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Abstract 
Timing-aware ATPG [1] has been shown to be an 

effective method for generating high-quality test sets that 
detect small delay defects through the longest paths. 
However, this method usually results in a much higher test 
pattern count than the traditional transition fault test 
generation. In this paper, we propose a new criterion that 
identifies a subset of transition faults to be targeted by the 
timing-aware ATPG in order to reduce test pattern count 
while minimizing the impact on the overall delay test 
quality. The new criterion utilizes the minimal static slack 
to classify certain transition faults as timing-critical. The 
test pattern count reduction is achieved by restricting the 
timing-aware ATPG to targeting the timing-critical 
transition faults while using traditional transition fault test 
generation for the remaining transition faults. The 
experimental results for the industrial circuits show the 
effectiveness of the proposed method. 

1. Introduction 
Devices manufactured using deep-submicron 

technologies are more vulnerable to timing-related defects 
that change the timing of the circuit instead of its function. 
Timing-related defects typically originate from process 
variations and random defects [2]. Process variations are 
caused by physical parameter variations during the 
manufacturing process and cannot be eliminated 
completely. Tightly controlling the process variations and 
adding extra delay margins during the design phase are two 
common methods to tolerate the process variations [2][3]. 
Random delay defects, caused by resistive shorts and 
resistive opens, etc., introduce additional delays and may 
cause circuits to malfunction during normal operation. 
Delay fault testing has become a critical requirement to 
ensure test quality. 

Various fault models have been proposed to target 
delay defects. The transition fault model [4] considers a 
gross delay at every gate terminal in the circuit and assumes 
that the additional delay at the fault site is large enough to 
cause a logic failure. Due to the limited fault population in 

the transition fault model, it has been widely used in the 
industry. However, transition fault test generation ignores 
the actual delays through the fault activation and 
propagation paths, and is more likely to detect a fault 
through a shorter path. As a result, the generated test set 
may not be capable of detecting small delay defects. The 
path delay fault model [5] focuses on the testing of a set of 
predefined structural paths in order to detect the 
accumulated delays along these paths. Since the number of 
structural paths in the circuit increases exponentially as the 
circuit size grows, it is infeasible to consider every path in 
the circuit explicitly. Instead, a subset of critical paths 
identified by static timing analysis tools is typically 
considered during test generation. In [6], a statistical 
approach is proposed to select the critical paths for testing 
the path delay faults. To achieve better delay fault 
coverage, the path selection approach in [7] tries to cover 
every gate with the longest sensitized path through it. 
However, this approach suffers from high computational 
complexity for large designs and it may not always be 
possible to test every gate based on robust or non-robust 
conditions. As a compromise between the transition fault 
model and the path delay fault model, the segment delay 
fault model was proposed in [8] to robustly test the longest 
segments in the circuit. In [9], the As-Late-As-Possible 
Transition Fault (ALAPTF) model was proposed to address 
the launch condition for the transition fault in order to catch 
small delay defects accumulated along the transition launch 
segment. This approach does not consider the fault 
propagation path from the fault site to the observation point. 
Hence, the generated test pattern may still detect the faults 
through shorter paths and the small delay defects may not 
be detected. Moreover, finding the longest robustly-tested 
launch segment is a complex task. 

To simplify the test generation process for small delay 
defects, several approaches [1] [10][11] have been proposed 
to integrate the delay information from standard delay 
format (SDF) [19] files into the transition fault test 
generation and/or test application. The True-Time delay test 
proposed in [10][11] adjusts the test clock frequencies 
based on the path delay information from SDF in order to 
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achieve the desired launch to capture timing and improve 
the ability to detect small delay defects. A given test pattern 
may be applied at a frequency that is higher than the system 
frequency. This approach may lead to yield loss since a 
small delay variation may be within the available slack and 
is therefore redundant during system operation. In addition, 
when the frequency is increased, paths with longer delays 
become multi-cycle paths and must be masked. The 
increase in the number of X states typically reduces the 
efficiency of on-chip scan compression methods and 
increases the scan data volume. 

