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Test set embedding built-in self test (BIST) schemes are a class of pseudorandom BIST techniques where the test set is embedded
into the sequence generated by the BIST pattern generator, and they displace common pseudorandom schemes in cases where
reverse-order simulation cannot be applied. Single-seed embedding schemes embed the test set into a single sequence and demand
extremely small hardware overhead since no additional control or memory to reconfigure the test pattern generator is required.
The challenge in this class of schemes is to choose the best pattern generator among various candidate configurations. This, in
turn, calls for a need to evaluate the location of each test pattern in the sequence as fast as possible, in order to try as many
candidate configurations as possible for the test pattern generator. This problem is known as the test vector-embedding problem.
In this paper we present a novel solution to the test vector-embedding problem for sequences generated by accumulators. The time
overhead of the solution is of the order O(1). The applicability of the presented method for embedding test sets for the testing
of real-world circuits is investigated through experimental results in some well-known benchmarks; comparisons with previously
proposed schemes indicate that comparable test lengths are achieved, while the time required for the calculations is accelerated by
more than 30 times.
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1. INTRODUCTION

The problem of testing VLSI chips is becoming more and
more time- and memory-consuming. For the testing of the
chips fabricated today, complicated testing scenarios are ap-
plied, which incorporate both external testers and on-chip
resources. The latter fall into the category of built-in self-test
(BIST) techniques that provide for test pattern generation
and response verification operations on chip [1].

BIST pattern generators apply the test vectors to the in-
puts of the circuit under test. The effectiveness of a BIST pat-
tern generator is judged by the hardware overhead imposed
on the circuit, the length of the applied test sequence, and the
impact on the timing parameters of the circuit. In pseudo-
random BIST schemes [2], either easily synthesizable mod-
ules (i.e., modules that can be easily implemented by altering
existing registers, such as linear feedback shift registers or cel-
lular automata [3]) or modules that already exist into VLSI
chips (e.g., counters or accumulators [4]) are utilized for the
generation of test patterns.

With pseudorandom BIST, both the hardware overhead
and the impact on the circuit timing parameters are kept low.
In order to reduce the length of the pseudorandom sequence,
test vector embedding [5, 6] has been proposed. With test
vector embedding, a precomputed (deterministic) test set is
embedded into a sequence generated by a pseudorandom
generator. In this way, the number of the applied pseudo-
random patterns is decreased, without affecting the hardware
or the impact on the timing parameters; furthermore, such
schemes apply when reverse-order simulation [7] cannot be
applied. In test vector embedding schemes, an embedding
algorithm [5] is used. An embedding algorithm calculates
the location (L) of a vector (V) in a sequence generated by
the generator that starts from a specific value. Thus, L is the
number of cycles that the generator module needs to operate
until V appears at its outputs.

Embedding test vectors into sequences generated by
hardware modules has been the goal of various researchers.
For example, Lempel et al. [5] presented an algorithm for
embedding test vectors into sequences generated by LFSRs,
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Figure 1: Typical DSP core.

utilizing results of the theory of discrete logarithms, based on
the results of [8, 9] in time proportional to O(2n), where n is
the number of stages of the LFSRs. Kagaris and Tragoudas
[10, 18] have presented results on embedding test vectors
into counter-based sequences by using permutation and
complementation operations on the counter outputs.

Current VLSI chips (implementing data paths or digi-
tal signal processors) commonly contain accumulators (see
Figure 1); thereby, the utilization of such modules for the
generation of test patterns or verification of responses of a
circuit under test has no impact on the circuit timing param-
eters. For example, in [12] a response compaction scheme
based on accumulators is presented for the testing of RAM
modules. In [13], a scheme was presented that generates
weighted patterns, that is, patterns where the probability
of an output is different from 0.5 (purely pseudorandom
vectors) based on a properly modified accumulator mod-
ule. The pseudorandom nature of accumulator-generated
sequences has been studied in [4]. Dorsch and Wunder-
lich [6] presented a test vector embedding approach uti-
lizing accumulators and results of the theory on reduced-
order binary decision diagrams [9]. Independently, Stroele
and Meyer [7] explored methods to reduce test applica-
tion time for accumulator-based self-test by skipping test
patterns and utilizing reverse-order simulation. Recently,
Manich et al. [14, 15] further advanced the field by pre-
senting a scheme that minimizes memory requirements for
storing the seeds and addends that feed the accumulator in-
puts. Their scheme is based on the observation that by us-
ing as addends the test patterns extracted from an auto-
matic test pattern generator tool, the fault coverage is in-
creased.

