input pins 

and other factors. The current study, however, assumes that there is no restriction on 

the available number of input pins. Figure 2.21(a) depicts one long scan chain with 

one scan-in and one scan-out, and Figure 2.21(b) shows a proposed scan architecture 

that has three scan chains with two scan-ins. Generally, in partitioning a scan chain, 

the difference in the number of scan cells in each scan chain should be minimized to 

make test time shorter and to make the control circuit simpler. 

 

Scan-in Scan-out

Scan-in 1

Scan-in 2

SA

0 321 10 11

(a) One Long Scan Chain

(b) Propose Scan Chain Architecture  

Figure 2.21: Proposed scan chain architecture 
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Now, the detailed procedure for selecting a group of chosen compatible 

columns is explained step by step with the help of the following example. 
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Figure 2.22: Step 1 - Process of selecting compatible scan cells 

Step 1 (Figure 2.22): A window of size 2 is applied to the first two scan cells, 

that is, Scan Cells 0 and 1 in the first half of the input test set. The goal in this 

step is to find two compatible scan cells in the list of compatible scan cells for 

Scan Cells 0 and 1. First, set Scan Cell 6 in the list of compatible scan cells as 

the compatible scan cell for Scan Cell 0 in the window. Next, Scan Cell 7 or 8 

in the list of compatible is a candidate as a compatible scan cell for Scan Cell 

1 in the window. The Scan Cell 7 is a better choice than 8 because the former 

is physically closer to Scan Cell 6. While a group of two compatible scan cells 

for two scan cells in the window are being found, no more processing is 

necessary in this stage. Now, the two scan cells in the window and their two 

corresponding compatible scan cells should not be selected in further 

processing because they have already been chosen for each other. Thus, they 
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are marked with a “star” symbol, which means they are no longer available. 

When the window finds all compatible scan cells for every scan cell in the 

window, it shifts by the size of the window. 
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Figure 2.23: Step 2 - Process of selecting compatible scan cells 

Step 2 (Figure 2.23): The window moves to the next two available scan cells 

in the first half, that is, to Scan Cells 2 and 3. However, there are no 

compatible scan cells for Scan Cell 2 in the window, so Step 2 fails to select. 

If the window fails, it shifts down by 1 scan cell. 
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Figure 2.24: Step 3 - Process of selecting compatible scan cells 

Step 3 (Figure 2.24): The window shifts by one scan cell if the window fails 

to find a compatible scan cell. Now, the window includes Scan Cells 3 and 4. 

Scan cell 9 in the list of compatible scan cell is selected for the Scan Cell 3 in 

the window because Scan Cell 6 was already selected in Step 1. The selecting 

step moves to the Scan Cell 4 in the window. Because Scan Cell 7 was 

already selected in Step 1, it is excluded for Scan Cell 4. Now, Scan Cells 8 

and 10 compete for the compatible scan cell. Scan Cell 8 is picked here 

because it comes first and is closer to the two previously selected scan cells, 

that is, Scan Cells 6 and 7. Scan cell 10, however, would also be a good pick. 

Because this step finds all compatible scan cells to fill the scan chain that 

shares the same scan-in with the other, no more processing is required. In this 

example, four compatible scan cells and their corresponding scan cells total 

eight, where eight is the number of scan cells in the two scan chains that share 

the same scan-in. Consequently, the process of selection stops here. 
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Figure 2.25: The last state of the list of compatible scan cells 

Figure 2.25 shows the last state of the list of compatible scan cells, where the 

selected compatible scan cells are marked with the star symbol. The four chosen scan 

cells and their partner scan cells in the first half will be assigned to two scan chains 

that have the same scan-in, whereas the rest of the scan cells will be assigned to the 

other scan chain, as shown in Figure 2.26. 
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Figure 2.26: Optimal assignment of scan cells to three scan chains 

Note that a scan cell in the window and its chosen compatible scan cell should 

go to the same position of two scan chains, because they must always have the 

compatible bit. For instance, if Scan Cell 0 goes to the first position of one of the two 



 
 

61

scan chains, its corresponding compatible Scan Cell 6 has to go to the first position of 

the other scan chain. Figure 2.26 depicts the optimal assignment of all scan cells to 

two scan chains and to the last scan chain. Based on this assignment, the routing 

among scan cells in each scan chain can be made. To observe the efficiency of the 

proposed scan chain partitioning scheme, it can be compared with the conventional 

three-scan-chain architecture in the next section. The conventional three-scan-chain 

architecture is assumed to assign its scan cells into scan chains based on physical 

proximity. 

 

2.4.3 Results 

 

 

Figure 2.27: Placement and routing of s15850 optimized by Silicon Ensemble [12] 
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The proposed scan chain partitioning was performed with ISCAS’89 

benchmark circuits with a 0.16um digital CMOS standard cell library used to produce 

the placement and scan routing. To compare the resultant scan length of the proposed 

partitioning scheme with that of Silicon Ensemble [12], Figure 2.27 depicts the scan 

length of the three-scan-chain scheme of ISCAS’89 s15850 as optimized by Silicon 

Ensemble [12]. For convenience, three scan chains are connected into one scan chain, 

because one global connection is basically similar to three individual connections. It is 

well routed, with little cross-over and congestion. On the other hand, Figure 2.28 

illustrates the length of the scan chain of the proposed scan chain partitioning scheme. 

The depiction shows the scan routing with more cross-over and congestion. However, 

the scan routing in Figure 2.28 provides a 33% reduction in test data. If this much 

cross-over and congestion are allowed in routing the scan path, it is acceptable. If not 

allowed, compromises should be considered. 

One compromise is between the length or congestion of the scan routing and 

the reduction rate of the test data. Because most of the cross-over and congestion 

come from one of two scan chains sharing the same scan-in, the degree of congestion 

can be relieved by reducing the reduction rate of the test data. The approach to 

controlling the reduction rate is to increase or decrease the number of partitioned scan 

chains. Increasing the number of scan chains may reduce the degree of congestion 

because there is a possibility of avoiding the connection of any two scan cells that 

might create congestion. This event is proven in Figure 2.29, where four scan chains 
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are employed rather than three scan chains. The cross-over and congestion in Figure 

2.29 is a little less severe than that in Figure 2.28. 

 

 

Figure 2.28: Placement and routing of s15850 obtained by the scan chain 

partitioning scheme with three scan chains 

Another compromise is between congestion and the size of the window. As 

the size of the window increases, it relieves the congestion of scan routing, because a 

large window size can provide shorter scan lengths between two scan cells without 

congestion than a small window size can. This approach can provide a short total scan 

routing; however, if the size of the window increases, it is highly likely to achieve a 

smaller reduction rate of test data, because it is difficult to find all the compatible scan 
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cells that satisfy the scan cells in the window. This compromise should be taken into 

account also. 

 

 

Figure 2.29: Placement and routing of s15850 obtained by the scan chain 

partitioning scheme with four scan chains  

Table 2.9 shows the results of the proposed scan chain partitioning scheme in 

terms of the scan length and the reduction of test data. The third column indicates the 

scan routing that is optimally obtained by Silicon Ensemble. The fourth column is the 

number of partitioned scan chains that might give the best possible result for a 

benchmark circuit. When the number of partitioned scan chains is three, two of the 

three scan chains share the same scan-in, and 33.3% of the columns in test sets are not 

needed. That reduction is indicated in the last column of Table 2.9. With the reduction, 
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the length of scan routing is increased by the proposed scan partitioning scheme; 

however, the increase in the length of the scan routing is not significant in that it 

maintains the same order of magnitude. The one largest benchmark has an increase of 

one higher order than that of Silicon Ensemble. That increase, however, ranges from 

threefold to fivefold, as with other benchmarks. That increase is not remarkable in 

routing the scan path. Thus the results here are considerable and significant. 

Table 2.9: Results of the proposed scan chain partitioning scheme 

Benchmark 
circuit 

Number of 
scan cell 

Optimized 
scan length 
by SE 

Number of 
partitioned 
scan chain 

Optimized 
scan length 
by the 
proposed 

Reduction 
rate of test 
data 

s13207 669 1.15879e6 3 5.26385e6 33.3% 

s15850 597 1.14044e6 3 4.63327e6 33.3% 

s38417 1636 2.9967e6 4 1.29382e7 25% 

s38584 1452 2.79421e6 4 8.43766e6 25% 

 

As for computational complexity, the proposed scheme is not time-consuming. 

First, the identification of compatible scan cells for the scan cells in the first half of 

input test set requires a computational complexity of O(n^2), where n is the number of 

scan cells. Because n is not large, the computational complexity is not large. In fact, 

actual complexity is less than O(n^2), because only half of the scan cells find their 

compatible scan cells. The computational complexity of picking one eligible 

compatible scan cell is O(n^2*m), where n is the number of scan cells and m is the 

iterations in seeking the number of partitioned scan chains. The number of scan cells 
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is actually large compared with the number of iterations; therefore, the number of scan 

cells is a dominant factor in determining computational complexity. The number of 

scan cells, however, is small, and for that reason the total complexity in finding the 

compatible scan cells is not great. Other computational factors, like numbering the 

scan cells based on their physical proximity, employ the idea of the near-neighboring 

algorithm. Their computation does need a little time to number scan cells when 

finding the compatible scan cells. Overall, however, computational complexity is 

small. 
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2.5   Conclusion 

 

This chapter focuses on techniques that reduce power dissipation, test data 

volume, and test time by combining a reconfiguration of a conventional scan 

architecture, scan reordering, and partitioning scan chains. The efficiencies from the 

reductions in power dissipation and test time depend greatly on the number of don’t-

cares in the test sets. Some research in the testing industry shows that more than 90% 

of the test set consists of don’t-cares. It is not likely, however, that most test sets will 

have this high rate of don’t-cares. Fortunately, the test sets to be used have a range of 

don’t-cares from 70% to 90%. This range is quite reasonable when it is compared with 

those of other circuit test sets. Thus, the results in this chapter are significant and 

meaningful. 