In [1], the timing-aware ATPG for the transition faults 
is proposed. The proposed approach uses the path delay 
information from SDF to guide the fault effect propagation 
and the fault site activation in order to detect the target fault 
through the longest path. Two delay test quality metrics, 
delay test coverage [1] and statistical delay quality level 
(SDQL) [12][13], are used to evaluate the quality of the 
transition fault test set at detecting small delay defects. The 
experimental results show that the higher the number of 
transition faults explicitly targeted by the timing-aware test 
generator, the better the generated test set at detecting small 
delay defects. However, compared with traditional 
transition fault test generation, the timing-aware ATPG may 
generate 10 times more test patterns when targeting every 
transition fault explicitly. To reduce the test pattern count, a 
fault dropping criterion, named Dropping based on Slack 
Margin (DSM), is proposed. In the DSM criterion, a fault f 
is dropped from the target fault list if a generated test 
pattern ti can detect f through a path that satisfies the 
following condition: 
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, where s
fPD  is the longest static path delay through f based 

on structural analysis; a
fPD  is the longest actual path delay 

detecting  f  when applying ti; TTC is the test clock period 
and δ is a real number between 0 and 1. When choosing δ  
to be 0.5, the experimental results in [1] show that the test 
pattern count is reduced significantly while sacrificing little 
test quality. However, the test pattern count is still 
significantly larger than the test pattern count generated by 
traditional transition fault test generation. 

As the number of test patterns is proportional to the test 
application cost, it is desirable to reduce the test pattern 
count further while minimizing the reduction in the 
effectiveness of the test set at detecting small delay defects. 
To achieve this goal, we propose a test generation method 
that restricts timing-aware ATPG to target timing-critical 
transition faults. 

The remainder of the paper is organized as follows. 
Section 2 gives the motivation of this work. Section 3 
describes the criterion for identifying timing-critical 
transition faults. Section 4 presents the test generation flow 

for the timing-critical transition faults and a procedure that 
orders the generated test set based on the detection of the 
timing-critical transition faults in order to catch the chips 
with small delay defects as early as possible. Section 5 
reports the test generation results for several industrial 
circuits and Section 6 concludes the paper. 

2. Motivation 
When a delay defect is present in a circuit, the defect’s 

impact on the normal operation of the circuit depends on 
the defect’s location and delay fault size: 
• If the delay fault size is greater than the slack of the 

shortest functional path, Smin, the circuit will 
malfunction independent of the delay defect’s location 
along the functional path. Test patterns generated based 
on the traditional transition fault can ordinarily detect 
this type of delay defect during at-speed testing. 

• If the delay fault size is less than the slack of the 
longest functional path, Smax, the circuit will operate 
correctly even if the delay defects are present in the 
functional paths. 

• When the delay fault size is between Smin and Smax, the 
circuit will malfunction during normal operation if the 
sum of the longest path delay passing through the 
defect and the extra delay introduced by the defect is 
greater than the system clock period; otherwise, the 
circuit will still operate correctly. This scenario is 
shown in Figure 1, where the delay defect does not 
impact system operation if it is at location 1, but makes 
the circuit malfunction if it is at location 2.  

Figure 1: The impact of the delay defect at 
different locations on normal operation 

Although it is important to test every functional path 
thoroughly to avoid delay defects escaping the test, this test 
strategy is impractical from test cost point of view. 
Typically, small delay defects have a higher probability of 
being introduced during manufacturing than large delay 
defects [17]. The paths with tight slack margins are more 
vulnerable to violating timing constraints in the presence of 
the small delay defects.  As a result, a trade-off between test 
cost and test quality is to spend more test resources on 
testing the delay defects at functional critical paths. Based 
on this observation, we propose following transition fault 
testing strategy: 
• Identify the transition faults located at the timing-

critical paths, i.e., the paths with tight slack margin, 
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and target them explicitly by using timing information 
in order to detect the faults through longest paths. 

• For the faults not at the timing-critical paths, use 
traditional transition test generation strategy to detect 
them. 