The above-mentioned schemes [6, 7, 14, 15] are based
on the utilization of multiple seeds, where the accumulator
is loaded with different values during the test phases and dif-
ferent addends feed the accumulator inputs. Therefore, they
share the common need to store the accumulator addends
and seeds, as well as additional control to handle the BIST
operations. However, the requirement for additional mem-
ory and control for BIST purposes cannot always be met.
In certain low-budget applications, the BIST hardware over-
head needs to be as simple as possible. In these cases, single-
seed solutions, where the test pattern generator is initialized
and left to operate for a predetermined number of cycles until
all faults under question are detected, may be a preferable so-
lution. The cornerstone of such schemes is their test set em-
bedding algorithm. However, the problem of embedding test
patterns into hardware-generated sequences has been typi-
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Figure 2: Accumulator fed by the pattern “1001” during BIST.

cally considered to be of exponential complexity (see, e.g.,
[5]).

In a recent work [11], a solution to the problem of em-
bedding a test pattern into an accumulator-generated se-
quence was presented, which depends on the number of the
stages of the accumulator; that is, it is of the order O(n).
However, when a test set of T vectors has to be embedded,
the complexity becomes O(n× T).

Nikolos et al. [16] exploited ideas of the number theory
[17] in order to speed up the calculation of the locations of
the test patterns of the test set. More precisely, they found a
way to speed up the calculation from O(n× T) to O(n + T);
therefore, the time required to calculate the locations of all
the patterns of the test set is reduced by a factor that ranges
from 16 to 29 times compared to [11].

The hardware overhead of single-seed accumulator-
based BIST schemes is extremely low, since the need for
storage is eliminated; for example, the module presented in
Figure 1 can be easily configured in such way that the inputs
of the accumulator are driven by the outputs of a register of
the register file. Hence, the hardware overhead is minimal,
compared even to LFSR-based schemes, where the hardware
overhead is n two-way multiplexers (n is the width of the
LFSR). In Figure 2, the configuration of a 4-stage accumula-
tor that accumulates the pattern 1001 is presented. The reg-
ister A (one of the registers of the register file of Figure 1) is
set to the 1001 value.

Another advantage of the schemes in [11, 16] is that no
additional reordering of the inputs is required, as has been
proposed by other schemes (see, e.g., [10, 18]); therefore, the
data path does not have to be reconfigured during the BIST
operations.

In this paper, we present a novel solution to the prob-
lem of embedding test patterns into accumulator-generated
sequences; more precisely, we prove that the location of a
pattern V in the sequence generated by an n-stage accumu-
lator containing one’s complement adder that accumulates
the pattern B = 2b, where b is an integer, can be calcu-
lated by a simple formula; hence the embedding algorithm
is of the order O(1). To the best of our knowledge, this
is the only result on embedding test vectors of the order
O(1) presented in the literature. Comparisons with previous
single-seed accumulator-based schemes [11, 16] indicate that
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significant reduction is achieved in the calculation time to
embed the test set, while the length of the resulting sequence
is comparable.

The proposed scheme may be well incorporated into a
generic scheme for the testing of processor cores, since it can
be effectively utilized to test combinational parts of the core.
For example, as shown in Section 3.3, the testing of a specific
benchmark (c6288), which is a 16 × 16 array multiplier, can
be performed in realistically low time.