The methods in this chapter are simple and easy to implement, while yielding 

remarkable improvements in power dissipation, test data volume, and test time. 

Furthermore, the methods consider the scan routing caused by the scan reordering. As 

the results show, the resultant scan routings are manageable and reasonable. These 

routings are the strength of the proposed methods in respect to emerging test problems. 

The proposed scan partitioning scheme uses the simple idea of compatibility 

between two scan cells while taking scan routing into account. Although the proposed 

scheme does not apply to all test sets, for those test sets to which it does apply, it can 

provide an easy improvement to the test set without much effort of computing. More 
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investigation into the algorithm for handling the scan routing could produce more 

satisfactory results. Even so, the results recorded in this dissertation represent 

considerable improvements. 
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Chapter 3 

The Reduction of Test Volume by the Nonlinear FSR and the 

Dictionary Coding 
 

Using the nonlinear feedback shift register in testing is known to create a test 

set for combinational circuits instead of a deterministic test set. The nonlinear 

property of a feedback shift register is used differently in the current study to reduce 

the test data volume for combinational circuits but without using the nonlinear 

feedback shift register. In addition, a dictionary coding method is applied to further 

decrease an already reduced test set. The results with benchmark circuits have shown 

a great improvement in the reduction of the test data volume. 

The research described in this paper used the nonlinear property of the 

feedback shift register (FSR) based on the technique in [42]. This work developed an 

expanded test set from a deterministic test set with improvements on that in [42]. 

Instead of creating an expanded test set using the nonlinear FSR, as in [42], the 

scheme here stored only the first test pattern and all the leftmost bits of the expanded 

test set in memory and used them to regenerate the expanded test set by taking 

advantage of the consistency between test patterns. This proposed scheme eliminates 

the use of nonlinear FSR and needs little memory to store the parts of the expanded 

test set. Furthermore, there is room for another compression scheme, a dictionary 
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coding, to be applied for further reduction. The two proposed schemes provide a large 

compression rate. 

W. Daehn et al. [42] presented a technique that developed an expanded test 

set from a deterministic test set and devised nonlinear feedback shift register hardware 

to generate the expanded test set for the combinational circuit under test (CUT). I. 

Hamzaoglu et al. [43] introduced new compaction algorithms, such as Redundant 

Vector Elimination, Essential Fault Reduction, and a technique for reducing the fault 

set. A. Jas et al. [44] introduced statistical compression and decompression coding that 

accommodated many properties, such as testing clock, size of the codeword, and 

multiple cores. The dictionary coding developed in this dissertation was derived 

mostly that in [44]. L. Li et al. [45] proposed a dictionary coding to reduce test data 

volume. X. Sun et al. [46] proposed a test strategy that combines two methods, 

namely, a dictionary coding and a reseeding technique, to reduce test data volume. A. 

Chandra et al. in [47] utilized an alternating run-length code to compress test data 

volume and decreased test data volume, test application time, and power dissipation. 

C. V. Krishna et al. [48] introduced a partial dynamic linear FSR reseeding method to 

reduce the test set size and to generate test vectors in fewer cycles. A. A. Al-yamani et 

al. [49] proposed an algorithm for seed ordering to decrease the required number of 

the seeds. 
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3.1 Overview of Nonlinear Feedback Shift Register 

 

This section explains how the expanded test set is created from a deterministic 

test set and describes the limitations of the algorithm in [42].  

As mentioned, the algorithm in [42] first develops an expanded test set from a 

deterministic test set. The expanded test set is greater in volume than the deterministic 

test set, and it eliminates the need for memory to store the deterministic test set 

because it can be generated using the nonlinear FSR. The elimination of the need for 

memory in [42] is directly opposite to the scheme in this paper. Instead, the scheme 

proposed here eliminates the need of the nonlinear FSR by using a small memory to 

save a small portion of the expanded test set. 
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Figure 3.1: Application of technique in [42] to create expanded test set  
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Suppose that the test sets in Figure 3.1(a) and (b) are a deterministic test set 

and the expanded test set, respectively, after the application of the technique in [42]. 

The deterministic test set expands into a test set of ten test patterns with four newly 

inserted test patterns, which are the unshaded rows in Figure 3.1(b). Note that the test 

set in Figure 3.1(b) is referred to as the expanded test set, and the test patterns to be 

newly inserted into the expanded test set are called “link test patterns.” The required 

number of link test patterns is determined by the successor or predecessor coming 

after or before the test pattern, respectively. The Kth successor and the Kth 

predecessor need K – 1 link test pattern(s). Successor here indicates the test patterns 

coming after the first test pattern (0110 in Figure 3.1(b)), which is randomly picked in 

the original deterministic test set and transferred into the expanded test set. On the 

other hand, predecessors come before that first test pattern in the expanded test set. 

For any test pattern in the original deterministic test set to be transferred into the 

expanded test set, it must meet the following conditions. 

 

● Kth successor: This successor is the test pattern in the deterministic test set 

whose last “size of test pattern – K” bit(s) should be the same as the first “size 

of test pattern – K” bit(s) of the test pattern that is in the last position of the 

expanded test set. 

● Kth predecessor: This predecessor is the test pattern in the deterministic 

test set whose first “size of test pattern – K” bit(s) should be the same as the 
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last “size of test pattern – K” bit(s) of the test pattern that is in the first 

position of the expanded test set.  

 

If any test pattern in the deterministic test set meets the conditions and is 

picked first, it will be transferred to the expanded test set. For example, the last two 

bits of the second successor, 0100, in Figure 3.1(b) are the same as the first two bits of 

the test pattern 0011 in Figure 3.1(b). A link test pattern, 1001, is needed to fill 

between them for consistency among these three test patterns in the expanded test set. 

This example is marked by one slanted dashed line in Figure 3.1(b). Thus, to link test 

patterns, successors, and predecessors are used to provide consistency in the expanded 

test set. The consistency is that a test pattern in the expanded test set can be obtained 

by right-shifting its preceding test pattern by one bit and then inserting its leftmost bit 

into the vacated leftmost bit of its preceding test pattern. For example, the second test 

pattern in Figure 3.1(b) is gained by right-shifting the first test pattern by one bit and 

then inserting 1 into the vacated bit of the first test pattern, where the bit 1 is the 

leftmost bit of the second test pattern. Note that the successors comes without a fixed 

order of appearance, and any Kth successor can appear at multiple times in the 

expanded test set. This is also the case for predecessors. The detailed process for the 

creation of the expanded test set will be presented, with improvements on that in [42], 

in the next section. 
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Based on the expanded test set, the required hardware of the nonlinear FSR 

can be developed. First, the feedback function of each test pattern in the expanded test 

set is determined. Then the Karnaugh map is developed to find the Boolean feedback 

function to satisfy the feedback functions of all test patterns. This Boolean feedback 

function is utilized to determine which primitive gate is needed in the feedback loop of 

the nonlinear FSR. 
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Figure 3.2: Feedback functions of each test pattern and its Karnaugh map  

In Figure 3.2(a), the feedback function for each test pattern has the leftmost 

bit of the next test pattern as its resultant value. In the case where there is no next test 

pattern, the result of the feedback function is a don’t-care. Based on these feedback 

functions, the Karnaugh map is developed. With this Karnaugh map, the Boolean 

feedback function is determined, and then the nonlinear FSR hardware is created, as in 

Figure 3.3, where an AND gate is inserted in the feedback loop. This test pattern 

generator is nonlinear because a primitive gate like an AND gate is employed. 
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As described above, the generation of the expanded test set for the nonlinear 

FSR and the determination of the logic in the feedback loop of the nonlinear FSR 

seem simple. However, the implementation of the nonlinear FSR has some limitations 

to its usefulness. Even for large combinational circuits, it is easy to develop an 

expanded test set, but the process for determining the required hardware of the 

nonlinear FSR is too complex. Furthermore, even after the logic in the feedback loop 

is determined, the realization of the hardware requires a large area overhead, because 

a number of primitive gates are usually required in the feedback loop. Hence, the use 

of the nonlinear FSR was limited to small or simple circuits in [42]. Therefore, a new 

scheme to overcome the limitations of the nonlinear FSR is proposed and discussed in 

the next section. 

 

a b c d

F(a   b   c   d) = c & d  

Figure 3.3: Hardware of nonlinear FSR to generate expanded test set  
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3.2 Proposed Use of Nonlinear Property of Feedback Shift Register 

 

Based on the technique in [42], a more efficient technique is introduced here 

to produce as small an expanded test set as possible by reducing the number of newly 

created link test patterns. Minimizing the number of link test patterns contributes to a 

reduction in test set volume. For better understanding when reading the following 

details of the proposed technique, refer to the two test sets in Figure 3.1 and the flow 

chart of the proposed technique in Figure 3.4. 