3. Timing Critical Transition Faults 
A transition fault is a timing-critical transition fault if it 

lies along any timing-critical path. All the transition faults 
along the timing-critical paths are timing-critical transition 
faults. Unlike path delay testing, a timing-critical transition 
fault f may be testable even if the timing-critical path 
including f is untestable. 

Since the delay information from SDF is available for 
the timing-aware ATPG, we use it to identify the timing-
critical transition faults based on the condition listed below: 

λ<
−

TC

s
fTC

T

PDT
 (2) 

, where s
fPD  is the longest static path delay through f 

based on structural analysis; TTC is the test clock period and 
λ is a real number between 0 and 1. Equation (2) means that 
a fault is in a timing-critical functional path when the 
minimum slack margin is less than some predefined limit. 

Figure 2: Percentages of timing-critical transition 
faults for different λ 

To identify the timing-critical transition fault based on 
Equation (2), the longest static path delay through each 
transition fault site is computed. We use the sum of the 
transition arrival time and the fault effect propagation time 
as an approximation for the path delay. 

At a fault site f, the following definitions are used to 
calculate the delay information associated with f [1]: 

• Transition arrival time to f, ATf: The time to launch a 
transition at f from primary inputs or pseudo primary 
inputs through combinational logic. 

• Fault effect propagation time from f, PTf: The time to 
propagate the fault effect at f to a primary output or 
pseudo primary output through combinational logic. 

• Path delay through f, PDf: The sum of ATf and PTf. 
• Slack at f, Sf: The difference between the clock period 

and PDf. 
• Static path delay, s

fPD : The longest structural path 

delay passing through f. 
• Actual path delay, a

fPD : The delay is associated with 

a test pattern ti that detects f and it is defined as: 
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, where Ps includes all the sensitization paths starting 
from f. For a given test set T, the actual path delay is 
defined as: 
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, where TD is the set of test patterns in T that detect f. 
When TD is empty, a

fPD  is equal to 0. 

In Figure 2, we show the percentage of timing-critical 
transition faults over the total number of transition faults in 
four industrial circuits by using Equation (2). It can be seen 
that the number of timing-critical transition faults is 
reduced as λ decreases. For the same λ, the percentage of 
timing-critical transition faults is circuit-dependent. For 
example, when λ=0.25, less than 10% of transition faults 
are timing-critical in ckt1 and ckt2, but more than 25% are 
in ckt3 and ckt4. Moreover, in ckt1 and ckt4 the number of 
timing-critical transition faults reduces slowly as λ 
decreases to 0. 

4. Test Generation and Test Pattern Ordering 
Since the timing-critical transition faults should be 

detected through the longest paths, the traditional transition 
test generator needs to be modified in order to maximize the 
sum of fault propagation delay and fault activation delay. 
The fault propagation delay is the delay from the fault site 
to the primary outputs or the pseudo primary outputs and 
the fault activation delay is the delay from the primary 
inputs or the pseudo primary inputs to the fault site. In this 
paper, we apply the timing-aware test generation method 
proposed in [1] that maximizes the fault propagation delay 
and fault activation delay, and uses weighted random 
decisions to cover a wide range of paths in the design. 

In order to reduce the test pattern count, traditional 
transition fault test generation is used to target the non-
timing-critical transition faults, and a fault is dropped from 
fault list once it is detected by the fault simulator. 



   

Table 1: Characteristics of the circuits 

Percentage of Timing-Critical Transition Faults Ckt # Gates 
(Millions) 

# Faults 
(Millions) λ=0.25 λ=0.2 λ=0.15 λ=0.1 

ckt1 0.24 0.6 9.69 9.45 9.23 8.94 
ckt2 0.6 1.69 7.14 3.98 1.92 0.74 
ckt3 2.43 3.37 25.71 15.11 4.99 2.09 
ckt4 5.06 4.55 26.67 24.24 22.64 21.33 

Generating two test sets for timing-critical and non-
timing-critical transition faults independently will increase 
the overall test pattern count. Hence, we propose the test 
generation flow listed below: 
• During test generation, timing information is always 

used to guide the test generator that detects the target 
fault through longest path. 