The paper is organized as follows. In Section 2, we
present the theory underlying the proposed scheme. In
Section 3, comparisons with previously proposed schemes
[11, 16] are performed. Finally, in Section 4, we conclude the
paper.

2. THEORITICAL BACKGROUND

In the sequel, N will represent an integer number that is, a
power of two, that is, N = 2n.The symbol b denotes an inte-
ger number less than n, that is, 0 ≤ b < n.¯B represents the
bth-power of 2, that is, B = 2b.

Definition 1. An (N − 1,B)-sequence is the sequence of vec-
tors (0,B, (2×B) mod (N−1), (3×B) mod (N−1), . . . ,((N−
1)× B) mod (N − 1)).

For example, the (7, 2)-sequence is (0, 2, 4, 6, 1, 3, 5, 7).
The (15, 4)-sequence is (0, 4, 8, 12, 1, 5, 9, 13, 2, 6, 10, 14, 3, 7,
11, 15).

It has been proved (see, e.g., [4]) that an accumula-
tor with one’s complement adder starting from a nonzero
value and accumulating a constant pattern B generates all
nonzero vectors if and only if B is mutually prime with
N − 1. Therefore, an (N − 1,B)-sequence as described in
Definition 1 generates all N − 1n-bit vectors since N − 1 and
2b are always prime. Indeed, the only numbers dividing 2b are
2, 22, 23, . . . , 2b−1.On the other hand,N−1 is an odd number
since N = 2n is even.

From Definition 1, an accumulator containing a carry-
rotate adder that accumulates a constant pattern B generates
an (N − 1,B)-sequence.

From the definition of the (N − 1,B)-sequence, it is evi-
dent that for every value of n there exist exactly n(N − 1,B)-
sequences, one for each number B = 2b, for 0 ≤ b < n. For
example, for n = 4, the four (15,B)-sequences are presented
in Table 1.

Definition 2. The location of a vector V in an (N − 1,B)-
sequence, denoted by L(N − 1,B,V), is the position of the
vector V in the (N − 1,B)-sequence starting from 0.

From Definition 2, L(N − 1,B,V) indicates when V will
be generated if the n-bit carry-rotate accumulator accumu-
lates the constant value B. Therefore, if L(N − 1,B,V) = L,
then B × L mod (N − 1) = V. For example, from Table 1,
it is easy to verify that L(15, 4, 1) = 4, while L(15, 8, 6) =
12.

Following Definitions 1 and 2, the problem of embed-
ding a vector V in a sequence generated by an n-stage ac-
cumulator fed by a constant pattern B is transformed into
calculating L(N − 1,B,V). The presented scheme is based
on Theorem 1. In the sequel, “mod” will be used to in-

int TEC(int N , int B, int V){
return

(
(V%B)∗(N divB) + (V divB)

)}
;

Algorithm 1: C-language routine implementing the presented
scheme.

dicate the remainder of the division of two integer num-
bers.

Theorem 1. If N = 2n and B = 2b, b < n, then

L(N − 1,B,V) = (V mod B)× (N/B) + (VdivB). (1)

Proof. It is enough to prove that
((

(V mod B)× 2n−b + (VdivB)
)× B) mod (N − 1) = V.

(2)

Indeed, since

(V mod B)× (N/B)× B + (VdivB)× B
= (V mod B)×N + (VdivB)× B,

(3)

from the definition of the mod and div operators V =
(VdivB) × B + (V mod B), and therefore (VdivB) × B =
V − (V mod B); thus (3) gives

(V mod B)×N + (VdivB)× B
= (V mod B)×N +V − (V mod B)

= (V mod B)× (N − 1) +V.

(4)

From this, we have

(((V mod B)× 2n−b + (VdivB))× B) mod (N − 1)

= ((V mod B)× (N − 1) +V) mod (N − 1) = V.
(5)

In Algorithm 1, the C function implementing the for-
mula (1) is presented.