 

●  Step 1: Pick any test pattern in the deterministic test set and then transfer 

it into the expanded test set, which is originally empty. Go to Step 2. 

●  Step 2:  Set the index K to 1, and then proceed to Step 3. 

●  Step 3: Find the Kth successor of the last test pattern of the expanded test 

set in the deterministic test set. If it is found, transfer it into the expanded 

test set. This Kth successor becomes the new last test pattern in the 

expanded test set, and “K – 1” link test pattern(s) fill(s) between the 

previous last and this new last test pattern. Continue searching for another 

Kth successor of the new last test pattern. If none are found, move to Step 

4 

●  Step 4: Find the Kth Predecessor of the first test pattern of the expanded 

test set in the deterministic test set. If it is found, transfer it into the 
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expanded test set. This Kth predecessor becomes the new first test pattern 

in the expanded test set, and “K – 1” link test pattern(s) fill(s) between the 

previous first and this new first test pattern. Keep searching for another 

Kth predecessor of the new first test pattern. If none are found, move to 

Step 5 

●  Step 5: Increment K by 1 if neither Kth successors nor Kth Predecessors 

are found in Steps 3 and 4, and then go back to Step 3. If any Kth 

successor or predecessor was found in either Step 3 or 4, go back to Step 

2. When K reaches “size of test pattern” or the deterministic test set is 

empty, the process is over. 

 

Note that the don’t-cares in the deterministic test set are flexibly used to 

minimize the required number of link test patterns in the expanded test set. For 

instance, when the test pattern 10110 finds its first successor, if a test pattern in the 

original deterministic test set that meets the condition of the first successor is only 

110X1, the don’t-care bit can be interpreted as a “1.” This flexibility results in a 

decrease in the number of newly created link test patterns. Note that, even though this 

tactic is applied, some of the don’t-care bits are left unaltered. 
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Figure 3.4: The flow chart of the proposed technique to create expanded test set  

If, instead of using the nonlinear FSR, the original deterministic test set in 

Figure 3.1(a) is stored in memory, the storage requires 24 bits, which is derived by 

multiplying the number of columns of test set and the number of test patterns. The 

expanded test set would take more memory space than the deterministic test set if it 

were stored in memory. However, not all the bits of the expanded test set need to be 
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stored. Instead, if the shift registers take advantage of the consistency between the test 

patterns, only the first test pattern and the bits in the leftmost column of the expanded 

test set, which are shaded and bordered by a dashed line in Figure 3.5, can be stored 

and employed to reproduce the whole expanded test set. The first test pattern and the 

bits in the leftmost column of the expanded test set are referred to as the one-column 

test set. The first test pattern is serially fed into the shift registers, and then the 

following test pattern is simply generated by right-shifting the contents in the shift 

registers by one bit and simultaneously shifting the following bit of the one-column 

test set in the vacated leftmost shift register. This process can be completed with a 

properly designed test architecture, which will be explained in the next section. The 

proposed scheme (henceforth, “the scheme of nonlinearity”) can be used with either 

external testing or the internal testing using a memory like ROM. 
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Figure 3.5: One-column test set of the expanded test set in Figure 3.1 by 

proposed scheme of nonlinearity  
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Using the one-column test set reduces an original need for 24 bits storage to a 

need for 13 bits storage, which is obtained by “the number of test patterns + (size of 

test pattern – 1) (10 + 3)”. This is a significant savings in the test set volume. As for 

test time, even if every bit of the one-column test set arrives serially to the shift 

registers, the technique can give a fast test time because a test pattern is formed and 

applied to the CUT at every clock cycle. For the necessary hardware, the same number 

of shift register as that for the input of the CUT is required. The scheme of 

nonlinearity is guaranteed to work using the consistency between two successive test 

patterns in the expanded test set. Furthermore, there is room for another reduction to 

the one-column test set if the order of the bits in the one-column test set is kept. The 

next section discusses the additional reduction from using the dictionary coding. 
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3.3   Application of the Dictionary Coding for Additional Reduction    

 

For an additional reduction of the one-column test set, a dictionary coding is 

chosen because it provides a good compression rate to the test set having fewer don’t-

cares [46]. Most of the work described in this section was developed based on the 

scheme in [44]. In dictionary coding, a 1-bit prefix precedes each word indicating 

whether the word is compressed.  

The size of a codeword is determined by how many original words can be 

saved in the dictionary decoder memory. For example, if the decoder memory has 

space for only eight words regardless of their size, a binary 3-bit can represent eight 

memory storage spaces. This 3-bit is the index that comes after the prefix when a 

word is compressed. In this case, the smallest sized codeword is 4 bits (a 1-bit prefix 

and a 3-bit index). When the decoder reads the prefix meaning “compressed,” it needs 

to read and decode the 3-bit index that points out one of the eight memory spaces and 

then extract that original word from that memory. When a word is not compressed, the 

size of codeword is “m + 1 bits where m is the size of the original word. When the 

decoder reads the prefix marking “uncompressed,” then it reads the m-bit 

uncompressed word after the prefix. This m-bit uncompressed word moves directly 

into the m-bit serializer without checking the memory. 

The value of a few critical parameters in the dictionary coding should be 

carefully determined. Those parameters are the size of original word, the frequency of 
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a word’s appearance, and so on. Their values cannot be determined alone because they 

deeply affect each other. Therefore, finding an optimal solution to meet the needs of 

all those parameters is NP-hard. For that reason, the heuristic method is used. As 

mentioned in [44], the tester clock (decoder) and system clock should be considered. 

The work in this study considers only the case in which the tester clock is slower than 

the system clock. Without a loss of generality, other clock systems can be applied 

with a little modification. This matter will be dealt with in the next section. 
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3.4   Test Architecture for the Proposed Scheme 
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Figure 3.6: Proposed test architecture to implement the proposed scheme 

Figure 3.6 depicts the test architecture for the proposed scheme in either 

external test or internal test using a memory like ROM. The decoder in this test 

architecture is related mainly to the dictionary coding. Thus, if only the scheme of 

nonlinearity is applied, it requires only shift registers, a multiple input shift register 

(MISR), and the memory in the external tester or inside the IC. Only the use of the 

scheme of nonlinearity requires the same speed from both the tester clock and the 

clock of shift registers; otherwise, stall takes place during testing. As for the operation 

of this test architecture, the compressed one-column test set is stored in the memory 

inside the external tester or inside the IC. 
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Each codeword is fed into the dictionary decoder serially, and the decoder 

reads the prefix first. When the prefix is 1, meaning that the word is compressed, the 

decoder reads the index after the prefix and then sends the word from the memory of 

the decoder into the m-bit serializer. The serializer receives the m-bit word, and the m-

bit word shifts in the shift registers bit by bit. At every clock cycle, the test pattern in 

the shift register is applied to the CUT, and its response is captured by the MISR. 

When the prefix is 0, the decoder simply takes an m + 1 bit uncompressed codeword 

into the decoder. After the decoder reads the prefix, the m-bit uncompressed word is 

fed into the m-bit serializer. The rest of the process is the same as in the compressed 

word. 

As mentioned previously, the scheme described in this paper considers the 

case in which the tester clock (decoder) is slower than the system clock. In this clock 

system, the compressed word runs well because less operation time is required in the 

slow decoder clock. The uncompressed word, however, is a different story. The system 

clock should stall until the decoder finishes its feed of the uncompressed m-bit word 

into the serializer because the decoder spends more time with an uncompressed word 

[44]. 
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3.5 Results 

 

Table 3.1: Original data and improved data by using nonlinear property of FSR  

Benchmark 
Circuit 

Number of 
primary 
input 
(PI+FF) 

Number of 
test patterns 

Original test 
data volume 
(TDV) 

Number of 
don’t-care 
bits (%) 

Fault 
coverage 
(%) 

c432 36 85 3,060 1,683 (55) 81.00 
c499 41 286 11,726 2,847 (24.3) 39.50 

c1908 33 1128 37,224 12,453 (33.5) 96.80 
c2670 233 700 163,100 107,836(66.1) 97.50 
c7552 207 5 1,035 0 (0) 44.10 
s9234 247 147 36,309 27,632(76.0) 93.45 

s13207 700 239 167,300 157,018(93.8) 98.46 
s15850 611 120 73,320 62,603(85.4) 96.68 
s38417 1,664 95 158,080 124,896(79.0) 99.47 
s38584 1,464 131 191,784 162,174(84.6) 95.85 

      

Benchmark 
Circuit 

New 
number of 
test patterns 

New 
number of 
don’t-care 
bits 

New TDV 
of the 
Nonlinea-
rity  

Improve-
ment to 
Original 
TDV (%) 

New fault 
coverage 
(%) 

c432 1,472 526 1,507 50.75 95.00 
c499 7,432 818 7,472 36.27 64.40 

c1908 25,249 4,092 25,281 32.08 99.20 
c2670 68,860 15,871 69,092 57.64 97.50 
c7552 812 0 1,018 1.64 93.40 
s9234 13,422 5,626 13,668 62.36 93.46 

s13207 16,930 8,712 17,629 89.46 98.46 
s15850 20,549 11,006 21,159 71.14 96.68 
s38417 101,883 70,827 103,546 34.50 99.47 
s38584 74,275 46,937 75,738 60.51 95.85 

 

Most deterministic test sets for ISCAS'85 are designed to have fewer than the 

required number of test patterns for the desired fault coverage to show the increase of 

fault coverage by the scheme of nonlinearity. Conversely, the test sets for ISCAS'89 
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are highly compacted and have almost the required number of test patterns for the 

desired fault coverage. In the last column of Table 3.1, most of the fault coverages of 

ISCAS'85 increase because of the increased number of test patterns in the expanded 

test set, but the fault coverages of all ISCAS'89 benchmark circuits do not increase, 

because all undetected faults by original test set might be pseudo random resistant 

faults. In implementing the dictionary coding, the program code is developed to 

maximize the slant in the distribution of the frequency of each word’s appearance, 

because the sharp slant gives better compression. The sizes of words from five bits to 

ten bits for each benchmark circuit are simulated to find the best compression rate with 

eight memory spaces fixed in the decoder memory. As the size of the original word 

increases, more memory space is required even though the number of decoder memory 

spaces is fixed. Note that the effect of increasing memory is not considered in 

computing the results. In some of the simulations, increasing the size of the original 

word does not improve the reduction. Instead, it sometimes worsens the memory 

requirement. 