• During fault simulation, a non-timing-critical transition 
faults is dropped from the fault list once it is detected.  
A timing-critical transition fault is dropped from the 
fault list only when the test generator has targeted it 
explicitly or the dropping based on slack margin 
criterion is met. 
Since the majority of non-timing-critical transition 

faults are detected and dropped during fault simulation and 
only a small percentage of non-timing-critical transition 
faults are typically targeted explicitly by the test generator, 
the test generation flow proposed above should not increase 
test pattern count for detecting the non-timing-critical faults 
even if the timing information is used during test 
generation. This assumption is supported by the 
experimental results shown in [1]. 

Test pattern ordering [16] is an effective method to 
reduce the test application time for identifying the chips 
with defects and to minimize the fault coverage loss due to 
test pattern truncation. However, applying test patterns that 
detect most transition faults first may not be a good strategy 
to detect small delay defects since the small delay defects 
are more likely to cause functional paths with tight slack 
margins to fail. We propose a test pattern ordering 
procedure listed below in order to apply the test patterns 
that detect most of the timing-critical transition faults first 
during test application. 
Procedure Order_Test_Patterns(T) 

/* T is the test set to be ordered. */ 
1. For each timing-critical transition fault f, apply path-

based method [1][13] to identify the test pattern in T 
that detects f with largest actual path delay. 

2. Count the number of timing-critical transition faults 
detected by each test pattern. 

3. Let Tc be the test set including all the test patterns that 
detect the timing-critical transition faults. 

4. Order Tc in decreasing order of the number of timing-
critical transition faults detected by each test pattern. 

5. Fault simulate all non-timing-critical transition faults 
by applying Tc. 

6. Let Tn include all the test patterns not in Tc and fault 
simulate Tn for all the undetected non-timing-critical 
faults.  

7. Order Tn by decreasing order of the number of 
transition faults detected by each test pattern and 
append the ordered test patterns to the end of Tc. 

5. Experimental Results 
Four industrial circuits were used to evaluate the test 

generation results for the timing-critical transition faults. 
The characteristics of the circuits are shown in Table 1. The 
distributions of the timing-critical transition faults for each 
circuit with different λ are shown in Figure 2. The exact 
percentages of the timing-critical faults for λ=0.25, λ=0.2, 
λ=0.15, and λ=0.1 are listed in Table 1.  

To measure the test quality of the transition fault test 
set, the delay test coverage (DTC) proposed in [1] is used 
here. DTC is defined as below: 

s
f

a
f

f
PD

PD
W =  (5) 

N

W

DTC Ff
f∑

∈
=  

(6) 

, where F is the set of transition faults and N is number of 
faults in F. 

For each circuit, three types of experiments were 
performed to generate broadside transition fault test sets: 
• Exp. 1 – Traditional ATPG: A fault is dropped from the 

fault list once it is detected. 
• Exp. 2 – Timing-aware ATPG with DSM δ=0.5 alone: 

The delay information from SDF is used to guide the 
test generation. A fault is dropped from the fault list 
once the actual path delay to detect the transition fault 
satisfies the dropping based on slack margin criterion 
with δ=0.5. 

• Exp. 3 – Timing-aware ATPG with DSM δ=0.5 and 
different λ for identifying the timing-critical transition 
faults: The test setup is the same as Exp. 2. A non-
timing-critical fault is dropped from the fault list once 
it is detected. A detected timing-critical fault is 
dropped from the target fault list based on the DSM 
criterion with δ=0.5. λ is set to be 0.25, 0.2, 0.15, and 
0.1 in this experiment. 



