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Under the functional safety standard ISO26262, automotive systems require testing in the field, such as the 

power-on self-test (POST) . Unlike the production test, the POST requires reducing the test application time 

to meet the indispensable test quality (e.g., > 90% of latent fault metric) of ISO26262. This article proposes a 

test point insertion technique for multi-cycle power-on self-test to reduce the test application time under the 

indispensable test quality. The main difference to the existing test point insertion techniques is to solve the 

fault masking problem and the fault detection degradation problem under the multi-cycle test. We also present 

the method to identify a user-specified amount of test points that could achieve the most scan-in pattern 

reduction for attaining a target test coverage. The experimental results on ISCAS89 and ITC99 benchmarks 

show 24.4X pattern reduction on average to achieve 90% stuck-at fault coverage confirming the effectiveness 

of the proposed method. 
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 INTRODUCTION 

ith the rapid evolution of technologies in developing automotive systems toward fully au-
onomous vehicles, various complex integrated circuits (ICs) are embedded in a car. The func-
ional safety of the automotive system becomes a fundamental requirement as indexed by the
SO26262 standard [ 1 ]. 

Power-on Self-Test (POST) is the most common test solution to ensure the safety of a system.
t tests the safety-critical components during the system’s startup before running any functional
perations. It is thus helpful to detect any potential faults inside the components early to avoid
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 system failure. For testing automotive ICs, The POST needs to meet several constraints as
ollows. 

• Indispensable test quality: The ISO26262 standard imposes at least 90% latent fault metric
to meet the most stringent automotive safety integrity level (ASIL D) for avoiding a
random hardware failure (e.g., stuck-at faults) during the lifetime of ICs [ 1 ]; 

• Limited test application time (TAT) : test must be complete during the power-on reset at
the engine startup (e.g., 10 ∼50ms); 

• Low power: the consideration of power consumption during the test is helpful to avoid false
tests under the delay fault model [ 2 ]; 

• Low silicon overhead: suppress the increase of the Design for Test (DFT) hardware due
to the ever-increasing complexity of ICs. 

In the past, many sophisticated solutions have been introduced to reduce the test volume of
he standard LBIST, such as scan structure optimization [ 3 , 4 ], the weighted random pattern [ 7 , 8 ],
andom vector perturbing [ 9 ], Bit-flipping [ 10 ], and reseeding [ 11 –13 ]. Test point insertion (TPI)

echnology improves the testability of CUT by inserting test logic into the CUT to deal with the
etection of random pattern resistant (RPR) faults [ 14 –16 ]. Other solutions focus on improving
he test scheme of LBIST to enable the test-per-clock testing [ 17 , 18 ], such as the shadow flip-
ops insertion [ 19 ], and the Tri-Modal Scan test scheme [ 20 ] with reconfigurable scan cell design.
ecently the deterministic test compression technology is also applied to the automotive ICs to run
 POST or an in-system test [ 21 , 37 ]. The deterministic compression test requires a modified BIST
tructure to allow applying the external test patterns generated by ATPG or continuous reseeding
or high fault coverage. In this work, we focused on improving the test quality of an on-chip TPG-
ased LBIST by introducing a multi-cycle test described later to make the standard LBIST comply
ith the ISO26262 standard. 
Multi-cycle test applying more than one clock to run many times function operation after the

can-shift operation is a smart way to complement the quality of the test patterns (scan-in patterns)
or test compaction [ 22 –24 ], low-power testing [ 25 –27 ], and logic diagnosis [ 28 ]. In a multi-cycle
est, the response of CUT at each capture cycle is applied to the CUT in parallel as a capture
attern at the subsequent capture cycle. This feature is helpful to reduce the volume of scan-in
atterns for attaining a target test coverage when the capture patterns can detect any additional
aults that are missed by the root scan-in pattern. The multi-cycle test has the behavior to take
he CUT closer to its functional operation conditions that can generate functional vectors with
ower power consumption, which are very helpful to at-speed testing for delay fault detection [ 26 ,
7 ]. It is also easy to implement the multi-cycle test w/o the extra overhead in terms of software
e.g., modified ATPG for deterministic pattern generation) and hardware (e.g., reseeding logic &

emory). Therefore, the multi-cycle test is expected to be a promising test scheme to a trade-off
mong the test coverage, TAT, silicon area, and low power for POST. 

A multi-cycle test may not always be effective for test reduction when the functional sequences
enerated by the CUT are not helpful to fault detection. Appropriate DFTs that can complement
he value of the functional sequences are necessary to enhance the ability of the multi-cycle test to
est reduction. Many DFT approaches to improve delay fault detection were presented in the past.
n [ 29 ], the authors proposed a new scan cell named Transition-Launch F lip-F lop to complement
he test vectors by modifying the value of partial FFs after the launch cycle in a two-cycle broadside
est. In [ 30 ] and [ 31 ], the author expanded the approach of [ 29 ] to multi-cycle tests and proposed
he DFT approaches to enhance the ability of the capture states to delay fault detection by holding
 30 ] or reversing [ 31 ] the value of all FFs at the appropriate capture cycles. These DFT approaches
onsidered the condition/requirement of the hard-to-detect delay faults in the multi-cycle test. 
CM Transactions on Design Automation of Electronic Systems, Vol. 28, No. 3, Article 46. Pub. date: May 2023. 
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In our previous works [ 32 , 35 ], we have discussed the fault masking problem and the fault de-

ection degradation problem (FDD) that would obstruct the effect of multi-cycle tests to detect
tuck-at faults. It is necessary to solve the problems to reduce the test application time of POST
nder the indispensable test quality specified in the ISO26262 standard. The main difference be-
ween the existing DFT approaches and our works is to solve the Fault Masking and FDD problems
or the stuck-at fault detection under the multi-cycle LBIST. 

The fault-masking problem denotes that the fault effects excited at the intermediate capture
ycles might be masked before the effects are propagated to the final capture cycle for observation.
o address this issue, we proposed a novel scan cell named the fault-detection-strengthened FF

FDS-FF) that directly observes and keeps the value of a faulty effect as it arrives at the FF during
he capture operations [ 32 –34 ]. 