In Table 3.1, the second to sixth columns show the original information of the 

benchmark circuits. The fourth column is the original test set volume, that is, the 

number of bits. The fifth column shows the number of don't-cares in the test set. These 

numbers for ISCAS'85 are not high. Hence, the compression rate for ISCAS'85 comes 

out low, because it depends on the number of don't-care bits. 
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The fault coverage in the sixth column means nothing more than the produced 

fault coverage. On the contrary, the second to sixth columns at the bottom of Table 3.1 

show the improved data from applying only the scheme of nonlinearity. The second 

column indicates the number of new test patterns in the expanded test set. These 

increasing test patterns guarantee an increase in fault coverage when the faults 

detectable by random test patterns remain undetected. This improvement in fault 

coverage is shown in the sixth column at the bottom of Table 3.1. Based on the 

expanded test set, the size of the one-column test set is shown in the fourth column at 

the bottom of Table 3.1. The fifth column at the bottom shows the improved 

percentage of the one-column test set compared with the original test set volume. It 

ranges from 32.08% to 89.46%, except for the benchmark circuit, c7552. 

Because this benchmark circuit uses only five test patterns without any don't-

cares, the reduction rate is fairly low. The scheme of nonlinearity, however, gives a 

significantly increased fault coverage to c7552 with almost the same test volume used. 

As mentioned before, the reduced amount of test volume is directly proportional to the 

number of don't-cares. For instance, the c432 circuit, which has 55% don't-cares, 

shows a 50.75% reduction. Thus, more don't-care bits in the test set guarantee more 

enhancements in the reduction of the test volume. 

Table 3.2 shows the data for additional reductions from the further application 

of dictionary coding and compares the data against that of dictionary coding only and 

the dictionary coding in [45]. The second column indicates the improved data when 
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only dictionary coding is applied. The numbers in parentheses indicate the size of the 

original word that grants the best reduction rate without considering the increase of 

required memory. In the simulation using only the dictionary coding, a don't-care is 

simply converted to the value 0 and then the frequency of each word's appearance is 

counted. The data from the sole application of the dictionary coding is fairly good, but 

far short of the improved data by both the scheme of nonlinearity and dictionary 

coding that are applied together in the fourth column of Table 3.2. The third column 

shows the improved data from the dictionary coding in [45], which is simulated 

closely in the manner described in [45]. Its results are as close as those of the sole 

application of the dictionary coding. 

An interesting point is that most the compared data are worse than that 

generated by the sole application of the scheme of nonlinearity. These results mean 

that the scheme of nonlinearity is good enough to be applied alone. The combined 

application of the scheme of nonlinearity and dictionary coding provides the best 

compression, which is depicted in the fourth and fifth column of Table 3.2. However, 

the effect of the additional application of dictionary coding after the scheme of the 

nonlinearity is not significant, because most of the compressions have already been 

extracted by using the scheme of nonlinearity. As the results indicate, both the scheme 

of nonlinearity and the mix of the two schemes offer better performance compared 

with that of using the dictionary coding alone or the dictionary coding in [45]. 

Moreover, with the help of newly configured test architecture, the use of nonlinearity 
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alone has a good capability of decreasing the test set volume. To conclude, the 

schemes proposed here show considerable reductions in the test set volume. With the 

proper test architecture, the proposed schemes can be applied to STUMPS, which will 

be attempted in future work. 

Table 3.2: Additional improved data by using dictionary coding 

Benchmark 
Circuit 

Test data 
volume from 
only Dictionary 
coding 

Test data 
volume from 
the Dictionary 
in [45] 

Test data 
volume from 
nonlinearity + 
Dictionary  

Total 
Improve-
ment 
 (%) 

c432 1,938 (10) 2,072 (8) 1,170 (9) 61.76  

c499 9,764 (7) 9,479(10) 6,834 (9) 41.72 

c1908 31,728 (6) 29,213(10) 23,364 (8) 37.23 

c2670 88,543 (10) 85,232(10) 50,922 (9) 68.78  

c7552 754 (9) 791(10) 756 (7) 26.96  

s9234 20,397 (10) 20,335 (10) 11,191 (8) 69.18 

s13207 73,906 (10) 73,402 (10) 13,345 (10) 92.02 

s15850 36,125 (10) 36,543 (10) 15,320 (9) 79.11 

s38417 85,625 (10) 87,827 (10) 65,710 (10) 58.43 

s38584 98,976 (10) 102,214 (10) 53,361 (10) 72.18 
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Chapter 4 

The Relationship between Compactions and Two Reseedings and the 

Compaction for the Static Reseeding  
 

The compaction algorithm is a critical process in the reduction of the number 

of test patterns during or after the generation of test patterns by the Automatic Test 

Pattern Generator (ATPG). The primary emphasis of the ATPG is on how to generate 

test sets for the CUT rather than on the size of the test set, because the computational 

complexity of generating test patterns is high. The size of the test sets, however, 

grows larger as the circuits become more complicated and integrated. Furthermore, 

the size of the test sets is directly proportional to the cost and time in testing. Clearly, 

a compact test set is highly desirable for economical testing, even if there another 

compression scheme is applied to the test set. A smaller test set also requires less 

memory space in the Automatic Test Equipment (ATE). Test sets of excessive size 

may require multiple loading into the memory in ATE. Therefore, keeping the size of 

the test sets small is important to reducing the cost of testing. 

Compaction is the first technique applied to compress test sets. Compared 

with other compression methods, compactions are designed to reduce the number of 

test patterns in test sets. On the other hand, most other compression methods are 

designed to compress test patterns into smaller ones. When the application of 
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compaction to test sets becomes aggressive, it automatically increases the number of 

specified bits per each of the remaining test patterns, because the remaining test 

patterns are necessary to detect more faults than before. 

Reseeding is a compression method that has been popularly adopted and 

implemented in both the testing industry and academic research. The encoding 

efficiency of the reseeding methods depends on the number of specified bits in a test 

set. The number of don’t-cares in a test set is a key factor in determining the amount 

of compression for the test set. Likewise, other compression techniques rely on the 

amount of don’t-cares in the test sets [51, 52, 53, 54]. No previous research, however, 

has been performed to find the interaction between compaction and the compression 

techniques in terms of the size of test sets. 

This dissertation considers reseedings only, specifically, static reseeding and 

partial dynamic reseeding, because of their popularity. Compaction increases the 

number of specified bits in a test pattern. Conversely, the encoding efficiency of 

reseedings decreases with an increasing number of specified bits. In addition, the 

increase of the number of specified bits caused by compaction might not be at a 

constant rate, because the amount of increase in the number of specified bits varies 

from a level of compaction application to a level of compaction application. This 

irregular behavior can create a nondirect or a nonlinearly proportional relationship 

between compactions and reseedings. Possibly, a more intensive application of 

compaction may produce a larger test set after the application of a reseeding. 
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Therefore, the first section of this chapter is devoted to investigating the 

relationships between compactions and reseedings. As previously mentioned, the 

reason for using reseedings is that they are the most popular compression method 

adopted by the testing industry. Moreover, their relationship with the number of 

specified bits is very clear. 

The second part of this chapter discusses a proposed static compaction that 

increases the encoding power of the static reseeding. If the greatest number of 

specified bits in a test pattern is managed to remain small, the encoding efficiency of 

the static reseeding is obviously improved. Thus, the goal of the proposed static 

compaction is clear. The proposed compaction uses the idea of static compaction 

rather than that of dynamic compaction. In contrast to dynamic compaction, static 

compaction can easily maintain the number of specified bits to be small. This is 

because static compaction has advantages over dynamic compaction in that it uses 

global information, it provides more powerful compaction, and it provides easy 

control over every test pattern. This does not necessarily mean that dynamic 

compaction is without merit for keeping the number of specified bits small. Dynamic 

compaction, however, is difficult to apply, because it is applied during the generation 

of test patterns. For that reason, dynamic compaction is not considered in the proposed 

compaction, but is targeted for future research. 

