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Abstract

We propose a new design for testability technique,
Parallel Serial Full Scan (PSFS), for reducing the test
application time for full scan embedded cores. Test
application time reduction 1s achieved by dividing the
scan chain into multiple partitions and shifting in the
same vector to each scan chain through a single scan
wn input. The experimental results for the ISCAS89
circuits showed that PSFS technique significantly re-
duces both the test application time and the amount of
test data for full scan embedded cores.

1 Introduction

Chips with multiple embedded cores, called system-
on-chip, are becoming more prevalent in the industry,
since the core-based design approach considerably re-
duces the design time through design reuse. However,
testing embedded cores is a challenging problem, be-
cause of the limited access to the core peripheries, i.e.
inputs and outputs [3, 6, 17, 18]. There are three ma-
jor peripheral access techniques; parallel direct access,
funetional access and serial boundary scan access [18].

Parallel access technique provides direct access to
core peripheries by either using dedicated chip I/0
pins or by sharing the chip I/O pins by multiplexing
and demultiplexing them with other signals. Func-
tional access technique provides access to core peri-
pheries by justifying the test patterns and propagating
the fault effects using the user defined logic surround-
ing the core. Serial access technique provides indirect
but full access to core peripheries by using a boundary
scan chain around the core. Although the serial access
technique increases the test application time for the
cores due to serial access to the core peripheries, it
is currently the most realistic approach for providing
peripheral access to the embedded cores [18].

The full scan technique is a widely adopted DFT
technique in the industry for reducing the complexity
of test generation for sequential circuits to a combin-
ational circuit test generation problem by making all
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the memory elements in the circuit both controllable
and observable through a scan chain. However, since
controlling (observing) the flip-flops are done by seri-
ally shifting in (out) the values to (from) the memory
elements, full scan technique increases the test applic-
ation time. Several techniques are proposed to reduce
the test application time for full scan circuits, e.g. par-
allel direct access [9], hybrid test generation scheme
[10, 15, 16], multiple scan chains [12, 15] and ordering
flip-flops in a single scan chain [13]. However, these
techniques are not effective for the full scan circuits
used as embedded cores which we refer to as full scan
embedded cores. The general structure of a full scan
embedded core is shown in Figure 1.

Since hybrid test generation (HTG) technique uses
sequential test generation, it generates large test sets.
Since some of these vectors do not require shifting in
the values to the memory elements and the input values
are directly applied to the primary inputs, it reduces
the test application time for standalone full scan cir-
cuits. However, if serial access technique is used for
test access, then the test application time can be quite
large because the primary input values in each vec-
tor should be serially shifted into the boundary scan.
In addition, since it generates a large test set, HTG
scheme makes it more difficult to use the functional ac-
cess technique by increasing the number of vectors that
have to be justified at the core inputs. Finally, since
HTG technique requires sequential test generation, it
may not be applicable to large cores.

Multiple scan chains (MSC) technique requires sep-
arate input/output pins for each scan chain. This
requirement makes it more difficult to use the par-
allel access technique by increasing the number of core
pins and the routing overhead. The same requirement
makes it more difficult to use the functional access
technique too by increasing the number of values that
should be justified at the core inputs. On the other
hand, if the serial access technique is used for test
access, the MSC technique does not reduce the test
application time. Because the input values that will
be shifted into each scan chain first should be seri-
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Figure 1: Full Scan Embedded Core

ally shifted into the boundary scan and then shifted
into the scan chains in parallel. Similarly, the test re-
sponses in the scan chains first should be shifted out to
the boundary scan in parallel and then serially shifted
out from the boundary scan. Therefore, the test ap-
plication time becomes the same as the test application
time for full scan cores using a single scan chain.

Parallel direct access to all the memory elements are
impractical for embedded cores, since even the direct
access to the core inputs and outputs are limited. Even
though single scan chain reconfiguration technique re-
duces the test application time to some degree, it is
possible to reduce the test application time further.