Example 1. Suppose we want to utilize the results of
Theorem 1 in order to calculate the location of V = 01001 =
9 in the sequence generated by a 5-stage accumulator with
one’s complement adder accumulating the constant value
B = 01001 = 8. Since n = 5, we have N = 2n = 25 = 32
and N − 1 = 31,N/B = 4. Following (1), we can see that
L(N − 1,B,V) = L(31, 8, 9) is calculated by

L = ((9%8)× (32/8) + (9 div 8) = 1× 4 + 1 = 5. (6)

It is easy to see that (5 × 8) mod 31 = 9; therefore, L =
(31, 8, 9) = 5. Thus, V = 9 is expected at the 5th position in
the (31, 8)-sequence. From Table 5 of the appendix, we can
see that, indeed, this is the case.

Example 2. For n = 8, b = 5 (i.e., B = 25 = 32), and
V = 194, the L(N − 1,B,V) = L(255, 32, 194) is calcu-
lated as follows: L = ((194%32) × (256/32) + (194 div 32) =
2 × 8 + 6 = 22.

Indeed, it is easy to see that (22× 32)%255 = 194.
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Table 1: (15,B)-sequences.

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

(15, 1)-sequence =(0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15)

(15, 2)-sequence =(0 2 4 6 8 10 12 14 1 3 5 7 9 11 13 15)

(15, 4)-sequence =(0 4 8 12 1 5 9 13 2 6 10 14 3 7 11 15)

(15, 8)-sequence =(0 8 1 9 2 10 3 11 4 12 5 13 6 14 7 15)

Table 2: Execution times of serial and linear searches versus the
proposed O(1) time algorithm.

n Serial search O(2n) Linear search O(n) [11] Proposed O(1)

10 0.05” 0.02” 0.02”

12 0.44” 0.03” 0.03”

14 6.36” 0.13” 0.04”

16 1.5 min 0.42” 0.05”

18 25 min 1.39” 0.06”

20 6 h 6.71” 0.20”

22 12 d 26.39” 0.57”

24 243 d 2 min 2.06”

26 11 yrs 8 min 8.67”

28 235 yrs 33 min 24.56”

3. COMPARISONS

In this section, we will evaluate the proposed scheme in three
directions. At first, we will compare the proposed scheme to
serial- and linear-search algorithms with respect to the time
required to calculate the locations of all 2n patterns. This
first comparison is indicative of the speed of the algorithm.
Then, we will perform comparisons with the scheme pro-
posed in [11] for randomly generated test sets. The purpose
of this comparison is to investigate the effect of narrowing
the search space from 2n (in [11, 16]) to n (in the proposed
scheme). Finally, we will compare the proposed scheme for
test sets of real benchmarks, from the ISCAS’85 suite [19], in
order to investigate the applicability of the proposed scheme
in real-world circuits.

3.1. Comparisons with serial- and linear-search
algorithms

We implemented the serial-search algorithm that examines
the 2n− 1 test vectors until the target vector is found (this al-
gorithm operates in O (2n) time and is, therefore, representa-
tive of the exponential time algorithms) as well as the linear-
search algorithm [11], that is representative of the O(n)
time algorithms. The C-language routine we utilized for the
implementation of the serial-search algorithm is shown in
Algorithm 2. For the linear search, we utilized the algorithm
given in [11].

We run C-programs in order to find the locations of all
nonzero N − 1 = 2n − 1 vectors for a single seed (B) of the
accumulator (the computer used was Pentium III 933 MHz,
with 256 MB of RAM) for various values of n. The execution
times of the programs are presented in Table 2. For the cal-
culation of the time required by the serial search for values of

int serial-search(N , B, V)
{int V , N , B, L;

for (L = 1; L <= N − 1; L++)
if (L∗B% (N − 1) == V) return(L); }

Algorithm 2: Serial-search algorithm.

n ≥ 20, we simulated the time required to calculate the loca-
tions of a number of vectors 2i, for i < n, and then projected
these values to the total number of vectors..