This chapter begins by discussing the relationships between the compactions 

and the two reseeding methods: static and partial dynamic reseeding [55, 56, 57]. 
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Then, a proposed static compaction algorithm is introduced that promotes and 

increases the encoding efficiency of static reseeding. 
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4.1 Overview of Compactions and Two Reseedings 

 

Compactions are applied to reduce the number of test patterns in a test set. 

There are two compaction methods, dynamic and static compaction. Dynamic 

compaction is integrated into the process of generating test patterns while attempting 

to generate test sets in which each test pattern detects more faults. A test pattern in the 

dynamic compaction evolves until no don’t-cares remain or no additional faults are 

detected. On the other hand, static compaction is applied to a test set that is already 

generated, and it is usually applied to reduce the number of test patterns further after 

dynamic compaction has been applied. Static compaction is known to be more 

powerful than dynamic compaction because of its use of global information, like the 

independent fault set. In addition, static compaction can be applied to a test set 

independently, because it can provide a large improvement. Likewise, the dynamic 

compaction can be applied alone. Generally, the two types of compactions are applied 

simultaneously. 

When the decision on which compaction to employ is to be made, the 

important issues, computational complexity and compacting efficiency, are taken into 

account. Ignoring those issues may result in a significant delay in generating a small 

test set. 

Various techniques have been developed to improve the efficiency of test-

pattern generation. The process of developing a test set requires major computational 
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efforts. Thus, techniques that relieve computation efforts have been welcomed. The 

following paragraphs summarize previous efforts to speed up computation, as well as 

popular compaction methods. 

The basic principle of generating a test pattern is to activate a fault of interest 

and then to propagate it to the primary output. For this procedure, J. P. Roth et al. [55] 

introduced the D-algorithm. In the D-algorithm, D-calculus is employed, where the 

symbol D indicates that the value of a node is a logical 1 in a good circuit and a 

logical 0 in a bad circuit. When a value is assigned in the primary input, the internal 

nodes related to the assigned primary input are also assigned; that is one of the 

characteristics of the D-algorithm. P. Goel et al. [56] proposed the Path-Oriented 

DEcision Making (PODEM) algorithm, which solves the problem of reconvergent-

fanout and allows multi-path sensitization. That method is similar to the basic 

algorithm, except that PODEM will retry a step to reverse an incorrect decision. There 

are four basic steps: objective, backtrace, implication, and D-frontier. Another 

difference from the D-algorithm is that, when the primary input is assigned, its 

relevant internal nodes are not assigned immediately, as with the D-algorithm. H. 

Fujiwara et al. [57] presented Fanout-oriented test generation (FAN). This technique 

speeds up the generation process by removing the need to backtrace all the way to a 

primary input. Instead, it stops backtracing at the reconvergent fanout area. M. H. 

Schulz et al. [58] introduced the SOCRATES using supplementary information. 
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M. H. Schulz et al. [59] described the reverse-order fault simulation used 

widely for dynamic compaction. P. Goel et al. [60] presented dynamic compaction 

and static compaction together. I. Pomeranz et al. [61] used the information on 

independent faults and fault ordering in the preprocessing stage; unspecified some of 

primary inputs such that inputs that are significant in ensuring a test pattern for the 

original fault are kept while others are unspecified; and adopted line justification. L. N. 

Reddy et al. [62] employed a modified reverse-order fault simulation, the Reverse 

Order Test COmpaction (ROTCO), in which some of the unspecified inputs are 

specified to give flexibility in detecting faults that had been detected by earlier test 

patterns. Possibly, some of the earlier test patterns can be dropped. J. Chang et al. [63] 

presented two techniques, forced pair-merging and essential fault pruning, which are 

referred to as the Test Set Compaction (TSC). Forced pair-merging modifies the 

incompatible specified bits of pairs of test patterns without losing the original test 

coverage, and essential fault pruning removes a test pattern by modifying other test 

patterns of the test set to detect the essential faults of the target pattern. 

S. Kajihara et al. [64] introduced two-by-one and three-by-two algorithms. 

The two-by-one algorithm creates a new test pattern that detects the essential faults of 

two target test patterns, and the three-by-one algorithm creates two new test patterns 

that detect the essential faults of three target test patterns. I. Hamzaoglu et al. [43] 

presented two algorithms, Redundant Vector Elimination and Essential Fault 

Reduction. Redundant Vector Elimination identifies earlier redundant test patterns 
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during test pattern generation, and Essential Fault Reduction prunes the essential 

faults of a test pattern until there are no essential faults for the target test pattern, and 

renders the essential faults detectable by other test patterns. 

Reseeding methods have been widely adopted in industry because of their 

encoding efficiency. The basic idea is that an inserted seed value into the LFSR 

expands into a necessary deterministic test pattern by shifting the LFSR. The required 

seed value can be calculated by solving a system of linear equations based on the 

feedback polynomial of the LFSR. Thus, instead of storing a whole deterministic test 

set, a small set of seeds can be stored, greatly reducing the need to store large amounts 

of test data. The stored seeds are inserted into the LFSR one by one to generate 

deterministic test patterns. This process of generating process of test patterns, however, 

must stall after a deterministic test pattern has been generated while a new seed is 

loaded into the LFSR. This implementation is called as the static reseeding method. 

An advanced reseeding method, the partial dynamic reseeding method, has been 

developed [65]. That method removes the need for a testing process to stall by adding 

a few extra circuits. Furthermore, its encoding efficiency has been proven to be 

greater than that of static reseeding, because it depends on the average number of 

specified bits in a test set. 

B. Konemann et al. [66] introduced the basic idea of the LFSR reseeding 

methodology. The length of the LFSR should be at least Smax + 20 bits to reduce the 



 
 

98

probability of not finding a seed for a test cube under 10e-6, where a test cube is a test 

pattern with don’t-cares and Smax is the greatest number of specified bits in a test cube. 

The encoding efficiency of reseeding depends on the number of specified bits. 

This basic principle takes various forms. S. Hellebrand et al. [67] proposed a method 

to improve the efficiency of the LFSR reseeding by using a multiple-polynomial 

LFSR. This method solves the linear dependency by choosing among the different 

feedback polynomials. The use of this method requires Smax in the length of the LFSR 

to find a seed for a test cube. S. Hellebrand et al. [68] also presented a method of 

generating test patterns that favored the technique of using a multiple-polynomial 

LFSR. N. Zacharia et al. [69] and J. Rajski et al. [70] introduced a technique that used 

longer LSFRs for test cubes with large numbers of specified bits, whereas smaller 

LFSRs were employed for test cubes with smaller number of specified bits. C. V. 

Krishna et al. [65] proposed the partial dynamic reseeding method, which guarantees a 

smaller sized set of seeds and faster test times than most of the previous reseedings. In 

this method, a little extra circuitry was added so that the testing process did not have 

to stall between generations of deterministic test patterns. 



 
 

99

4.2   Relationship between Compactions and Two Reseedings 

 

Size of 
Test Data

Y

X
Compaction + (S. Reseeding)

0% 25% 50% 75% 100%

Size of Test Data = (Smax + 20) * Number of Test Patterns  

Figure 4.1: Linear relationship between the compactions and the static reseeding 

This section deals with the relationship between compactions and the two 

reseedings, the static reseeding and the partial dynamic reseeding. As mentioned 

previously, compactions are designed to reduce the number of test patterns. Applying 

a compaction to a test set makes the test patterns have a larger number of specified 

bits, which means that the test patterns can detect more faults. It is obvious that each 

test pattern in a reduced test set should detect more faults to maintain the same fault 

coverage as before. This requirement is common to both the dynamic compaction and 

the static compaction, and it is also the basic principle of the compaction algorithms. 

The reseeding methods are closely related to the number of specified bits in the 
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reduced test sets. Generally, a larger number of specified bits in the reseedings means 

less efficient in reducing the size of the test set. 

Even though there is little research on this topic, the relationship between 

compactions and reseedings is commonly expected to be directly proportional, in 

which case a more intensive application of a compaction and then an application of a 

reseeding will give greater reduction. The use of that idea, however, might result in 

some unexpected increases in the behavior of specified bits in the test set to be missed 

during compaction. The increase in the number of specified bits might not be 

constant; that is, it might vary from one point to another during compaction. Thus, it is 

not reasonable to think of the relationship as being directly proportional. 

Suppose that a generated test set has 100 test patterns and its minimal size is 

known to have 20 test patterns after compaction. A degree of compaction to the test 

set yields 50 test patterns, and a little more intensive degree of compaction gives 47 

test patterns. Any case in which the greater degree of compaction provides a larger 

test set goes against expectation regarding the interaction, because direct linear 

proportion means that more compaction always provides more reduction rather than 

less compaction. This reversal, however, may occur. Figure 4.1 shows the direct linear 

relationship between the compaction and the reseeding. The direct linear relationship 

fails to account for the role of the inconstant increase in the number of specified bits 

during compacting. There may be a possibility that, beyond the point of the 

compaction, a more intensive application of compacting does not further reduce the 
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size of test, because the increase in the number of specified bits has an adverse effect 

on the reduction. This event takes place when the effect of the increase in the number 

of specified bits is larger than the effect of the reduction of test patterns by decreasing 

the size of the test set. This event, which has been observed by other researchers, was 

a principal motivation for the current study. Figure 4.2 shows the possibility that there 

is a saturation point of compaction beyond which no improvement is observed in the 

reduction of the test set.  