In this paper, we propose a new DFT technique,
Parallel Serial Full Scan (PSFS), for reducing the
test application time for the full scan embedded cores.
Since the PSFS technique does not use any additional
test access pins other than the ones used in the full
scan technique and it does not require large number
of test vectors, it is applicable to the full scan cores
using any of the three peripheral access techniques;
serial, parallel or functional access.

The PSFS techniques reduces the test application
time by dividing the scan chain into multiple parti-
tions and shifting in the same vector to each scan chain
through a single scan in input. The outputs of the scan
chains are observed through a multiple input signa-
ture analyzer (MISR). In order to test the faults that
cannot be detected by this organization and the faults
aliased by the MISR, PSFS technique also preserves
the single scan chain structure using extra multiplexers
and a simple control structure. Since the performance

of the PSFS technique is dependent on the scan chain
configuration, i.e. the number of the scan chains used
and the assignment of the memory elements to the scan
chains, we propose a heuristic technique for comput-
ing an optimal scan chain configuration that produces
a minimal test application time.

In addition to reducing the test application time,
PSFS technique has another important advantage for
testing full scan cores. Since for each test vector, in
addition to the primary input values, only the input
values for the longest scan chain should be stored in
the tester, PSFS technique reduces the tester storage
requirements and the amount of test data that should
be transfered from the tester to the core and from the
core back to the tester. This is especially important
for large system-on-chips with multiple cores [7].

We enhanced ATOM, our advanced ATPG system
for combinational circuits [4], to generate test vectors
under the single stuck at fault model for the embedded
cores incorporating the PSFS technique. The exper-
imental results showed that for the ISCAS89 circuits
the PSFS technique reduces the total test application
time by 82%, and it reduces the total test data by 67%.

In addition to significantly reducing the test applic-
ation time and the amount of test data, the PSFS
technique is also very effective in terms of the other
performance metrics. In particular, it only uses com-
binational test generation, thus it is applicable to large
cores. It doesn’t degrade the performance of the core
in normal mode more than the full scan technique. It
doesn’t require any additional test access pins other
than the scan in, scan out and test enable pins used by
the full scan technique. It only incurs a small amount
of hardware overhead, and it provides 100% combina-
tional fault coverage.

In this paper, we applied the PSFS technique only
to the flip-flops of a full scan core, and we assumed
that the inputs and the outputs of the core will be ac-
cessed by any one of the peripheral access techniques.
However, if the serial boundary scan access technique
is used for test access to the core, then it 1s possible
to apply the PSFS technique to both the flip-flops of
the core and the boundary scan flip-flops for the inputs
and the outputs of the core by considering all of these
flip-flops as a single scan chain and by dividing this
scan chain into multiple partitions and shifting in the
same vector to each scan chain through a single scan
in input and observing the outputs of the scan chains
through a MISR. This way the test application time
can be reduced further.

A similar technique to PSFS is proposed in [11] for
testing multiple independent circuits simultaneously by
using a single input to support the scan chains in all
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Figure 2: Parallel Serial Full Scan (PSFS) Technique

the circuits. The number of scan chains is equal to
the number of circuits, and the memory elements of
each circuit is assigned to its scan chain. The only
design parameter is the order of the memory elements
in each scan chain. Since the circuits are independent,
all the detectable faults in each circuit are still detect-
able under this organization. PSFS technique, on the
other hand, is proposed for testing a single full scan
embedded core. The number of scan chains, the distri-
bution of the memory elements to the scan chains, and
the order of the memory elements in each scan chain
are all design parameters for the PSFS technique. In
addition, since PSFS technique is applied to a single
full scan core, some of the detectable faults in the core
may not be detectable when the same logic values are
shifted into the multiple scan chains in the core.

The rest of the paper i1s organized as follows. Sec-
tion 2 presents the PSFS technique. The algorithm
for finding an optimal scan chain configuration is de-
scribed in Section 3. Section 4 describes the test
generation algorithm used to generate a minimal test
set for a given scan chain configuration. The experi-
mental results are given in Section 5. Finally, Section
6 presents the conclusions.