The FDD denotes that the capability of capture patterns to detect additional stuck-at faults de-
rades with the increase of the number of capture cycles [ 35 ]. In [ 36 ], we have proposed a control

oint insertion (CPI) method to overcome the FDD by inserting control logic into scan FFs that
odifies the value captured into the FFs during intermediate cycles, named the FF-CPI. While the

asic idea is similar to the DFT proposed in [ 30 , 31 ], our approach targeted controlling partial FFs
ut not the whole scan chain. We also proposed an approximate evaluation approach to identify
Ps by analyzing the circuit structure without fault simulation. In general, the fault-simulation-
ased evaluation in [ 30 , 31 ] needs more processing time than our method. Moreover, in this paper,
e expand the FF-CPI approach of [ 36 ] to control the internal state of the combinational logic for

tuck-at fault detection, which is different from the existing DFT approaches that will be described
n Section 4 . 

This paper consolidates the FDS-FF insertion approach denoted by OP (observation point)

nsertion and the FF-CPI approach into a complete DFT technique referred to as the test point

nsertion (TPI) . Unlike the conventional TPIs which detect the random pattern resistant faults,
ur TPI focus on addressing the Fault Masking problem and FDD problem under a multi-cycle
BIST scheme to reduce the volume of scan-in patterns to meet the indispensable test quality
pecified by ISO26262. 

The main contributions of this paper are as follows. 

(1) We clarify the mechanism of Fault Masking and FDD by analyzing the stuck-at fault de-
tection model in the multi-cycle BIST scheme. 

(2) We expand the FF-CPI approach to control the internal state of combinational logic by a
newly proposed control logic circuit named Self-flipping CP to improve the testability for
stuck-at fault detection under multi-cycle tests. 

(3) We propose a new metric to evaluate the effect of candidate signal lines for CP insertion
under the multi-cycle BIST scheme. 

(4) We introduce an improved probabilistic cost function to estimate the effect of CP and OP
insertion. 

(5) We introduce a consistent procedure to identify a user-specified number of CPs and OPs
to achieve the most scan-in pattern reduction for attaining a target test coverage in the
multi-cycle BIST scheme. 

(6) We evaluate the effectiveness of the proposed TPI for shortening the test application time
based on the experimental results of ISCAS’89 and ITC’99 benchmark circuits under the
single stuck-at fault model. 

The remainder of this paper is organized as follows. Section 2 introduces the basic concept of
est-per-scan BIST, the multi-cycle test, and its issues. Section 3 describes the fault detection model
ACM Transactions on Design Automation of Electronic Systems, Vol. 28, No. 3, Article 46. Pub. date: May 2023. 
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Fig. 1. Test operations in multi-cycle BIST. 
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nder multi-cycle BIST. Section 4 presents the TPI approach for multi-cycle BIST. Section 5 shows
he experimental results on benchmark circuits. Section 6 concludes the paper. 

 MULTI-CYCLE TEST SCHEME 

n this section, we first review the characteristic of scan BIST and multi-cycle BIST and discuss the
roblems of multi-cycle tests. 

.1 Scan BIST 

n a traditional test-per-scan BIST, pseudo-random vectors generated by the on-chip TPG are seri-
lly loaded into the scan chains driven by scan-shift clocks, known as scan operation. When all the
can registers are filled up, a complete scan-in pattern is latched to the inputs of the circuit. The
ircuit is then switched to the functional operation that generates the corresponding functional
esponse at the outputs of the circuit. The FFs will be updated with the functional responses of the
ircuit when the trigger edge of the functional clock arrives, known as the capture operation. The
aptured functional response will be unloaded for fault detection as loading the next scan-in pat-
ern. It is easy to observe that test is conducted only once by applying a complete scan-in pattern.
lmost all test application time is consumed in the serial scan shift operation for test data delivery.

.2 Multi-cycle BIST 

he multi-cycle test applies more than one functional clock to run many capture operations for
very single scan-in pattern. In Figure 1 , we show the operations during the multi-cycle test in the
ime-frame expansion of CUT. Let’s define a multi-cycle test by <s i , v i , c i j , o i > , where s i denotes
 scan-in pattern; v i denotes a primary input vector; c i j denotes the responses of CUT captured
nto the scan chains represented by the capture patterns at the j th functional clock; and o i denotes
 scan-out pattern which is the response of the combinational circuit when c i j is applied at the last
apture. After a scan-in pattern s i is loaded into the scan chain in serial, the corresponding response
 i1 is generated at the outputs of combinational logic (FFs drawn in dashed line) and captured into
he FFs in parallel by the functional clock T1. Then, c i1 is used as test stimuli and latched to the
CM Transactions on Design Automation of Electronic Systems, Vol. 28, No. 3, Article 46. Pub. date: May 2023. 
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ircuit to generate a new response c i2 , and c i2 is applied and generates the corresponding response
 i3 in parallel until the final capture clock is applied. The response captured at the final capture
 i is unloaded for observation. It should be noted that the state of primary inputs v i will be kept
onstant and the primary outputs in the intermediate capture cycle are considered unobservable
uring the capture operation. 
From Figure 1 , it can be observed that conducting a multi-cycle test for each scan-in pattern
s i , v i > could provide more chances to detect additional faults through the functional capture
atterns c i j . Therefore, it has promising potential to reduce the number of scan-in patterns for
ttaining a target test coverage that contributes to shortening the test application time due to fewer
can-shift operations. In addition, since the time of capture operation is negligible compared to the
erial scan-shift operation, the reduction of the total test application time for POST is expectable.

.3 The Problems of Multi-cycle BIST 

n our earlier works, we have raised two issues that would obstruct the effect of multi-cycle test
o reduce the scan-in patterns for shortening the TAT of POST, called the Fault Masking [ 32 –34 ]
nd Fault Detection Degradation of Capture Pattern [ 35 , 36 ], respectively. The following gives a
rief overview of these problems for this study. 

2.3.1 Fault Masking. Fault Masking denotes that the fault effects excited at the intermediate
apture cycles by capture patterns might disappear before these effects are propagated to the final
apture cycle for observation. Suppose that a fault f is excited at the first capture cycle by the scan-
n pattern. To detect f, its faulty value has to be propagated through all M-1 capture cycles until
he final capture cycle is applied. When the CUT has a deep combinational logic or the capture
peration runs in a large cycle number, the time-expanded propagation path of the faulty value
ould become too long to be activated for detection, and the faulty value might be masked at cer-

ain logic due to the un-controllable logic state during the capture operation. Severe fault-masking
ould decrease the test quality of the scan-in patterns and capture patterns, and finally, obstruct

he effect of the multi-cycle test for reducing the scan-in patterns. 