 

Size of 
Test Data

Y

X
Compaction + (S. Reseeding)

0% 25% 50% 75% 100%

Size of Test Data = (Smax + 20) * Number of Test Patterns

Saturation 
Point

 

Figure 4.2: Possibility of global saturation point of compaction 

To determine more about the interaction between compaction and reseedings, 

experiments were performed. In those experiments, various combinations of the 

compactions and the reseedings were made as follows: 

• A static compaction + static reseeding 
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• A static compaction + partial dynamic reseeding 

• A dynamic + a static compaction + static reseeding 

• A dynamic + a static compaction + partial dynamic reseeding 

• A dynamic compaction + static reseeding 

• A dynamic compaction + partial dynamic reseeding 

 

In this dissertation, however, only the first four combinations are considered 

for various reasons. The application of only dynamic compaction is not as effective in 

its power of reduction as the application of static compaction, and in dynamic 

compaction it is almost impossible to calculate the number of specified bits in a test 

pattern. Furthermore, dynamic compaction takes place during the generation of test 

patterns, during which it is impossible to interfere. In the third and fourth cases, 

however, dynamic compaction is combined with static compaction, and these 

combinations are fairly manageable because dynamic compaction has only a small 

role in reducing the number of test pattern compared with static compaction. 

Basically, dynamic compaction cannot provide information on how many test 

patterns are reduced in the middle of its application. Thus, the number of test patterns 

can be counted only twice, at the starting point of the application of dynamic 

compaction and at the end point. Its starting point, however, is difficult to determine, 

so that the test set obtained by running ATPG without any compaction is considered 
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as a starting point. This procedure requires running ATPG twice, once to determine 

the starting point of test set and once to apply the compaction and the reseeding. 

In contrast, when applied alone to a test set, static compaction has a clear 

starting point, namely, the number of test patterns in a given test set without any 

compaction. It is also easy to count the number of test patterns and specified bits when 

static compaction is being applied. 

For those reasons, only the first four cases in the previous list are considered 

in this dissertation. The last two cases will be investigated in future studies.  

Two techniques are used to generate a test set, random test pattern generation 

and deterministic test pattern generation. Random test pattern generation is involved 

in fault simulation. After a random test pattern is generated, the generated test pattern 

is simulated to examine what faults it detected. The detected faults are dropped from 

the fault list. This process continues until no fault remains in the fault list, or the 

desired fault coverage is reached. A CUT, however, usually has random pattern 

resistant faults, so that the process of generating random test patterns is a slow process. 

To overcome the time requirements of random test pattern generation, deterministic 

test patterns are required to speed up the generation process and to detect random 

resistant faults. In fact, most ATPGs use the strategy of first generating some random 

test patterns until reaching a level of fault coverage, and then generating deterministic 

test patterns to increase the fault coverage to the desired level. This combined 

approach, which is the most common scheme in generating test sets, is employed in 
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this dissertation to generate test patterns. To cover every possible interaction of the 

compactions and the reseeding, however, the dissertation will also address test sets 

generated by a 100% application of deterministic test patterns. 
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4.3   Static Compaction for the Static Reseeding  

 

This section proposes a compaction algorithm that promotes the encoding 

power of the static reseeding method. There are two ways to increase the encoding 

efficiency of static reseeding. One way is to reduce the number of test patterns, and 

the other way is to reduce the greatest number of specified bits in a test pattern, 

because (Smax + 20 ) * number of test patterns is a determination of the encoding 

deterministic test patterns. Reducing the number of test patterns is the nature of 

compaction, and therefore no new methods in compaction are added to reduce the 

number of test patterns. 

Attention should be turned, however, to reducing Smax during compaction. 

Note that the specified bits in Smax are required to detect the faults that are supposed 

to be detected to maintain the same fault coverage as before. Therefore, one possible 

solution is to let other test cubes (test patterns that have don’t-cares) that have small 

numbers of specified bits detect more faults. This approach is similar to one in which 

all test cubes try to detect the same number of faults to distribute the total number of 

specified bits in a test set evenly to all test cubes. Trying to detect the same number of 

faults does not give nearly the same number of specified bits to all test cubes; however, 

it can create a fairly even distribution of don’t-cares to all test cubes within test sets. 

For a given test set, when a test cube has a greatest number of specified bits, 

this number in the test cube is the main factor that determines the encoding efficiency 
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of the static reseeding, even though most of the test cubes have small numbers of 

specified bits. Thus, it is obvious that, if every test cube in a test set has almost the 

same number of specified bits, the static reseeding can encode the deterministic test 

sets more efficiently. An even distribution of specified bits to all test cubes can 

prevent a test cube from having an extremely large number of specified bits. This is 

the goal of the proposed static compaction algorithm. Furthermore, the proposed 

compaction algorithm should generate as minimal a test set as possible and impose 

less computational complexity. Those two factors are used to measure the efficiency 

of compactions. Compared with any other compaction algorithm, whether it is static, 

dynamic, or a combination, the proposed algorithm should be very competitive in 

obtaining a minimal sized test set. As for computational complexity, most 

compactions consume many resources and entail considerable computational time 

because of their innate complexity. It is desirable to keep computational complexity 

low. The proposed compaction algorithm, which is basically the combination of the 

reverse order fault simulation [60] and the two-by-one compaction [64], requires a 

reasonable amount of computational time, because its computational complexity is 

similar to that of two-by-one static compaction. In addition, it can also generate a test 

set that has a minimal size and a smaller number of specified bits in each test cube.  

From this point in the section, the details of the proposed static compaction 

for static reseeding will be described. Given a deterministic test set generated by the 

ATPG, the test set usually has a smaller number of specified bits as it travels down to 
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the bottom, because earlier test cubes are designed to detect more faults. If that is not 

so, for the proposed compaction, it should be arranged that the earlier test cubes 

generally have larger numbers of specified bits. There is no need for 100% accuracy 

when the test cubes are arranged in descending order of number of specified bits.  
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Figure 4.3: Stage 1 of proposed static compaction 

It does not matter whether or not a given test set goes through the dynamic 

compaction, because the proposed compaction algorithm is not affected by the 

dynamic reseedings. If the test set is highly reduced by the dynamic compaction, the 

efficiency of the proposed static compaction would be greatly diminished. Thus, the 

proposed static compaction would best start with test sets that are close to their 



 
 

108 

original sizes without any compaction. Basically, the proposed static compaction can 

be applied to any test set whether or not its test cubes have been reduced. Hence, the 

proposed static compaction may start with any test set regardless of whether dynamic 

compaction has been applied to it. Given a test set, the test cubes should be arranged 

such that the earlier test cubes have a larger number of specified bits. If the test set is 

not arranged so, arrange it so. Generally, however, most test sets have this structure 

when they are generated. Note that, even though a given test cube has a larger number 

of specified bits than others, it does not mean that it can detect more faults. 

 

 

Figure 4.4: A typical input test set (a part of s5378’s input test set) 



 
 

109

 The process of the proposed compaction algorithm is as follows. As 

preprocessing, the sets of independent faults and essential faults are obtained. The set 

of independent faults helps in determining the existence of a new test cube to replace 

two existing test cubes. As for the essential faults, two different sets are managed and 

employed during the proposed compaction. One is the set of essential faults for each 

test cube, and the other is the set of essential faults for two test cubes. These two sets 

are updated during the application of the proposed compaction. The latter set is crucial 

in creating a new test cube to replace two existing test cubes. The information can be 

obtained during the generation of the test cubes. 

Figure 4.3 shows Stage 1 of the proposed static compaction. In this stage, 

some earlier test cubes that generally have large numbers of specified bits are grouped 

together. The group is not involved in the action of the proposed static compaction at 

the beginning. The size of the group is basically a matter of user decision; however, it 

should be a reasonable size that can include test cubes with distinctively large 

numbers of specified bits. In the experiment described here, a small gap in the size of 

the group did not create a significant difference. Given a test set, this group is easily 

noticeable. Thus, it is not difficult to take out a number of test cubes for the group. 

Figure 4.4 shows a test set that has a clear boundary between test cubes with many 

specified bits and those with fewer. 
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Figure 4.5: Stage 2 of proposed static compaction 

 In Stage 2, the proposed static compaction is applied from the bottom of the 

test sets up to the group of earlier test cubes. Applying the proposed compaction from 

the bottom of the test set is similar to the procedure in reverse order fault simulation, 

and creating a new test cube for two existing test cubes is similar to the procedure 

used in two-by-one compaction. The two above compactions are combined to create a 

proposed static compaction. The information on the independent faults and essential 

faults in the preprocessing stage is actively employed in the application of the 

proposed compaction. The proposed static compaction finds a new test cube to replace 

two existing test cubes by using the multiple target fault test pattern generation [71]. 