2 Parallel Serial Full Scan Technique

We propose a new DFT technique, Parallel Serial
Full Scan (PSFS), for reducing the test application
time for full scan embedded cores. The full scan em-
bedded cores incorporating the PSFS technique are
called PSFS cores. The organization of the flip-flops
of a PSFS core is shown in Figure 2. The PSFS tech-
nique reduces the test application time for the embed-
ded cores without using any additional test access pins
other than the ones used in the full scan technique, i.e.
scan in (S7), scan out (SO), and test enable (T'E).

As in the full scan cores, the T'F input controls the
operation of the PSFS cores. When the TE is 0, the
core operates in the normal mode. The operation of

the PSFS cores in the normal mode 1s same as the full
scan cores. When the T'F is 1, the core operates in
the test mode. The operation of the PSFS cores in the
test mode is controlled by the control flip-flop (CFF).
When the CFF is 1, the PSFS core operates in the
serial test mode. The operation of the PSFS core in
the serial test mode is same as the operation of the full
scan cores in the test mode, 1.e. the new values are
shifted into each flip-flop serially through S7 input,
and the previous values of all the flip-flops are shifted
out serially through SO output. When the CFF is 0,
the PSFS core operates in the parallel test mode. In
the parallel test mode, shifting in the input values into
the flip-flops and shifting out the test response from
the flip-flops are done in parallel.

We will now explain the operation of the PSFS cores
in the test mode in more detail. PSFS technique di-
vides the single scan chain in a full scan core into mul-
tiple partitions. The input of the first scan chain is
driven by the ST input. The input of the other scan
chains is driven either by the output of the previous
scan chain or by the ST input. The selection is done
by a 2-to-1 multiplexer (MUX) which is controlled by
the CFF. When the CFF is 0, each scan chain is driven
by the ST input, thus the same logic values are shifted
into each scan chain in parallel. When the CFF is 1,
each scan chain is driven by the previous scan chain,
thus the flip-flops behave as a single serial scan chain.

The output of each scan chain is connected both to
the MUX driving the next scan chain and to a multiple
input signature analyzer (MISR). The PSFS technique
uses the MISR to compress the test response of the
embedded core that is stored in its flip-flops. Since the
output of each scan chain is connected to a different
data input of the MISR, the size of the MISR used 1n a
PSFS core is equal to the number of scan chains used
in the core. In this work, we used two different type
2 (internal-XOR) MISRs, a 6-bit and a 16-bit MISR

with the primitive characteristic polynomials P(z) =



94+z+1and P(x) = 2%+ 2%+ 27 +2*+1 respectively.

The SO output of the PSFS core is driven either
by the output of the last scan chain or by the output
of the MISR. The selection is done by a 2-to-1 MUX
which is controlled by the CFF. When the CFF is 0,
the output of the MISR is shifted out through the SO
output. When the CFF is 1, SO output is driven by
the output of the last scan chain, thus the flip-flops
behave as a single serial scan chain.

In summary, when the CFF is 0, the same logic val-
ues are shifted into each scan chain in parallel through
the ST input, the outputs of the scan chains are com-
pressed using a MISR, and the output of the MISR, is
observed through the SO output. On the other hand,
when the CFF is 1, the flip-flops behave as a single
serial scan chain, i.e. the new values are shifted into
each flip-flop serially through S7 input, and the pre-
vious values of all the flip-flops are shifted out serially
through SO output.

The parallel test mode is used to reduce the test
application time. However, since the same logic val-
ues are shifted into each scan chain, some of the test-
able faults may not be detected under the parallel test
mode. Moreover, the use of a MISR for response com-
paction may cause some of the faults to be aliased.
The serial test mode is used to test these faults, thus
providing 100% combinational fault coverage. The test
vectors applied under the serial test mode are called
sertal vectors, and the test vectors applied under the
parallel test mode are called parallel vectors.

3 Scan Chain Configuration

The effectiveness of the PSFS technique for redu-
cing the test application time is dependent on the scan
chain configuration, i.e. the number of the scan chains
used and the assignment of the flip-flops to the scan
chains. Therefore, we propose a heuristic technique
for computing an optimal scan chain configuration that
provides a minimal test application time.