2.3.2 Fault Detection Degradation Problem (FDD). FDD means the capability of capture patterns
o detect more additional stuck-at faults degrades as increasing the number of capture cycles. This
s based on the observation that multi-cycle tests can take the CUT closer to its functional operation
onditions with small internal transitions when increasing the capture cycles [ 26 ]. The functional
peration would consequently cause the states of the large number of FFs to become constant
hen a number of capture cycles are applied. Since the value of FFs is reused as test stimuli at the

ubsequent capture cycles, the large number of FFs with constant values would cause the loss of
andomness property of the capture patterns that obstructs the detection of additional faults. 

 FAULT DETECTION MODEL IN MULTI-CYCLE BIST 

n this section, we give a detailed analysis of the stuck-at fault detection model in a multi-cycle
IST scheme to elucidate the mechanism of Fault Masking and FDD as follows. 
For a stuck-at fault F i , its faulty effect will always exist at each capture cycle during the capture

peration, and we express it by f i j in the time-expanded circuit as shown in Figure 2 . The faulty
ffect of F i at each capture cycle might be excited by the inputs of CUT. We use Pe i j to denote the
robability to excite fault F i at the j th capture cycle. To detect F i , the excited faulty value of F i at
he j th capture cycle ( f i j ) must be propagated to the scan FFs for observing after the final capture,
nd we denote the propagation probability as Pp i j . 

In LBIST, Pe i j and Pp i j of a stuck-at fault F i/s can be estimated by computing the s ¬ con-
rollability ( C i j/s ¬ ) and the observability ( O i j ) of signal line i through the probabilistic random
ACM Transactions on Design Automation of Electronic Systems, Vol. 28, No. 3, Article 46. Pub. date: May 2023. 



46:6 S. Wang et al. 

Fig. 2. Single stuck-at fault detection in time-expanded circuit. 

p  

t  

P  

t  

o
d  

b

 

 

t  

c  

t  

t  

(  

o
 

t  

m  

c  

d
 

c  

t  

h  

I  

o  

t  

d  

t  

s  

A

attern testability measure such as COP (Controllability Observability Procedure) . Hence,
he detection probability of F i/s at the jth capture cycle denoted by Pd ij /s can be expressed by
dij/s = C i j/s ¬ ×O i j . For a multi-cycle test with M capture cycles, the fault F i/s would have M
imes opportunity to be excited by the capture patterns c i1 ∼ c iM 

, and F i/s will be detected out
f once the fault is excited and propagated to the outputs. Hence, the detection probability of F i/s 
enoted by Pd i/s in a multi-cycle test is the complementary probability of the case that F i/s cannot
e excited and propagated for detection at all capture cycles, which can be expressed by: 

Pd i/s = 1 −
M ∏ 

j= 1 

( 1 −C i j/s ¬ ×O i j ) (1)

To calculate the controllability and the observability of signal lines at each capture cycle, we
ransform the CUT to M cycles time-frame expansion combinational circuit. We initialize the 0/1
ontrollability ( C i1 /0 and C i1 /1 ) of PI (primary input) and PPI (pseudo-primary input : FF) at
he first capture cycle to 0.5/0.5, then, calculate the value of C i j/0 and C i j/1 for each gate at each
ime frame. The observability of signal line at each time frame is calculated starting from the PO

primary output) and PPO (pseudo-primary output) at the last capture cycle with initial value
f 1.0, tracing back to the PI and PPI until the first capture cycle. 
Compared to the traditional scan test with a single capture, the multi-cycle test shows the po-

ential to improve the probability of fault detection for every single scan-in pattern followed by
ultiple capture patterns. However, the fault detection in the multi-cycle test depends on the

ontrollability and observability of signal lines in the time-expanded circuit, which is generally
eteriorating, as the number of capture cycles increases. 
For demonstration, we conducted preliminary experiments on ISCAS89 and ITC99 benchmark

ircuits to evaluate the average 1-controllability and the observability of signal lines at each cap-
ure cycle. Figure 3 shows the results. In Figure 3 (a), it can be observed that ITC99 circuits show
igher 1-controllability, which implies the internal states of these circuits are easy to be 1, whereas
SCAS89 circuits likely trend to be 0. Figure 3 (b) shows the standard deviation of 1-controllability
f signal lines at each capture cycle corresponding to the results of Figure 3 (a), to demonstrate
he impact of increasing capture cycles on the controllability. The results show that the standard
eviation of 1-controllability becomes higher as the capture cycles increase, which implies the con-
rollability of more signal lines is biasing toward either 0 or 1; in other words, the value of more
ignal lines in a large capture cycle would be most likely fixed at 0 or 1 during the tests. For a signal
CM Transactions on Design Automation of Electronic Systems, Vol. 28, No. 3, Article 46. Pub. date: May 2023. 
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Fig. 3. Testability vs. capture cycles. 
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ine with stuck-at fault, higher 0-controllability (0-bias) is helpful to excite the s-1 fault, whereas
xciting the s-0 fault becomes difficult. Moreover, the biased controllability of signal lines in a time
rame would also affect the path sensitization for propagating the excited faulty values to the FFs
n the current time frame. We insist on it as the root cause of FDD observed in our previous works.

Regarding the observability shown in Figure 3 (c) and 3 (d), it can be observed that in a 10-times
xpand circuit the value of more signal lines in earlier capture cycles is more difficult to be
bserved from the outputs (scan FFs) after the final capture. The deterioration of observability of
ignal lines at early capture cycles causes the faults excited at an early capture cycle difficult to be
ropagated to the final capture cycle for detection, which is the root cause of the fault masking. 
Based on the analysis presented above, we have determined that the primary factor that

ffects the effectiveness of the multi-cycle test in reducing the number of scan-in patterns and
hortening the TAT of POST is the incompatibility between controllability and observability in
he time-expanded circuit under multiple capture cycles. Specifically, we have found that the
ontrollability bias of the signal line at earlier capture cycles is smaller than that of later cycles,
esulting in lower observability. This difference in controllability bias and observability between
arlier and later cycles can lead to reduced effectiveness of the multi-cycle test. 

We insist that reconciling the incompatibility of testability under the multi-cycle test is
ecessary to improve the performance of multi-cycle BIST for scan-in pattern reduction. 

 TEST POINTS FOR MULTI-CYCLE BIST 

n this section, we introduce the observation point and control point proposed in our previous
orks [ 32 –36 ] to address the Fault Masking and the FDD of the multi-cycle test, respectively. 