From Table 2, it is evident that as the number of bits in-
creases, the time required by the exponential as well as the
linear-search algorithms may become impractical, whilst the
time required by the presented method remains interestingly
low.

3.2. Comparisons for randomly generated patterns

In order to validate the applicability of the presented al-
gorithm and the quality of the applied test sequence, we
performed simulations to embed sets of test patterns into
accumulator-generated sequences. Our aim was to choose a
“good” pair of numbers (B, S), where B is the constant value
accumulated and S is the initial value of the accumulator such
that the whole test set is generated in as few cycles as possi-
ble. We performed simulations utilizing random vectors gen-
erated by the random function of C for various values of the
CUT inputs.

We experimented with all n candidate values of the input
vector B. For every value of B, we kept Lmin and Lmax, that
is, the locations where the first and last vectors of the test set
were generated. We also calculated the distance as d = Lmax−
Lmin. Every time a value of B was found that generated the
test set within fewer cycles, that is, d < dmin,d was assigned
to dmin and the new values of B and dmin were stored. For the
calculation of the initial seed of the accumulator, denoted by
S, it is trivial to see that if the accumulator is initialized to
the starting value S calculated by S = (B × Lmin) mod N − 1.
and operates for dmin clock cycles, then the whole test set is
generated. Therefore, in the sequel, S is not stated explicitly
since it can be directly calculated from B and Lmin. Every time
a value of B was found that generated the test set within fewer
cycles, that is, d < dmin,d was assigned to dmin and the new
values of B and dmin were kept.

For each value of n (the CUT inputs), we performed
experiments for four values of T (the number of test vec-
tors in the test set), namely, 10, 20, 50, and 100. For each
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Table 3: Test set embedding into randomly generated test sets (average of three experiments).

n T dmin [11] dmin proposed Difference (%) E[d]

10

10 644 729 13,20% 745

20 765 829 8,37% 878

50 921 930 0,98% 964

100 944 985 4,34% 994

12

10 2 973 2 923 −1,68% 2 979

20 3 254 3 484 7,07% 3 511

50 3 453 3 725 7,88% 3 855

100 3 823 3 867 1,15% 3 974

14

10 11 428 9 456 −17,26% 11 916

20 12 225 13 003 6,36% 14 043

50 14 261 14 439 1,25% 15 420

100 15 497 15 612 0,74% 15 897

16

10 44 673 41 792 −6,45% 47 663

20 47 474 51 521 8,52% 56 174

50 58 957 60 488 2,60% 61 681

100 61 908 63 985 3,35% 63 589

18

10 184 884 162 783 −11,95% 190 650

20 202 934 204 156 0,60% 224 695

50 230 368 238 016 3,32% 246 724

100 243 760 251 555 3,20% 254 358

20

10 737 360 601 989 −18,36% 762 601

20 770 265 804 160 4,40% 898 779

50 915 790 982 506 7,29% 986 895

100 972 600 1 017 134 4,58% 1 017 430

22

10 3 011 089 2 317 584 −23,03% 3 050 403

20 3 340 134 2 649 779 −20,67% 3 595 118

50 3 787 780 3 953 723 4,38% 3 947 580

100 3 965 825 3 988 537 0,57% 4 069 721

24

10 10 435 133 9 920 759 −4,93% 12 201 612

20 12 462 717 14 217 794 14,08% 14 380 471

50 14 882 312 15 513 764 4,24% 15 790 321

100 15 475 737 16 194 611 4,65% 16 278 883

Average overhead = sum/32 0,39%

value, we performed three experiments. The average value of
these three experiments is presented in Table 3. In Table 3,
the first column presents the number of the inputs of the
CUT. The second column presents T , the number of (ran-
domly generated) vectors of the test set. The third column
presents the minimum distance dmin given by the scheme
in [11]. The fourth column presents the minimum dis-
tance for the proposed scheme. The fifth column presents
the % difference in dmin of the proposed scheme over the
one in [11]. The value of dmin is, in general, expected
to be higher than the one in [11], since in the proposed
work, we have a smaller solution space (n instead of 2n−1