3.1 Number of Scan Chains

As the number of scan chains increases, the amount
of parallelism also increases and the parallel vector
length decreases, thus decreasing the test application
time. However, using a large number of scan chains
increases the number of faults that cannot be tested
using the parallel test mode, thus increasing the num-
ber of serial vectors, which starts increasing the test
application time. As the number of scan chains in-
creases, the hardware overhead of the PSFS technique
also increases, i.e. large number of MUXes, a large
MISR and extra routing are needed.

Since, for a given core, it is computationally prohib-
itive to compute the optimum number of scan chains,

in this work we selected the number of scan chains by
trying to avoid using a small or a large number of scan
chains relative to the number of flip-flops used in the
core. Based on this criterion, in our experiments, we
used 6 scan chains for the cores with less than 200 flip-
flops, and 16 scan chains for the cores with less than

2000 flip-flops.
3.2 Mapping Flip-Flops to Scan Chains

Finding the optimum scan chain configuration that
will produce the minimum number of test cycles is
an NP-hard problem. Because it requires solving the
problem of generating a minimum size stuck at test
set for a given combinational circuit which is proven
to be NP-hard [8]. Even for the special case of evenly
distributing the flip-flops to the scan chains, the num-
ber of different scan chain configurations with possibly
different test application times is

Mastc
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where [ is the total number of flip-flops, Ng¢ 1s the
number of scan chains used, and M ax Ng¢ 1s the max-
imum number of scan chains that can be used. Thus, it
18 computationally prohibitive to search the entire scan
chain configuration space for finding the optimum scan
chain configuration. Therefore, we propose a heuristic
mapping technique for finding an optimal scan chain
configuration. The heuristic assumes that the number
of scan chains in the circuit (Ng¢) is given and it tries
to map the flip-flops to these scan chains such that a
minimal test application time is achieved.

Two inputs of a circuit are said to be compatible if
they can be shorted together without introducing any
redundant stuck at fault in the circuit, otherwise these
two inputs are called incompatible [2]. In the parallel
testing mode, the corresponding flip-flops in each scan
chain is assigned the same logic value. This restric-
tion may prevent the detection of some of the combin-
ationally testable faults thus increasing the test applic-
ation time by increasing the number of serial vectors
necessary to achieve 100% fault coverage. However, if
all of these flip-flops are compatible with each other,
then this restriction cannot introduce any artificial re-
dundancies. Therefore, our heuristic mapping tech-
nique tries to assign pairwise compatible flip-flops to
the same position in each scan chain.

Since the exact techniques for checking the compat-
ibility of two flip-flops are computationally expensive,
they may not be applicable to large circuits. Therefore,
we used the heuristic technique described in [2] for de-
ciding whether two flip-flops are compatible or not.
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Figure 3: Partially Specified Test Set Matrix

The heuristic technique first generates a complete par-
tially specified test set for the full scan circuit without
using any test set compaction algorithm. The result-
ing test set can be represented as a two dimensional
matrix where each row is a test vector and each column
is the values that will be assigned to a single flip-flop
of the circuit. Two columns, in this matrix, are com-
patible if for every row their corresponding logic values
are same or at least one of them is a don’t care (X). An
example test set matrix is shown in Figure 3 in which
only the columns x; and z3 are pairwise compatible. If
two columns in a given test set matrix are compatible,
then the corresponding two flip-flops are compatible.
However, if two columns are incompatible, 1t is not
possible to conclude that the corresponding flip-flops
are incompatible. Because it is possible that in a dif-
ferent test set the columns corresponding to these two
flip-flops may be compatible. Therefore, this heuristic
technique may fail to prove the compatibility of two
compatible flip-flops.

A compatibility class is a set of flip-flops that are
pairwise compatible. Assigning pairwise compatible
flip-flops to the same position in each scan chain re-
quires finding the compatibility classes of size at most
Nsc. We used a common greedy heuristic for solving
this problem. The heuristic technique considers each
flip-flop one at a time. The first flip-flop is assigned
to the first compatibility class. If the next flip-flop is
compatible with the first one, it is also assigned to the
same compatibility class, otherwise it is assigned to a
new compatibility class. If the next flip-flop is compat-
ible with all the flip-flops in an existing compatibility
class which has less than Ng¢ flip-flops, then it is ad-
ded to that class, otherwise it 1s assigned to a new
compatibility class and so on.