.1 Observation Point: FDS-FF 

o improve the observability of scan FFs at the intermediate capture cycles in the time-expanded
ircuit, we proposed a new scan-cell design named fault-detection-strengthened FF (FDS-FF)

hat can directly observe and keep the value of FFs captured at each cycle. Figure 4 shows the
ACM Transactions on Design Automation of Electronic Systems, Vol. 28, No. 3, Article 46. Pub. date: May 2023. 
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Fig. 4. The DFT architecture of FDS-FF insertion for LBIST. 
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tructure of FDS-FF and the DFT architecture for LBIST with FDS-FF insertion. The output of CUT
enoted as DATA is controlled by scan enable signal (SEN) through a NOR gate, and a sequential
est controls the scan-in test enable signal (SEQ_TEST_EN) through a NAND gate. The FDS-FF can
ork in three modes: Shift, Capture , and User mode as shown in the table, where Shift and Capture
odes refer to as the Test mode, and User Mode refer to as the functional operation. The CUT will
ork at the user mode when SEQ_TEST_EN and SEN are set to 0. In Test Mode, SEQ_TEST_EN

s set to 1, and the SEN signal controls the shift and the capture modes. If SEN = 1, the test pattern
s loaded into FF. If SEN = 0, the corresponding test responses are captured. It should be noted that
he test responses of CUT captured at each cycle are XORed with the SIN, which is the data stored
n the neighbor FF in the scan chain. In this way, the test responses of each cycle can be compacted
y the XOR gate, and the compacted test responses will be applied to the next capture cycle as a
ew test pattern. Since FDS-FFs observe and keep the capture response of CUT during the capture
peration, in order to avoid functional timing issues, all FDS-FFs are extracted to constructed into
 daisy chain and isolated from the other normal scan chains. 

Figure 5 shows the effect of FDS-FF to address the fault masking problem. In a time-expanded
ircuit, some faulty values are successfully propagated to the FF at the intermediate capture cycles,
owever, they would be masked before the final capture. Replacing a scan FF with the FDS-FF is
quivalent to inserting an observation point into the time-expanded circuit to observe and keep
hese faulty values before they are masked. However, it is impractical to replace all scan-FFs with
DS-FFs; the fault effects that never pass through the selected FDS-FFs may disappear if they
annot be propagated to the final capture cycle. Fortunately, replacing a small count of scan cells
ith FDS-FFs could achieve significant fault detection improvement [ 33 ], which is beneficial for

ow hardware overhead. 
CM Transactions on Design Automation of Electronic Systems, Vol. 28, No. 3, Article 46. Pub. date: May 2023. 
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Fig. 5. Replace a scan-FF with FDS-FF to address fault masking. 
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.2 Control Point: Self-Flipping CP 

nserting control points into the circuit to force the target signal line to 0 (0-control) or 1 (1-control)
s a popular way to improve the testability of the circuit. However, it would be challenging to adapt
he conventional CPI to the time-expanded circuit under multi-cycle BIST because (1) CP with a
xed control value during a complete capture operation is less helpful to relax the controllability
iasing; (2) generating the control values for each capture cycle requires complex sequential ATPG;
nd (3) applying the dynamic control value to CP during the capture operation requires intricately
esigned control logic. 
In [ 35 , 36 ], we have proposed an FF-CPI approach to improve the controllability of the time-

xpanded circuit by modifying the captured values of partial scan FFs at each capture cycle. The FF-
P compares the state of FF at the current capture cycle with its state at the previous capture cycle
nd changes the current state to its inverse value if no state transition occurs on the FFs during the
apture cycles. In this paper, we expand the FF-CPI approach to control the combinational logic
nd propose the control logic that can flip the value of the signal line of CP during the capture
peration. We call it the Self-Flipping control in this paper described as follows. 
Figure 6 shows the design of the Self-Flipping control logic. In the capture mode, the present

tate (CP_OUT@T i-1 : the state of CP after the previous capture cycle) and the new state
CP_IN@T i : the input value of the candidate CP of the current capture cycle) of the CP are checked
o see whether there is a transition that occurs in the current capture cycle or not. If not, the
elf-Flipping control logic will generate the inverse value of the input state to the CP output
CP_OUT@T i ). An external control signal “CAP_CTR” is used to enable the Self-Flipping when
et to 1. Otherwise, the input value of CP passes through the CP logic to the output. It thus can
eep the value of a target signal line at the adjacent time-frame always different to relax the bias
f 0/1-controllability caused by successive capture cycles. 
It is worth noting that a traditional inversion CP using an XOR gate would be ineffective in

educing the 0/1-controllability bias because the 0/1-controllability of XOR-CP output depends
n the input signal line, which is biasing as the capture cycles increase. While inserting the Self-
lipping CP will cause hardware increase, it operates automatically during the capture cycles w/o
ny external control, which does not cause the extra cost in updating the ATPG to generate the
ontrol vectors. 

To implement the proposed multi-cycle LBIST scheme for POST, the unknown values (Xs) gen-
rated as switching the operation mode from test and function need to be dealt with carefully.
his issue can be addressed by separating the control logic of POST from the test target of POST

CUTs) through wrapper logic. During the test operation, the wrapped control logic of POST will
ACM Transactions on Design Automation of Electronic Systems, Vol. 28, No. 3, Article 46. Pub. date: May 2023. 
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Fig. 6. Self-Flipping CP insertion for multi-cycle LBIST. 
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e kept in function mode. When the test is completed, the CUTs will be switched to the functional
ode by a system reset through the control logic of POST. The detailed solutions to handle the

mplementation issues for in-system-testing have been introduced in [ 37 , 38 ]. 

 TP SELECTION FOR MULTI-CYCLE BIST 

his section introduces the procedure to determine the locations of CPs and OPs to address the
ault Masking and the FDD problem induced by the controllability biasing and observation dete-
ioration under a multi-cycle LBIST scheme. 

While the selection procedure inherits some underlying techniques proposed in our previous
orks, such as the structure-based evaluation metric and the probabilistic testability analysis of

ircuits for FDS-FFs and FF-CP insertion, in this paper, we consolidate them into a consistent
rocess for TP selection under multi-cycle BIST through the following efforts: 

• We propose a new metric to evaluate the effect of candidate signal lines for CP insertion
under a multi-cycle BIST scheme. 

• We introduce an improved probabilistic cost function for estimating the effect of candidate
TPs. 

• We introduce an OP Pruning approach into the TP procedure to improve the efficiency of
TP selection under the multi-cycle BIST scheme. 