in [11]). In the sixth column, the expected mean value of
d denoted by E[d] is presented; the mean value is statisti-
cally equal to E[d] = (T − 2)/(T − 1) × 2n. The last cell
of the table (rightmost cell of the last line) indicates the
average increase of dmin of the proposed scheme over
the scheme of [11]. This cell indicates an average

increase of 0.39%, that is, negligible. Therefore, we can con-
clude that the quality of the test sequence of the proposed
scheme (measured by the length of the sequence) is com-
parable to that of [11, 16]. Furthermore, by comparing the
values of the fourth and sixth columns, we can see that the
values of dmin given by the proposed scheme are smaller than
the expected mean value of d,E[d].

Next, we investigated the relationship of dmin with
dmax (the maximum value of d for each experiment). We
present the value of the ratio dmin/dmax for various val-
ues of n and T in Figure 3. From Figure 3, it is ex-
tracted that—as we expected—the smaller the value of
T , the better the performance of the embedding task,
since this gives lower values for the quantity dmin/dmax.
Furthermore, for small values of the number of pat-
terns (i.e., no. 10 and no. 20), we can see a trend for
decrease as the number of inputs of the test set in-
creases.
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Table 4: Simulation results for the ISCAS’85 circuits.

Crc No. of Inp No. of Vec
Test length

Diff %
[11] [16] Proposed

c499 41 51 1 642 559 798 913 1 633 341 388 679 1 841 099 032 209 ≈2 97

C432 36 45 52 907 549 189 ∗ 60 666 416 672 ≈14 66%

c880 60 53 1 103 035 270 379 361 210 1 103 035 270 379 361 210 1 048 857 218 160 706 800 ≈ −4 91%

c1355 41 86 1 881 067 490 587 1 875 129 180 656 2 047 414 822 299 ≈5 26

c1908 33 116 7 517 790 261 7 517 790 261 6 442 450 947 ≈ −14 99

c3540 50 145 981 672 975 771 693 953 512 009 096 806 1 083 104 061 625 293 ≈9 89

c6288 32 28 2 146 503 245 2 146 503 245 3 871 357 360 ≈54 46

Calculation time >10 min >20 s <0.7 s
∗

Not available in [16].
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Figure 3: dmin/dmax for various values of n and T.

3.3. Comparisons for benchmark circuits

In order to illustrate the applicability of the presented scheme
in real-world circuits, we applied our embedding algorithm
to test sets extracted by COMPACTEST [20] for the IS-
CAS’85 circuits [19]; the fault coverage achieved by the uti-
lized test patterns scales over 99% of the detectable single
stuck-at faults. The BIST community generally considers the
ISCAS’85 as good platforms for evaluating testing method-
ologies. Following the rationale of [10, 18], we have consid-
ered that the test set, once given, is not altered. This approach
is mostly favorable when embedded modules such as intellec-
tual property (IP) cores are utilized, whose inner structure is
not available to the test designer; in such cases, the test de-
signer utilizes test sets given by the designers of the modules
and cannot exploit techniques such as reverse-order simula-
tion (see, e.g., [7]).

The scheme in [11] introduced a linear-time algorithm
to calculate the location of a test pattern in a sequence gener-
ated by an accumulator that accumulates a constant pattern.
Nikolos et al. [16] proposed the use of the Diophantine equa-
tion in order to calculate the location of one of the test pat-
terns of the test set. For the remaining patterns, they utilized
a formula given in [17], eliminating the need to resolve the
Diophantine equation. Therefore, they achieved a reduction
of 16–29 times; that is, the time is reduced to 3.45% (in the
best case) of the time reported in [11].