Once the compatibility classes are computed, our
heuristic mapping technique uses this information for
mapping the flip-flops to the scan chains. It first sorts
the compatibility classes in the descending order of
their cardinality. Starting from the first position in
each scan chain, it assigns the flip-flops in each com-
patibility class of size Ng¢ to the same position in each

scan chain, i1.e. the flip-flops in the first compatibility
class of size Ng¢ is assigned to the first position in
each scan chain and so on. Then, it assigns the flip-
flops in each compatibility class of size S > % * Ngc
to the same position in the first S scan chains and
fills in the same position in the remaining scan chains
using the flip-flops in the compatibility classes of size
S < %*NSC. Finally, it assigns the flip-flops in each of
the remaining compatibility classes of size S < %*NSC
to the same position in the first S scan chains leaving
the same position in the remaining scan chains empty.

The second step of the heuristic mapping technique
may cause some of the faults to be untestable in the
parallel test mode, since some of the flip-flops that are
assigned to the same position in each scan chain may
be incompatible. This increases the number of serial
vectors necessary to achieve 100 % fault coverage, thus
increasing the test application time. However, this as-
signment reduces the size of the longest scan chain,
thus reducing the test application time. The number
of artificial redundancies introduced and the amount
of reduction achieved in the longest scan chain size
depends on the number of incompatible flip-flops as-
signed to the same position in each scan chain. If this
number is large, then this may increase the test applic-
ation time more than it helps to decrease it. Therefore,
in order to reduce the size of the longest scan chain
without causing a large number of artificial redundan-
cies, the heuristic technique assigns at most %*NSC in-
compatible flip-flops to the same position in each scan
chain.

In order to assess the effectiveness of the heuristic
optimal mapping technique, we also measured the per-
formance of the PSFS technique using a different map-
ping technique, called default mapping, which does not
try to find an optimal scan chain configuration that
produces a minimal test application time. The default
mapping technique distributes the flip-flops evenly to
each scan chain using the flip-flop order given in the
circuit description, 1.e. the flip-flops 1 to n are as-
signed to scan chain 1, the flip-flops n + 1 to 2n
are assigned to scan chain 2, and so on, where n =
(number of flip— flops) / (number of scan chains).

Example: Consider a full scan embedded core with
27 flip-flops. Suppose that 6 scan chains are used in
the circuit. As shown in Figure 4, the default map-
ping technique assigns the flip-flops evenly to each scan
chain using the flip-flop order given in the circuit de-
scription, i.e. 1 to 27. Suppose that the heuristic for
computing compatibility classes computed 7 compat-
ibility classes for the core flip-flops as shown in Figure
4. The optimal mapping technique assigns the flip-
flops to the scan chains using this compatibility in-
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Figure 4: Scan Chain Configuration Example

formation as explained in this section. The resulting
scan chain configuration is shown in Figure 4.

4 Test Generation

The problem of generating the minimum size test
set for a given scan chain configuration is NP-hard,
because it requires solving the problem of generating
a minimum size stuck at test set for a given combina-
tional circuit which is proven to be NP-hard [8]. In this
work, therefore, we used the heuristic test set compac-
tion algorithms dynamic compaction and redundant
vector elimination [5] for generating compact test sets.

Test generation process for a given scan chain con-
figuration proceeds as follows. First, a minimal test
set that detects all the faults that are detectable un-
der the parallel test mode is generated. During the
test generation process for the parallel test mode, the
test generation constraints imposed by the scan chain
configuration, i.e. the flip-flops assigned to the same
position in each scan chain should be assigned the same
logic value in each test vector, are taken into account.
Next, the MISR is fault simulated for the vectors in this
test set and the faults aliased by the MISR, are iden-
tified. Finally, using the serial test mode a minimal
test set that detects the aliased faults and the faults
that are undetectable using the parallel test mode is
generated. The final test set is the union of the test
set with the parallel test vectors and the one with the
serial test vectors.