This replacement entails no loss of the former fault coverage. 
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Figure 4.5 shows the reduction in the number of test cubes by the proposed 

compaction. At the same time, most of the new test cubes have greater numbers of 

specified bits than before, as can be seen in Figure 4.5, because they detect more 

faults. The proposed compaction is applied from the bottom of test sets like the 

reverse order fault simulation; therefore, any two existing test cubes replaced by a 

new test cube are readily found because the test cubes at the bottom usually have 

smaller numbers of specified bits. Smaller numbers of specified bits indicate the 

aggressive generation of new test cubes. Thus, the computation time is short, because 

it handles smaller numbers of independent faults and essential faults. Two existing test 

cubes are marked to prevent them from becoming involved in the action of the 

proposed compaction, and a new test cube is inserted into the test set. The marked test 

cubes are eventually removed from the test set through fault simulation. This process 

reduces the number of test cubes. 
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Figure 4.6: Stage 3 of proposed static compaction 

Stage 3 deals with the group of earlier test cubes. After the application of the 

proposed compaction to the test cubes, except for those in the group, is complete, the 

fault list of the new test set without the group is developed through fault simulation, 

while the marked test cubes are dropped from the test set. It is ensured that the fault 

coverage is the same as before, with some test cubes dropped. This stage is performed 

only on the group based on two fault lists, the fault list of the group and the fault list 

of the rest of test cubes. The test cubes in the group basically do not need to detect the 

faults in the fault list of the test cubes outside the group. Therefore, some of the faults 

that are detected by the test cubes in the group can be dropped because those faults are 

detected by the test cubes outside the group. The dropped faults make it possible for 

some specified bits of the test cubes in the group to turn into don’t-cares. This process 



 
 

113

is referred to as bit raising. In Figure 4.6, the number of specified bits in the group is 

reduced by bit raising. These test cubes are dominant in determining the greatest 

number of specified bits, but they can no longer be dominant because their number of 

specified bits can be lower than that of the test cubes outside the group. Now, the 

greatest number of specified bits in test sets can be found from any test cube. 
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Figure 4.7: Stage 4 of proposed static compaction 

Stage 4 is the application of the proposed compaction to the whole test cube. 

The reduction of the number of specified bits in this stage is relatively small compared 

with its first application in Stage 2, because the test set has already been reduced 

significantly. In some cases, no reduction can be found in this stage. The amount of 
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reduction relies on the number of test cubes in the group. If more test cubes are 

included in the group, more test cubes are likely to be removed. In this stage, the 

proposed compaction can be applied in any order, from the top or from the bottom of 

test sets. Either direction provides almost the same results, as observed in the 

experiment. Figure 4.7 depicts the final test set after the last stage of the proposed 

compaction. 

The proposed compaction is simple in its implementation, and it has been 

proven effective in distributing the number of specified bits to all test cubes evenly. 

Even though a few of the circuits show a sharp gradient in the distribution of the 

number of specified bits, the proposed static compaction still creates a smaller number 

of specified bits than otherwise. Its computational complexity is O(2n*n), which is 

twice as much as the two-by-one, because the process of finding new test patterns to 

replace two existing test patterns is applied twice to the test sets. One application is 

made to the test cubes outside the group in Stage 2, and the other is made to the whole 

set of test cubes in Stage 4. Compared with that of other compactions, the 

computational complexity of the proposed static compaction is reasonably small. 

Furthermore, the proposed static compaction creates a test set that is close to the 

minimal test set obtained by other compactions, as was proven in the experiment. 
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4. 4   Results 

  

Size of 
Test Data

X
Compaction + (S. Reseeding)

0% 25% 50% 75% 100%

Size of Test Data = (Smax + 20) * Number of Test Patterns

Y

 

Figure 4.8: The resultant graph of the relationship between compaction and 

reseeding 

The relationship between compaction and static reseeding is found by 

counting the greatest number of specified bits of a test cube in the test set every time a 

test cube is removed from the test set. On the other hand, the relationship between the 

compaction and partial dynamic reseeding is found by counting the whole number of 

specified bits and then dividing that number by the new number of test cubes every 

time a test cube is removed from the test set. As mentioned before, the encoding 

efficiency in the static reseeding is directly proportional to the greatest number of 

specified bits of a test cube in the test set. The encoding power in the partial dynamic 

reseeding is directly proportional to the average number of specified bits in the test set. 
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A test set is generated by the academic APTG tool, ATALANTA, which has a 

fault simulator [73]. Even if the number of random test patterns varies depending on 

the benchmark circuits, ISCAS’ 85 or ISCAS’ 89, around 20 random test patterns are 

generated first, and then deterministic test patterns are generated to increase the fault 

coverage up to the desired level. The reason that about 20 random test patterns are 

selected is that this number provides good enough fault coverage. 

With this test set, various compaction algorithms were experimented with for 

the static reseeding. First, only the static compaction was tested using ROTCO [62] 

and TSC [63]. ROTCO is similar to reverse order fault simulation with the additional 

feature of a partial fault table construction. Its compaction behavior turns out to be 

different from that in TSC in that the greatest number of specified bits changes 

considerably. The reason for this change is that the test cubes with greater specified 

bits are generally the target to be removed from a test set in ROTCO. On the other 

hand, the change of the greatest number of specified bits in TSC can be predicted, 

because the test cubes with less specified bits are actively involved in the process of 

merging test cubes into a new test cube. Even though the difference between the two 

kinds of the static compactions is recognized, nevertheless, the conclusion here is 

similar to the trend in Figure 4.8. 

The combination of dynamic and the static compaction was tested, and the 

two-by-one [64] was included in this category. The compacting efficiency of the 

dynamic part in the two-by-one compaction is less than that of its static part, and most 
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of the reduction is conducted in its static part. The above three compaction methods 

were received most scrutiny because they are most frequently referenced. A few other 

compaction techniques were partially employed for more investigation of the 

relationship between compaction and static reseeding. Even if they all are not similar 

in their details, they are quite similar in their approach to tackling the issue of 

reducing test patterns. Thus, a large difference was not observed. 
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Figure 4.9: The relation graph between ROTCO and the static reseeding of 

ISCAS’85 c7552 

Before the experiments are explained in detail, the general trend of the results 

will be mentioned briefly. According to the experiments, the relationship generally 

shows a common trend, as shown in Figure 4.8. Figure 4.8 represents the general 

trend of the relationship between compaction and static reseeding. Even though the 
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differences among different compactions are recognized, they can be disregarded 

because of their insignificance. Differences are also observed from different 

benchmark circuits; however, they are not as significant as those among different 

compactions. One of the differences is that a few circuits show a partial saturation 

point beyond which the size of the test set increases for some period of the 

compaction. Eventually, the size undergoes constant reduction.  
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Figure 4.10: The relation graph between TSC and the static reseeding of 

ISCAS’85 c7552 

First, the interaction between static compaction and static reseeding was 

investigated with the benchmark circuits, ISCAS’85 and ISCAS’89. Figure 4.9 depicts 

the relational graph between ROTCO and the static reseeding of the benchmark, 

c7552. This graph illustrates a direct linear relationship. The pattern of the graph in 

Figure 4.9 appears different from that in Figure 4.8 because Figure 4.8 looks a little 
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exaggerated in a high compacting region. Most of the results show a little deviation 

from the directly proportional relation in the high compacting region as shown in 

Figure 4.8. Figure 4.10, which depicts the interaction between the TSC and static 

reseeding, illustrates some deviations from direct proportionality. One reason for the 

deviations is that there is a high probability for the test cube with the greatest number 

of specified bits in a test set to be associated with the merging process of creating a 

new test cube. In this case, the effect of the increase in the number of specified bits is 

greater than that of the reduction of one test cube in terms of the size of the test set. 

 

The typical characteristics of the relationship are summarized as follows.  

• Even if prediction is difficult in compactions using the idea of reverse 

order fault simulation, the greatest number of specified bits increase 

eventually as the number of test patterns is reduced. 

• Many local saturation points are observed in the compaction using the 

idea of the reverse order fault simulation; however, they are distinctly 

local.  

• The effect of +20 in the static reseeding is small for a test cube of 

large size. 

• If two test cubes of large size are merged into one new test cube, in 

terms of the encoding efficiency of the static reseeding, the effect of 
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the increase in the number of specified bits is greater than that of the 

reduction of one test pattern. 

• In a region where a high degree of compaction has been applied, the 

impact of the increase in the number of specified bits is generally 

greater than that of the reduction of one test pattern, which is the 

cause of some fluctuations in the region where a high degree of 

compaction is applied. 

• The greatest number of specified bits remains constant from the initial 

application of the compaction up to the region of high compaction 

application, and it is directly proportional. 
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Figure 4.11: The relation graph between the two-by-one and the static reseeding 

of ISCAS’89 s5378 
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Figure 4.11 depicts the relationship between the two-by-one and static 

reseeding. As discussed previously, the results might vary depending on ATPG, test 

sets, the compactions, or the CUTs. For example, the combination of a test set from 

TetraMax [6] and ROTCO may show a different behavior from that of a test set from 

MinTest [74] and a compaction. 

The above factors can define the behavior between compaction and static 

reseeding. It seems impossible to include all the combinations of these factors in any 

definition of the interaction, because there are many different kinds of factors and 

some of the factors are difficult to access. As for the factors of the ATPG and 

compaction, they employ basically similar ideas, so that the effect of the difference 

between them does not seem remarkable. For instance, the main principle of every 

ATPG is to activate the fault of interest and then propagate it to the primary output for 

generating test patterns. Most ATPGs basically use this idea in implementation. Their 

main concern is to improve the speed of test-pattern generation. The phenomenon can 

readily be observed among the D-algorithm, PODEM, and FAN. The only difference 

among them is the speed of test-patterns generation. The same logic can be applied to 

the compactions, because their operating principles are basically similar. Therefore, 

the effects of those two factors are not considered because the differences among the 

factor do not have much effect. 