   

Table 2: Test generation results for transition faults 

Trad.  DSM δ=0.5 λ=0.25 λ=0.2 λ=0.15 λ=0.1 Ckt TC 
(%) Pat. DTC Pat. DTC Pat. DTC Pat. DTC Pat. DTC Pat. DTC 

ckt1 94.66 2847 88.02 4181 89.82 3966 89.72 3918 89.71 3849 89.74 3809 89.75 
ckt2 89.96 19424 72.72 30858 75.00 27479 74.61 26067 74.52 23021 74.62 21282 74.13 
ckt3 90.56 3882 67.99 6073 75.45 5719 75.04 5484 74.62 4885 73.66 3932 73.33 
ckt4 91.38 33048 78.36 79172 81.23 75838 81.17 73986 81.08 74846 81.10 72125 81.04 

Table 3: DTC for the timing-critical transition faults 
with λ=0.25 by applying different test sets 

Ckt Trad. DSM 
δ=0.5 λ=0.25 λ=0.2 λ=0.15 λ=0.1 

ckt1 90.42 91.48 91.37 91.47 91.41 91.37 
ckt2 60.20 65.98 65.60 64.94 63.71 62.99 
ckt3 62.92 72.24 71.97 71.29 69.69 69.18 
ckt4 69.19 74.05 74.00 73.93 73.86 73.77 

Table 4: DTC for the timing-critical transition faults 
with λ=0.2 by applying different test sets 

Ckt Trad. DSM 
δ=0.5 λ=0.25 λ=0.2 λ=0.15 λ=0.1 

ckt1 90.58 91.58 91.46 91.56 91.49 91.46 
ckt2 59.67 66.07 65.74 65.35 63.89 62.97 
ckt3 62.83 71.35 71.18 70.79 69.09 68.43 
ckt4 68.08 73.08 73.05 73.02 72.96 72.88 

Table 5: DTC for the timing-critical transition faults 
with λ=0.15 by applying different test sets 

Ckt Trad. DSM 
δ=0.5 λ=0.25 λ=0.2 λ=0.15 λ=0.1 

ckt1 90.70 91.66 91.54 91.64 91.57 91.55 
ckt2 57.06 64.55 64.08 64.03 63.13 61.88 
ckt3 62.16 66.26 66.23 66.02 65.07 64.72 
ckt4 67.16 72.22 72.20 72.17 72.15 72.07 

Table 6: DTC for the timing-critical transition faults 
with λ=0.1 by applying different test sets 

Ckt Trad. DSM 
δ=0.5 λ=0.25 λ=0.2 λ=0.15 λ=0.1 

ckt1 90.87 91.82 91.70 91.80 91.73 91.71 
ckt2 57.32 64.96 64.63 64.51 63.78 63.08 
ckt3 63.04 63.83 63.81 63.76 63.75 63.54 
ckt4 66.39 71.54 71.52 71.50 71.47 71.42 

The test generation results are shown in Table 2. After 
the circuit name, the transition fault test coverage is given 
under the column TC. The test generation results for Exp. 1 
and Exp. 2 are shown under the columns Trad. and DSM 
δ=0.5, respectively. Under the columns λ=0.25, λ=0.2, 
λ=0.15, and λ=0.1, we give the test generation results for 
Exp. 3. The test pattern count and delay test coverage for 
each experiment are shown under the sub-columns Pat. and 

DTC, respectively. It can be seen that the timing-aware 
ATPG with DSM δ=0.5 generates 46.85% to 139.57% 
more test patterns than the traditional transition fault 
ATPG. However, the delay test coverage is improved by 
1.8% to 7.46%. By using timing-aware ATPG to target 
timing-critical faults only, the number of generated test 
patterns is reduced when compared with using DSM δ=0.5 
alone. In ckt2 and ckt3, the test pattern count with λ=0.1 is 
close to the test pattern count by using traditional ATPG. 
Although the delay test coverage drops by 0.87% and 
2.12% when comparing with DSM δ=0.5, delay test 
coverage improvements of 1.41% and 5.34% are achieved 
when compared with traditional ATPG. In ckt1 and ckt4, 
the test pattern count reduction is not sensitive to λ since 
the percentages of timing-critical transition faults do not 
reduce much as λ decreases. However, the test pattern 
count with λ=0.1 is still 8.9% less than the test pattern 
count with DSM δ=0.5 alone and the delay test coverage 
drops by only 0.07% and 0.19%, respectively. 