5 Experimental Results

In order to generate test vectors for the PSFS cores
under the single stuck at fault model, we enhanced
ATOM, our advanced ATPG system for combina-
tional circuits [4], and we implemented a sequential
circuit fault simulator, based on PROOFS algorithm
[14], for simulating a MISR and incorporated it into
ATOM. ATOM and the new extensions are implemen-
ted in C4++4. The test application time for the small
ISCASS89 circuits is already very small, because the

number of flip-flops and the size of the minimal test
set are quite small for these circuits [5]. Therefore, we
tested ATOM on the large ISCAS89 circuits [1]. We
assumed that these circuits are used as full scan em-
bedded cores. The performance results are obtained
on a 200 MHz Pentium Pro PC with 128MB RAM
running Linux 2.0.0 using GNU CC version 2.8.0. In
all the experiments, a backtrack limit of 6 is used in
ATOM, and all the test sets generated by ATOM have
100% fault coverage.

The experimental results for the full scan embedded
cores are presented in Table 1. The last four columns
in this table present the number of test vectors in the
minimal test set, the number of cycles necessary to test
the core, the amount of test data in number of bits that
should be stored in the tester for testing the core, and
the test generation time in seconds respectively. The
test application time for a full scan core is computed
as F+ (14 F)*V , where F is the number of flip-flops
and V' is the number of test vectors.

The experimental results for the PSFS cores us-
ing the default and the optimal scan chain configur-
ation techniques are presented in Tables 2 and 3 re-
spectively. The columns in these tables present the
core name, the number of scan chains used, the num-
ber of flip-flops in the longest scan chain, the num-
ber of parallel test vectors, the number of faults that
cannot be detected under the parallel test mode, the
number of faults aliased by the MISR, the number of
serial test vectors used for testing both the aliased
faults and the faults that cannot be detected under
the parallel test mode, the number of cycles necessary
to test the core, the amount of test data in number
of bits that should be stored in the tester for test-
ing the core, and the test generation time in seconds
respectively. The experimental results for the PSFS
cores presented in these tables are obtained by assum-
ing that the parallel access technique is used for test
access to the core inputs and outputs. Therefore, the



| Core | Inputs | Outputs | Flip-Flops | Test Vectors | Test Cycles | Test Data (bits) | Time(s) |
5378 35 49 179 111 20159 49062 11.5
59234 36 39 211 159 33919 79023 57.4
513207 62 152 638 236 151442 351640 68.9
s15850 77 150 534 126 67944 163170 156.3
35932 35 320 1728 16 29392 60976 117.3
38417 28 106 1636 99 163699 337194 148.0
38584 38 304 1426 136 195498 434384 215.5
Table 1: Performance Results for Full Scan Embedded Cores
Longest | Parallel Serial Test
Scan Scan Test Undetectable | Aliased Test Test Data
Core Chains Chain Vectors Faults Faults | Vectors | Cycles (bits) Time(s)
5378 6 30 132 65 0 28 9349 31384 18.1
59234 6 36 181 932 1 57 19036 54936 156.6
513207 16 40 136 1174 6 137 93815 244114 119.2
s15850 16 34 152 472 0 26 19816 78510 205.4
35932 16 108 31 0 0 0 5233 17701 231.2
38417 16 103 303 116 0 34 88927 218824 720.5
38584 16 90 190 891 0 49 88747 255686 472.7

Table 2: Performance Results for PSFS Cores Using Default Scan Chain Configuration

Longest | Parallel Serial Test
Scan Scan Test Undetectable | Aliased Test Test Data
Core Chains Chain Vectors Faults Faults | Vectors | Cycles (bits) Time(s)

5378 6 33 186 0 1 1 6724 28342 22.4
59234 6 44 214 0 0 0 9893 34882 109.6
513207 16 42 277 0 0 0 12609 82546 124.6
s15850 16 40 235 6 1 3 11832 76030 314.2
35932 16 108 16 0 0 0 3598 9136 238.9
38417 16 140 264 2 16 6 48840 129732 593.5
38584 16 90 236 0 8 2 25864 129580 526.6