Furthermore, test sets generated by the ATPG might not make any difference. 

Since ATPG uses a similar idea in test-set generation, its products might be similar to 
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each other. Even though many different test sets can be generated for the same fault 

list, the differences among the test sets are not substantial. The experiment was 

performed to observe this event. Many processes were performed to generate the 

different test sets for the CUT, a benchmark circuit, using ATALANTA as an ATPG. 

Then, these test sets were combined with the different compactions to check the 

encoding power of static reseeding in terms of the size of the test set. They revealed a 

common behavior between compaction and static reseeding, as shown in Figure 4.8. 

Moreover, the test sets with different ratios of random test patterns and deterministic 

test patterns were tested. The results demonstrated the same trend as that in the above 

experiment. . The experiments here prove the effect of the factor insignificant. Thus, 

its effect cannot be considered.  

 

 

 



 
 

123

0
50

100
150
200
250
300
350
400
450
500

0 2000 4000 6000 8000 10000

size of test data 

nu
m

be
r 

of
 te

st
 p

at
te

rn
s

 

Figure 4.12: The relation graph between the two-by-one and the partial dynamic 

reseeding of ISCAS’89 s5378 

Different CUTs might produce behaviors that diverge from that in Figure 4.8. 

Unfortunately, the benchmark circuits that are in use in the experiments have almost 

the same characteristic. Thus, it is difficult to discuss the consequence of this factor 

because of the lack of opportunity to find circuits of different styles. Further 

investigation is required into the influence of this factor on the relationship between 

compaction and reseedings. 

Other factors, for example, fault ordering, affect the behavior between 

compaction and static reseeding. The influence of fault ordering can be seen in 

ROTCO; however, its effect has also been proven not to be powerful enough to 

change the behavior of direct proportionality. Conclusively, even though some 
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deviations are observed in the resultant graph, its significance is small, and no 

saturation point is found. 

The interaction between compaction and partial dynamic reseeding is almost 

the same as that between compaction and static reseeding, as seen in Figure 4.12. 

Figure 4.12 depicts the directly proportional relationship between the two-by-one 

compaction and the partial dynamic reseeding of ISCAS’89 s5378. The average 

number of specified bits in a test set is a key factor in determining the encoding 

efficiency of partial dynamic reseeding. Figure 4.13 shows the trend graph of the 

average number of specified bits as the application of the two-by-one compaction 

becomes more intensive. The average number of specified bits increases as the 

compaction intensifies. The reduction of test cubes is also significant, however, so that 

the overall size of a test set decreases constantly in Figure 4.12. Even if there are some 

fluctuations in the graph, the interaction between the compactions and partial dynamic 

reseeding show a general pattern, direct proportionality, similar to that between the 

compactions and static reseeding. Furthermore, it has almost the same characteristics 

as those between the compactions and static reseeding. 
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Figure 4.13: The average number of specified bits by the two-by-one on 

ISCAS’89 s5378 

 

From the viewpoint of test time, more intensive applications of compaction 

definitely results in less test time because of the smaller number of test patterns. There 

cannot be any argument in regard to test time among the different levels of 

compaction application. More compaction results in less test time. If the capacity of 

the buffer in ATE is considered, however, the final size of the test set can be as critical 

as the test time. If a smaller size for the test data provides less loading in the buffer in 

the ATE, then a compromise between test time and test data volume should be taken 

into account. Thus, the experiment here found the relationship between compaction 

and reseedings to be important. The next paragraph discusses the results of using the 

proposed static compaction in favor of static reseeding. 
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As for the proposed compaction for static reseeding, an experiment was 

performed on some of the ISCAS’89 benchmark circuits. Some of the results are 

shown in Table 4.1, which compares the results of the proposed static compaction 

with the original given test set and the test set reduced by the two-by-one compaction. 

The second column indicates the number of flip-flops and the primary input combined. 

The third and fourth columns show the initial number of test patterns in a given test 

set without any compaction and its greatest number of specified bits, respectively. The 

sixth and seventh columns are the number of test patterns reduced by the two-by-one 

and its greatest number of specified bits, respectively. Last, the fifth and eighth 

columns show the size of the test data that can be obtained by applying the static 

reseeding to the original test set and the test set reduced by the two-by-one, 

respectively. The size of test sets for the static reseeding is obtained by first adding 20 

to Smax and then multiplying the number of test patterns by Smax + 20. The number of 

test patterns by the two-by-one in the sixth column is close to the minimal size of 

benchmark circuits, when compared with [64]. 
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Table 4.1: Original data and data by two-by-one with ISCAS’ 89 

Benchm
ark 
circuit 

# of FF 
and PI 

Initial 
# of 
test 
pattern 

Smax Size of test 
data (bit) 

# of test 
pattern 
by two-
by-one 

Smax Size of test 
data by 
two-by-one 

s5378 214 438 168 82,344 112 179 22,288 

s9234 247 696 189 145,464 127 203 28,321 

s13207 700 734 579 439,666 240 587 145,680 

s15850 611 740 419 324,860 109 446 50,794 

s38417 1664 1601 1037 1,692,257 97 1124 110,968 

 

Table 4.2 illustrates the results of the proposed static compaction for static 

reseeding. The third column indicates the number of test patterns obtained by the 

proposed static compaction. Its resultant greatest number of specified bits is shown in 

the fourth column. The last column gives the improvement of the proposed static 

compaction on the two-by-one in terms of test data size. The improvement ranges 

from 14.36% to 22.91%, while still maintaining a number of test patterns that is close 

to the minimal size of the test set, compared with the two-by-one. The proposed static 

compaction has been proven to be effective in increasing the encoding efficiency of 

static reseeding during the reduction in the number of test pattern. It is the most 

powerful feature of the proposed static compaction, because the proposed static 

compaction improves two points simultaneously. Furthermore, its compacting power 

is the same as those of other compactions, as the results show. 

The computational complexity of the proposed static compaction is O(2n*n). 

If this complexity is considered to be high, in that it is twice as much as the 
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complexity of the two-by-one, the last stage of the proposed static compaction can be 

skipped. As already mentioned, the efficiency of reduction in the last stage is trivial; 

therefore, skipping it might not make any difference in terms of the number of test 

patterns. Furthermore, the cost of applying the proposed static algorithm in the last 

stage is great compared to the number of test pattern to be removed. Thus, omitting 

the last stage can be justified; however, if the least number of test patterns is highly 

desirable, processing the last stage can be valuable. 

Table 4.2: Improved data by the proposed static compaction 

Benchmar
k circuit 

# of FF 
and PI 

# of test 
pattern 

Smax Size of test data 
(bit) 

Improvement on 
two-by-one (%) 

s5378 214 114 136 17,784 20.21 % 

s9234 247 126 169 23,814 15.91 % 

s13207 700 241 446 112,306 22.91 % 

s15850 611 116 355 43,500 14.36 % 

s38417 1664 100 874 89,400 19.44% 

 

 Depending on the given test set, the resultant values can vary a little, because 

a different test set can have slightly different test patterns. Its effect cannot be 

significant, because the difference is small. Other factors, like the ATPG, can affect 

the results. The proposed static compaction, however, can be applied to any test set for 

reducing the greatest number of specified bits in the test set while still producing a 

small number of test patterns. 
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Chapter 5 

Conclusion 

 

 This dissertation has addressed some of the emerging problems of IC 

testing— namely, the overhead of test time, test data volume, and power dissipation—

and has offered some solutions in the various testing fields. 

Chapter 2 introduced a method of reconfiguring the scan architecture with the 

help of scan reordering to reduce power consumption, test time, and test data volume. 

Scan reordering must consider the issue of scan routing, which is caused by scan 

reordering, and Chapter 2 examines that issue. Chapter 3 proposed a novel use of the 

nonlinear feedback shift register and the dictionary coding in the BILBO scan 

architecture to reduce test data volume. Chapter 4 presents the relation between 

compaction and reseeding in terms of test data volume and describes how the 

proposed static compaction increases the encoding efficiency of static reseeding. The 

results of all the proposed techniques in this dissertation show considerable 

improvements in power dissipation, test time, and test data volume. Moreover, each 

proposed method has possible applications for further research or use in different 

fields. For instance, the novel implementation of the nonlinear feedback shift register 

in Chapter 3 can be extended to the STUMPS scan architecture. Some effort has 
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already been conducted on the STUMPS architecture, but because of the inefficiency 

of that application, it is not considered in this dissertation. Its exclusion, however, 

does not necessarily mean that attempts to apply the application to the STUMPS scan 

architecture are fruitless. It means only that such an application needs more 

investigation. 

Finding the relationship between compaction of various types and reseeding 

in terms of test data volume is difficult because various combinations of many factors 

must be considered. Results regarding this relationship so far, however, are good 

enough, and they give insights into the compaction-reseeding the relationship. The 

proposed static compaction turns out to be effective in improving our approaches to 

the emerging testing problems. 
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