From the experimental results shown in Table 2, it can 
be seen that targeting the timing-critical transition faults by 
the timing-aware ATPG helps to reduce the test pattern 
count while having moderate impact on the overall delay 
test coverage. It is also observed that the test pattern 
increase is mainly caused by the timing-critical transition 
faults when applying timing-aware ATPG. This can be seen 
clearly from the test pattern count comparison between 
DSM δ=0.5 and λ=0.25. 

Since small delay defects are more likely to make 
timing-critical paths fails and they have a higher probability 
of being introduced during manufacturing than the large 
delay defects, next we study the impact of different test sets 
on detecting the timing-critical transition faults. The study 
is done by fault grading the same set of timing-critical 
transition faults by applying the six test sets from Table 2. 
The delay test coverage for the timing-critical transition 
faults with λ=0.25, λ=0.2, λ=0.15, and λ=0.1 are shown in 
Tables 3 to 6. As expected, all the test sets generated by the 
timing-aware ATPG always achieve higher delay test 
coverage than that generated by the traditional ATPG. 
However, except the ckt1, the delay test coverage for the 
timing-critical transition faults is significant lower than the 
delay fault coverage for all the transition faults even if 
timing-aware ATPG is used. For example, in ckt4 the test 
set generated by using DSM δ=0.5 alone achieves 81.23% 



   

delay test coverage for all the transition faults, but it only 
achieves 74.05% delay test coverage for the timing-critical 
transition faults with λ=0.25. The low delay test coverage 
may be caused by the following reasons: 

1. The structural longest paths passing through the 
timing-critical faults are not sensitizable and the 
timing-critical transition faults can be tested only 
through the shorter paths.  

2. The DSM criterion drops too many timing-critical 
faults before targeting them explicitly by ATPG. 

3. Timing-aware ATPG maximizes the fault propagation 
path and fault activation path separately and uses 
weighted random decision. 
To investigate the second reason, we force the timing-

aware ATPG to target every timing-critical transition fault. 
However, the delay test coverage difference is still 
significant. As reported in the literature [18], the majority 
of timing-critical paths extracted by timing analysis tools 
are untestable. We believe the main reason that causes the 
lower delay test coverage for the timing-critical transition 
faults is the first reason listed above. To estimate the delay 
test coverage more accurately, it is better to identify the 
non-sensitizable paths first and utilize the analysis results to 
correct the calculation of the static longest path delay 
through each transition fault. This will be our future 
research work. 

From Tables 3 to 6, it is also noticeable that for the 
same set of timing-critical transition faults, the test set 
generated with larger λ achieves better delay fault coverage. 
This is due to the second and third reasons listed above. 
However, if every timing-critical transition fault is targeted 
explicitly, the test pattern count will increase dramatically, 
especially for the circuits with a large percentage of timing-
critical transition faults. Applying the DSM criterion for 
dropping the timing-critical faults achieves a good tradeoff 
between the test pattern count increase and the delay test 
coverage loss. 

6. Conclusions 
Test sets for delay defects have become essential for 

ensuring test quality of deep-submicron designs. To detect 
small delay defects, the timing-aware ATPG utilizes delay 
information from SDF to detect the transition faults through 
the longest paths. However, it suffers from much higher test 
pattern count than the traditional transition fault test 
generation. As the test pattern count is proportional to the 
test cost, we proposed a method to reduce the test pattern 
count while minimizing the impact on the ability of the test 
to detect small delay defects. This is achieved by using 
timing-aware ATPG to target the timing-critical transition 
faults while using traditional transition fault ATPG to target 
the remaining faults.  

Since small delay defects have a higher probability to 
be introduced during manufacturing than larger delay 
defects, we also proposed a test pattern ordering procedure 

that gives precedence to test patterns that detect the most 
timing-critical transition faults. Thus, devices with small 
delay defects are likely to fail earlier during testing.  
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