It is worth noting that the proposed TP selection procedure conducts the probabilistic evalua-
ion to identify the candidate CPs and Ops. The proposed TP selection procedure is a time-saving
rocess because it does not use the conventional fault simulation. As a result, we obtain the list of
CM Transactions on Design Automation of Electronic Systems, Vol. 28, No. 3, Article 46. Pub. date: May 2023. 
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he TPs, then we evaluate the fault coverage achieved under the circuit with TPs by conducting
he multi-cycle test fault simulation at one time. 

.1 A New Evaluation Metric for CP Selection 

s discussed in Section 3 , increasing the number of capture cycles would cause a significant 0/1-
ontrollability bias on signal lines at later capture cycles, which implies the value of more signal
ines in a large capture cycle would most likely fix at 0 or 1 in most capture cycles. For a signal
ine x, if setting its value to 0(1) would cause fewer gates with fixed output value in its arrival
ogic region to FFs than that of setting to 1(0), 0(1)-controllability bias of x due to the multiple
apture cycles that would be helpful to fault excitation and propagation, we call it positive bias,
(0)-controllability bias would obstruct the fault detection called the negative bias. For the signal
ine that shows a negative bias in controllability, it is suggested to insert a self-flipping CP to relax
ts controllability bias in the multi-cycle test. Following this, we propose the method to calculate
he degree of the 0/1 controllability bias when inserting a CP into the signal line. 

• x : a signal line in the combinational circuit. 
• p x/0 : the probability of line x’s value being logic 0. 
• p x/1 : the probability of line x’s value being logic 1, where, p x/1 + p x/0 = 1.0. 
• fg x/0 : the number of gates in the arrival logic region from line x to POs/PPOs whose output

value will be fixed, as setting the value of x to 0. 
• fg x/1 : the number of gates in the arrival logic region from line x to POs/PPOs whose output

value will be fixed by setting the value of x to 1. 
• BD(x) : the degree of controllability bias at line x that would impact the fault detection, where

BD(x) > 0 denotes a positive bias, BD(x) < 0 denotes a negative bias. 

BD ( x ) = ( p x/0 − p x/1 ) × ( f д x/1 − f д x/0 ) (2)

• CD(x) : the degree of contribution to relax the controllability bias as forcing the 0/1-
controllability of line x to 0.5/0.5. CD(x) > 0 denotes a positive contribution, CD (x ) < 0
denotes a negative contribution that would be achieved by CP insertion. 

CD ( x ) = ( p x/0 − 0 . 5 ) × f д x/0 + (p x/1 − 0 . 5 ) × f д x/1 = (0 . 5 − p x/0 ) × ( f д x/1 − f д x/0 ) (3)

We use the s27 circuit as an example for illustration, see Figure 7 . For signal line i , two paths
onnect with the PPO (FF2) through path 1: i → G5 → G7 → G8 → w , and path 2: i → G6 →
7 → G8 → w . When the value of i is 1, the output of G5, G6, and G7 will be fixed at 1, 1, 0,

espectively, thus f д i/1 = 3 . When i is 0, the output of G5 and G6 depends on the other input
ignal lines n and c , which implies a 0 value at i cannot directly cause any fixed gates on the two
aths to FFs, thus f д i/0 = 0 . The probability of signal line i’s values p i/1 and p i/0 can be calculated
sing the COP measurement, which is 0.25 and 0.75. The degree of controllability bias is hereby
D (i ) = 0 . 5 × 3 = 1 . 5 , which represents that the controllability bias at signal line i is positive to

ault detection. 
For the signal line with positive controllability bias, inserting a CP would cause more fixed gates

n the fault propagation paths to FFs with a negative contribution to fault detection, e.g., CD (i ) =
0 . 25 × 3 = −0 . 75 . Table 1 gives the evaluation value of some signal lines shown in Figure 7 . It can
e observed that signal lines q and s show the negative controllability bias in BIST, and inserting
 CP to s would achieve the most contribution to fault detection. 

As shown in Figure 3 , the controllability bias on signal line changes at different capture cycles in
he multi-cycle BIST. It becomes larger as the number of capture cycles increase. Thus, the degree
f controllability bias of signal line x : BD (x ) and the contribution of CP insertion to relax the
ACM Transactions on Design Automation of Electronic Systems, Vol. 28, No. 3, Article 46. Pub. date: May 2023. 
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Fig. 7. The combinational logic frame of s27 circuit. 

Table 1. Evaluation Metrics of Signal Lines in s27 

line # fg x/0 fg x/1 p x/0 p x/1 BD CD 

h 0 2 0.75 0.25 1 −0.5 
i 0 3 0.75 0.25 1.5 −0.75 
n 0 1 0.75 0.25 0.5 −0.25 
q 3 0 0.56 0.44 −0.36 0.18 
s 0 2 0.27 0.73 −0.92 0.46 

i  

t

 

 

w  

W  

m

5

T  

F
 

t  

t  

o  

f  

i

A

mpact of controllability bias on fault detection: CD (x ) can be easily extended for the multi-cycle
est as follows. 

BD ( x ) = 
f д x/1 − f д x/0 

M 

M ∑ 

j= 1 

( p x j/0 − p x j/1 ) (4)

CD ( x ) = 
f д x/1 − f д x/0 

M 

M ∑ 

j= 1 

( 0 . 5 − p x j/0 ) (5)

here p x j/1 and p x j/0 denote the probability of line x’s value being logic 1/0 at the j th capture cycle.
e use CD as the evaluation metrics for searching the candidate signal lines for CP insertion under
ulti-cycle BIST, which is described in the next section. 

.2 TP Selection Procedure for Multi-cycle BIST 

he procedure consists of two phases, Phase 1: CP insertion under a time-expanded circuit with full
F-observation, and Phase 2: OP is pruning to remove the impotent observation points (FDS-FF). 