Table 3: Performance Results for PSFS Cores Using Optimal Scan Chain Configuration

test application time for a PSFS core is computed as
14+ Frse+(1+Frse)«Vp+S+1+F+(1+F)*Vs |
where F' is the number of flip-flops in the circuit, Frg¢
is number of flip-flops in the longest scan chain, S is
the number of scan chains, Vp is the number of parallel
test vectors and Vs is the number of serial test vectors.

The test generation time for the PSFS cores us-
ing the heuristic optimal mapping method presented
in Table 3 does not include the test generation time
for generating the partially specified test sets. It in-
cludes the time to compute the optimal mapping given
a partially specified test set and the test generation
time using this scan chain configuration.

The comparisons of the test application time and
the amount of test data for the full scan cores and the
PSFS cores are presented in Table 4.

The results show that the PSFS technique is quite
effective in reducing the test application time and the
test storage requirements for the ISCAS89 circuits
even if the default mapping method is used. The test

generation time for the default scan chain configura-
tion 1is also quite small. Though this may not be the
case for every full scan embedded core, if the default
mapping method provides a satisfactory test applic-
ation time reduction, this avoids the design time for
using the heuristic optimal mapping technique. These
results also show that for some embedded cores the
layout information can be used to configure the scan
chains to reduce the routing overhead of the PSFS tech-
nique without sacrificing the advantage of reduced test
application time.

The results also show that the PSFS technique us-
ing the heuristic optimal mapping method significantly
reduces the test application time and the test storage
requirements for full scan cores. For the ISCAS89 cir-
cuits, the total test application time is reduced by 82%,
and the total test data is reduced by 67%. The res-
ults show that the heuristic optimal mapping technique
is more effective than the default mapping technique.
The design time for computing the optimal scan chain



Test Application Time Test Data
PSFES with PSFES with PSFES with PSFES with
Full Scan Default Scan Chain Optimal Scan Chain Full Scan Default Scan Chain Optimal Scan Chain
Test Test Percent Test Percent Test Data Test Data Percent Test Data Percent
Core Cycles Cycles | Reduction || Cycles | Reduction (bits) (bits) Reduction (bits) Reduction
5378 20159 9349 54 % 6724 67% 49062 31384 36% 28342 42%
59234 33919 19036 44% 9893 1% 79023 54936 31% 34882 56%
513207 151442 93815 38% 12609 92% 351640 244114 31% 82546 77%
s15850 67944 19816 1% 11832 83% 163170 78510 52% 76030 53%
35932 29392 5233 2% 3598 83% 60976 17701 1% 9136 85%
38417 163699 88927 46% 48840 70% 337194 218824 35% 129732 62%
38584 195498 88747 55% 25864 87% 434384 255686 41% 129580 70%

Table 4: Comparison of Performance Results

configuration and the test generation time for this con-
figuration is also very small.

The effectiveness of the PSFS technique for a core
depends on the existence of the compatible flip-flops
in that core. Even though the PSFS technique is very
effective for the ISCAS89 circuits, if the flip-flops of a
full scan core is highly incompatible, then it may not
be very effective for reducing the test application time
for that full scan core.

The results also showed that for some of the cir-
cuits parallel vectors alone achieved 100% fault cover-
age and the MISR did not cause any aliasing. Since
no serial vectors are needed for these circuits, there
is no need to preserve the single serial scan structure
using the extra multiplexers and the control structure.
Therefore, the PSFS technique incurs a much smaller
hardware overhead for these circuits.

6 Conclusions

We proposed a new DFT technique, Parallel Serial
Full Scan (PSFS), for reducing the test application
time for full scan embedded cores without using any
additional test access pins other than the ones used for
the full scan technique. The experimental results for
the ISCASS89 circuits showed that this technique signi-
ficantly reduces both the test application time and the
amount of test data for full scan embedded cores.
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