In Table 4, we present comparison data for the three
schemes. In the first three columns, the circuit name, the
number of its inputs, and the number of vectors extracted
by COMPACTEST are presented. The fault coverage of these
patterns (for single stuck-at faults) is over 99%. In the fourth
column, the test length reported by [11, 16] is shown (the test
lengths of [11, 16] are similar, having a difference from 0% to
2.8%, i.e., negligible) and in the fifth column, the test length
of the proposed scheme is illustrated. In the sixth column,
the % difference of the test length is presented (the ≈ symbol
is used since the test lengths of [11, 16] are not exactly equal);
in the last row of the table, the calculation times of the three
schemes are presented. It is noted that the complexity of the
scheme presented in [11] is O(n×T), where T is the number
of patterns in the test set, the complexity of [16] is O(n + T),
and the complexity of the proposed scheme is O(1× T).

The results reveal that for almost all benchmarks, the
proposed scheme results in test sequence lengths that are
comparable to those reported in [11, 16]; in one case (c1908),
it even outperforms previous schemes. This result is some-
what “strange” since the space of solution of [11], which in-
cludes a much larger set of candidate values for the addend,
should give much better results with respect to the value of
dmin. However, this paradox may be deciphered as follows.
In the experiments conducted in [11], since the times were
prohibitively large, simulation was stopped after a predeter-
mined time limit, for example, 20 minutes. Therefore, al-
though better solutions might exist, they were not found. The
scheme proposed in this work, due to the extremely low time
required for the calculations, exhausts the solution space very
quickly.

As for the calculation time, the proposed scheme always
requires less than 0.7 seconds; that is, it is reduced by ≈850
times compared to the time of [11] (i.e., less than 0. 12%)
and ≈30 times compared to the scheme in [16].

It should be further noted that the proposed scheme
could be utilized in combination with the schemes proposed
in [11, 16] as follows. At first, a very quick (in orders of mil-
liseconds) test can be performed using the scheme proposed
here in order to investigate if an acceptable test length can
be achieved. If the test length given by the proposed scheme
is acceptable, then the procedure stops; if a shorter test se-
quence is required, then the schemes in [11, 16] can be uti-
lized and left to run for longer test time in order to try to
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Table 5

(a) (31, B)-sequences: steps 0–15.

Steps 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

(31, 1)-sequence 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

(31, 2)-sequence 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

(31, 4)-sequence 0 4 8 12 16 20 24 28 1 5 9 13 17 21 25 29

(31, 8)-sequence 0 8 16 24 1 9 17 25 2 10 18 26 3 11 19 27

(31, 16)-sequence 0 16 1 17 2 18 3 19 4 20 5 21 6 22 7 23

(b) (31,B)-sequences: steps 16–31.

Steps 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

(31, 1)-sequence 0 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

(31, 2)-sequence 0 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31

(31, 4)-sequence 0 6 10 14 18 22 26 30 3 7 11 15 19 23 27 31

(31, 8)-sequence 0 12 20 28 5 13 21 29 6 14 22 30 7 15 23 31

(31, 8)-sequence 0 24 9 25 10 26 11 27 12 28 13 29 14 30 15 31

find such a shorter sequence. Furthermore, if the achieved
test length is not acceptable, then we may resort to alternative
solutions like reseeding and multiple addends; such solutions
are the subject of ongoing research.

4. CONCLUSIONS

A novel solution has been presented to the problem of em-
bedding test vectors into sequences generated by accumula-
tors containing one’s complement adders. The presented so-
lution calculates the location of a pattern into the sequence
generated by a carry-rotate accumulator accumulating a con-
stant pattern B of the form B = 2b. The time complexity
of the presented algorithm is of the order O(1). To the best
of our knowledge, this is the first solution to the problem
of embedding patterns into hardware-generated sequences
of the order O(1) presented in the literature. Comparisons
with previous schemes based on exponentiall O(2n) and lin-
ear O(n) time algorithms reveal that the proposed scheme
results in comparable test lengths, in noticeably lower time.
For the examined ISCAS85 benchmark circuits, the reduc-
tion in time to embed the test set is 30 times lower than [16]
and 850 times lower than [11].

APPENDIX

SEE TABLE 5 (31,B)-SEQUENCES
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