In Phase 1, the CP selection will be performed at the time-expanded circuit with full observa-
ion where the FFs at intermediate capture cycles are supposed to be observable. This is because
he purpose of self-flipping CP insertion is to relax the controllability bias caused by functional
peration at each time frame, but not to create long propagation paths that can cross multiple time
rames to the final capture cycle for observation which is an arduous task. The algorithm for CP
nsertion is shown in Algorithm 1 . 
CM Transactions on Design Automation of Electronic Systems, Vol. 28, No. 3, Article 46. Pub. date: May 2023. 
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ALGORITHM 1: CP insertion 

Inputs: 
net: original CUT netlist 
M: the number of capture cycles 
N cp : Maximum number of CPs 
Outputs: 
cplist[N cp ]: Selected CP list 
net cp : CUT with CP insertion 

Optional parameter: 
CR threshold : the threshold of cost reduction ( ≥0) 
N cand : number of candidate CP at each iteration of CP decision 

Process: 
1: cplist ← ∅ 
2: cand ← ∅ /*Candidate CP list for determining a CP*/ 
3: read_circuit (net); 
4: fix_gate_cal(net); /*computing fg x/0 , fg x/1 */ 
5: time_expansion (net, M); 
6: full_observation_point_insertion( net ); 
7: while | cplist | < N cp do 

8: cop_controllability(net cp ); 
9: cop_observability(net cp ); 
10: CD_calculate (net cp ); 
11: cand ← ∅ ; 
12: for j = 1 to # of available candidate CP do 

13: cand[j] ← unchecked signal line with the largest CD; 
14: end for 
15: if cand = ∅ then 

16: return cplist, net cp ; stop the process 
17: else 
18: U 

org = cost_computation(net cp , M); 
19: for k = 1 to N cand do 

20: net cp = insert cand[k] cp to net cp ; 
21: update_controllablity_observability(net cand[k] , M); 
22: ΔU k = U 

org -cost_computation(net cp , M); 
23: Remove cand[k] from net cp ; 
24: end for 
25: If maximum( ΔU k ) > = CR threshold then 

26: cplist[i] ← cand[k]; 
27: end if 
28: end if 
29: insert cplist[i] to net → update net cp ; 
30: end while 
31: return cplist, net cp ; 
end process 

ACM Transactions on Design Automation of Electronic Systems, Vol. 28, No. 3, Article 46. Pub. date: May 2023. 
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To evaluate the quality of CPs and OPs, cost function U as follows is widely used in various TPI
echniques. 

U = 
1 

| F | 
∑ 

∀x/s ∈F 

1 

Pd x/s 
(6)

In this work, we expand the cost function considering the fault detection model under the multi-
ycle BIST scheme, where the detection probability of the faults at a signal line denoted by Pd x/s is
alculated by 

Pd x/s = 1 −
M ∏ 

j= 1 

(1 − ( 1 −C x j/s ) ×O x j ) (7)

 x j/s and O x j denote the s-controllability and observability of signal line x at the j th time-frame,
espectively, computed by COP measure as discussed in Section 3 . The difference in U before (U 

orд )
nd after (U 

tp ) inserting a TP can be calculated by the following equation to identify the most
ffective TP from a candidate TP list. 

ΔU = U 

orд −U 

tp = 
1 

| F | 
∑ 

∀i/s ∈F 

��
�

1 

Pd 
orд 

i/s 

− 1 

Pd 
tp 

i/s 

��
�

(8)

In Phase 2, we will remove the impotent observation points from the time-expanded circuit
o reduce the hardware overhead caused by FDS-FFs insertion, named OP pruning, as shown by
lgorithm 2 . In OP pruning, the input is the time-expanded circuit with CP insertion achieved at
hase 1 where all scan FFs are replaced with FDS-FFs for observation during multi-cycle captures.
e target on reducing the number of FDS-FFs to a user-specified number N op by restoring the

DS-FFs that do not affect the fault detection to scan FFs. As shown from line 14 to line 24 of
lgorithm 2 , we compute the cost U of each candidate FDS-FF when temporarily changing it to a

can FF which is equivalent to a wire in the intermediate time-frame circuit, and remove the one
hich has the least cost increase from the OP list. 
The OP pruning is considered effective based on the following observations. (1) The large num-

er of signal lines usually can be observed by multiple FFs; (2) The FFs which have larger observ-
ble logic regions could observe more fault effects; and (3) The number of FFs in a design is much
maller than that of signal lines, and exploring the inactive FFs would be more time-saving than
nserting OPs into the CUT. 

 EXPERIMENTAL RESULTS 

xperiments are conducted on ISCAS89 and ITC99 benchmark circuits to evaluate the ef-
ect of TPI under multi-cycle BIST. A 16-bits internal type LFSR (characteristic polynomial:
 

16 +X 

15 +X 

13 +X 

4 +1) with Phase Shifter generates pseudo-random patterns. A parallel scan struc-
ure is introduced into the CUT that consists of multiple scan chains up to 100 FFs in length (when
he total number of FFs > 1600, the maximum length of the chain is up to 200). A multi-cycle
IST logic/fault simulator that can simulate at most 50 cycles capture per pattern is implemented

n-house for stuck-at faults testing. For automotive ICs, the ISO26262 functional safety stan-
ard imposes at least 90% latent fault metric (permanent fault) to meet the safety goal ASIL D.
herefore, in this study, we set a target fault coverage 90% and evaluate the effect of the proposed
ulti-cycle TPI that would make the classical on-chip pseudo-random TPG-based LBIST comply
ith the ISO26262 standard. Table 2 gives the details of CUTs. 
CM Transactions on Design Automation of Electronic Systems, Vol. 28, No. 3, Article 46. Pub. date: May 2023. 
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ALGORITHM 2: OP Pruning 

Inputs: 
net cplist : CUT with CP insertion 

M: number of capture cycles 
N op :Target number of OPs (FDS-FFs) 
Outputs: 
oplist[N op ]: FF list for FDS-FFs insertion 

net tp : CUT with TPs (CP and OP) 
Optional parameter: 
N cand : # of candidate OPs at each iteration for OP pruning 
Process: 
1: oplist ← ∅ 
2: cand ← ∅ /* Candidate target OP list for pruning */ 
3: read_circuit (net cp ); 
4: oplist ← all FFs 
5: structure_analysis(net cp ); 
6: FF_ranking(oplist) /*Ranking the FFs by the approximate evaluation metrics proposed in [39]*/ 
7: while |oplist| > N op do 

8: for j = 1 to # of available candidate OP do 

9: cand[j] ← select an OP in the oplist in descending order which is unchecked; 
10: end for 
11: if cand = ∅ then 

12: return oplist, net tp ; stop the process 
13: else 
14: U 

org = cost_computation(net tp ,M); 
15: for k = 1 to N cand do 

16: remove cand[k] OP from net tp ; 
17: update_observability(net tp ); 
18: ΔU k = U 

org -cost_computation(net tp , M); 
19: restore cand[k] OP to net tp ; 
20: end for 
21: If ΔU k = minimum then 

22: remove cand[k] OP from net tp ; 
23: remove cand[k] from oplist; 
24: end if 
25: end if 
26: end while 
27: return oplist, net tp ; 
end process 
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.1 Evaluation of the Efficiency of the Multi-cycle Test 

e first performed fault simulations on the regular scan testing with single capture (SCAN) and
ulti-cycle testing with 2, 4, 6, 8, and 10 capture cycles, respectively, to evaluate the effect of
ulti-cycle testing for fault detection, using 100k test patterns (scan-in) generated by LFSR.

igure 8 shows the fault coverage of each circuit at different capture cycles when 100k patterns
re applied. It can be seen that for most circuits, the multi-cycle test achieved an increase in
ault coverage at the 2 and 4 capture cycles. As continuously increasing the capture number to
ACM Transactions on Design Automation of Electronic Systems, Vol. 28, No. 3, Article 46. Pub. date: May 2023. 
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Table 2. Detailed Information of Benchmark Circuits 

Circuit # gate # FF # of 
stuck-at fault 

N cp 

( < 1% of gates) 
N cp 

( < 5% of FFs) 
#OPs (FDS-FFs) 
( < 20% of FFs) 

s9234 5597 228 6927 55 11 45 
s13207 7951 669 9815 79 33 133 
s15850 9772 597 11725 104 29 120 
s38417 22179 1636 31180 1141 85 327 
s38584 19253 1452 36303 97 72 290 
b11 437 31 1322 2 1 6 
b12 904 121 2797 9 6 24 
b14 4444 245 12811 44 12 49 
b15 8338 449 23528 8 8 89 
b17 22645 1415 65464 201 70 283 
b20 8875 490 25338 88 24 98 

Fig. 8. Fault coverage of benchmark circuit with 100k patterns. 
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0 cycles, the increment of fault coverage is slowing down or getting degraded. The decrease in
ault coverage observed for s9234 when using a 10-cycle test can be explained by the incompatibil-
ty of testability shown in Figure 3 . Although the 10-cycle test caused only a slight controllability
ias, it resulted in significant deterioration of the observability in the expanded circuit. 

Figure 9 shows the curve of the average fault coverage of all CUTs by increasing the number of
atterns. The horizontal and vertical axis shows the pattern number and the corresponding fault
overage, respectively. The average fault coverage of all CUTs confirms that the multi-cycle test
as a statistical improvement in fault detection for most benchmark circuits compared with scan
esting (SCAN). Applying 4 and 6 capture cycles achieved the most fault coverage improvement,
nd the increment of fault coverage becomes less as the number of capture cycles increases to 8
nd 10 cycles. 

The above observations fit the basic feature of multi-cycle testing discussed in Section 3 . Mul-
iple capture operations would provide more detection opportunities for the fault that the scan-in
attern cannot detect. Therefore, it is possible to improve the fault detection of the scan-in pat-
ern. However, the deterioration of testability of signal lines in the time-expanded circuit would
CM Transactions on Design Automation of Electronic Systems, Vol. 28, No. 3, Article 46. Pub. date: May 2023. 
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Fig. 9. Scan testing vs multi-cycle testing. 
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nterfere with future fault detection as the number of capture cycles increases. To reinforce the
ffect of multi-cycle BIST on scan-in pattern reduction, CP insertion and FDS-FFs insertion are
ntroduced, and their effects are described as follows. 

.2 Evaluation of the Efficiency of the CPI and the OPI 

e conducted the CP selecting and OP pruning algorithm proposed in Section 5 on the bench-
ark circuits to identify a specified number of CPs and FDS-FFs, where the maximum number of
Ps N c p was set to 1% of the gate number of CUT, and 5% of the FFs, respectively. The expected
umber of FDS-FFs is set to 20% of the total number of FFs in the CUT. The number of CPs and
DS-FFs are shown in the fifth and the sixth column of Table 2 , respectively. To demonstrate the
ifference between OPI and CPI, we performed fault simulation under 10 cycles by individually
nserting the identified CPs and OPs into the CUTs, denoted by CP-ONLY and OP-ONLY, respec-
ively. CPI&OPI denotes inserting both the CPs and OPs into the CUTs. Figure 10 shows the curve
f average fault coverage of the benchmark circuits, increasing scan-in patterns to 100K under dif-
erent DFT strategies. The figure only presents the curves up to 50K patterns for demonstration.
ull observation replaces all FF with FDS-FFs has been conducted on the CUTs w/(w/o) CP inser-
ion denoted by FullOB, CP&FullOB, respectively. While it is not for practical use due to hardware
verhead concerns, the results represent the upper bound of the fault coverage possibly achieved
y OPI, which is used to evaluate how far the OP pruning has reached in identifying the OPs for
DS-FFs insertion. 

Compared to the regular scan test (SCAN), the multi-cycle test w/o TPI denoted by “10-Cycle”
n the figure achieved a significant fault coverage improvement where a target fault coverage (90%)
s attained by applying 14,260 scan-in patterns under a 10-cycle test, which cannot be achieved by
can testing even with more than 100K scan-in patterns. Replacing 20% of FFs with FDS-FFs (OPI-
NLY) further improved the fault coverage and reduced the necessary scan-in patterns to 5,175 for

he target 90% fault coverage as well as the effect achieved by full observation (replacing all scan
ACM Transactions on Design Automation of Electronic Systems, Vol. 28, No. 3, Article 46. Pub. date: May 2023. 
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Fig. 10. Fault coverage vs. Pattern number (scan testing, multi-cycle testing, OPI and CPI under multi-cycle 

testing). 
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Fs with FDS-FFs). The results demonstrate the effect of FDS-FFs insertion that directly observes
he values of FFs at each capture cycle to relax the fault masking problem in the time-expanded
ircuit. 

Note the fault coverage curve of CPI-ONLY in Figure 10 , where we inserted 1% of the gate
umber of CPs into the CUTs, and it shows almost the same fault coverage improvement ( ≈93%)
nd much more scan-in pattern reduction (2,195 for 90% fault coverage) than that of OPI-ONLY.
he results indicate (1) inserting Self-Flipping CP into the CUT that relaxes the controllability
ias in a time-expanded circuit is helpful in improving the fault detection of capture patterns, and
2) the effect of CPI is limited due to the fault masking problem in the time-expanded circuit. When
nserting both the identified CPs and OPs into the CUTs denoted by CPI&OPI, we achieved a sharp
ncrease in fault coverage compared to inserting CPs and OPs individually. The final fault coverage
f 100K scan-in patterns increases to 95.01%. The number of scan-in patterns for achieving 90%
ault coverage is drastically reduced to 585 (24.4X reduction compared to the multi-cycle test).
ote the fault coverage curve of 10-cycle (multi-cycle test) and the CP&FullOB, which represents

he upper bound of the fault coverage possibly achieved by CPI&OPI, inserting both the CPs and
Ps (CPI&OPI) identified by our proposed method achieved remarkable fault coverage increase
nd pattern reduction that is very close to the upper bound. 

Tables 3 and 4 show the detailed results of the final fault coverage achieved by applying 100K
atterns and the number of scan-in patterns for attaining 90% stuck-at fault coverage, respectively.
he experimental results when inserting fewer CPs ( < 5% of FFs) into the benchmark circuits are
lso presented in the tables. The results show that the 10-cycle test would cause the fault coverage
oss in most ISCAS89 circuits (s9234, s13207, s38584); however, it achieves a significant increase in
TC99 benchmark circuits. Where ISCAS89 circuits show a much more testability bias, increasing
he capture cycles are vulnerable to fault masking and FDD problem. While inserting OP or CP
ndividually, both improved the fault coverage and reduced the patterns for attaining 90% fault
overage for all circuits, it suggests that combining the CPs and OPs can achieve the most pattern
CM Transactions on Design Automation of Electronic Systems, Vol. 28, No. 3, Article 46. Pub. date: May 2023. 
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Table 3. The Final Fault Coverage Reached by 100K Scan-in Patterns 

Circuit 

Design for Testability Approaches 

SCAN 10Cycle OPI_ONLY FullOB 

# of CP <1% of gates # of CP <5% of FFs 

# of 
CPs 

CPI- 
ONLY CPI&OPI CP&FullOB 

# of 
CPs 

CPI- 
ONLY CPI&OPI CP&FullOB 

s9234 87.31 84.94 89.94 90.00 55 82.69 89.68 91.80 11 83.3 87.96 88.02 

s13207 90.47 84.81 92.20 92.96 79 86.16 92.75 93.89 33 85.6 90.1 91.01 

s15850 87.51 87.73 88.48 90.18 104 85.09 87.41 91.52 29 86.47 87.71 90.77 

s38417 95.16 97.52 97.96 98.03 141 98.19 98.66 98.72 85 98.00 98.55 98.62 

s38584 91.31 90.81 91.59 92.07 97 91.16 91.70 92.28 72 90.27 90.93 91.53 

b11 96.75 96.75 96.75 96.75 2 98.03 98.03 98.03 1 96.82 96.82 96.82 

b12 97.28 98.64 98.68 98.68 9 99.18 99.21 99.21 6 97.6 97.6 97.64 

b14 85.61 90.36 90.38 90.40 44 93.71 93.96 94.07 12 93.81 94.04 94.08 

b15 69.75 92.94 92.95 92.95 8 98.35 98.36 98.36 8 98.35 98.36 98.36 

b17 79.17 92.85 92.85 92.86 201 97.76 97.81 97.83 70 96.27 96.29 96.32 

b20 84.69 89.52 89.66 89.69 88 93.10 93.61 93.94 24 92.68 93.17 93.22 

Table 4. The Number of Scan-in Patterns to Achieve 90% Fault Coverage 

Circuit 

Design for Testability Approaches 

SCAN 10-Cycle OPI_ONLY FullOB 

# of CP <1% of total gates # of CP <5% of FFs 

# of CPs CPI-ONLY CPI&OPI CP&FullOB # of CPs CPI-ONLY CPI&OPI CP&FullOB 

s9234 >100K >100K >100K >100K 55 >100K >100K 9180 11 >100K >100K >100K 

s13207 20560 >100K 11565 7375 79 >100K 6050 4175 33 >100K 59835 8885 

s15850 >100K >100K >100K 68905 104 >100K >100K 2380 29 >100K >100K 4710 

s38417 5780 1710 590 460 141 250 80 55 85 310 85 60 

s38584 8180 10645 3700 1960 97 1555 575 305 72 12795 960 330 

b11 475 120 120 120 2 45 40 35 1 115 115 105 

b12 1280 175 170 170 9 100 45 45 6 260 210 195 

b14 >100K 58280 58280 53425 44 1285 870 770 12 885 675 605 

b15 >100K 4180 4180 4115 8 285 230 170 8 285 230 170 

b17 >100K 4305 4300 4300 201 180 130 100 70 260 185 140 

b20 >100K >100K >100K >100K 88 4330 2045 935 24 7480 3740 3685 

r  

d  

s  

a  

i  

r

7

T  

f

eduction under the multi-cycle BIST scheme. Reducing the number of CPs causes a corresponding
egradation in the fault coverage and the scan-in pattern reduction, however, the degradation is
mall, e.g., when reducing the number of CPs from 201 to 70 for the b17 circuit, the fault cover-
ge with 100k patterns decreased from 97.81% to 96.29%, scan-in patterns for 90% fault coverage
ncreased from 130 to 185. The reduction of scan-in patterns compared to the multi-cycle test is
emarkable for shortening the TAT of POST with less hardware overhead. 

 CONCLUSIONS 

he multi-cycle BIST has room for improvement to reduce the volume of scan-in patterns. There-
ore, this paper investigated the stuck-at fault detection model in the time-expanded circuit. 
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We revealed that the incompatibility between the controllability and observability of signal line
s increasing the capture cycles would induce the fault masking and fault detection degradation
roblem. Those problems obstruct the effect of multi-cycle tests to test pattern reduction. We
ntroduced the TPI technique to a multi-cycle LBIST scheme focused on reducing the volume of
can-in patterns for a target fault coverage to address this issue. The TPI approach replaces partial
can cells with FDS-FF referred to as OPI to enhance the observability and inserts Self-Flipping
ontrol logic into the combinational logic referred to as CPI to relax the controllability bias of
ignal lines of CUT at the intermediate capture cycles. 

To identify the TPs that could achieve the most scan-in pattern reduction, we proposed a metric
alled the CD (the degree of contribution to relax the controllability) to evaluate the effect of
andidate CPI signal lines and introduced an improved probabilistic cost function for estimating
he effect of CP and OP insertion under multi-cycle BIST scheme. A TPI procedure including CP
nsertion and OP pruning is also proposed to identify the effective TPs to achieve the most scan-
n pattern reduction. The experimental results on ISCAS89 and ITC99 benchmarks show a 24.4X
attern reduction on average that confirms the effectiveness of the proposed TPI for shortening
he test application time of POST. 

In future work, we will implement the proposed TP selection algorithm to support the indus-
rial design with Renesas Electronics Corp. to evaluate the effectiveness of the multi-cycle LBIST
cheme on the commercial automotive MCUs. 
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