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Abstract 
This paper addresses the problem of generating deterministic test patterns via a cost-efficient 
self-test circuitry. The proposed solution is based on primitive linear feedback shift registers 
(LFSR) and a mapping of their outputs on the inputs of the circuit under test. By construction, 
an exhaustive enumeration of all LFSR states ensures a complete stuck-at fault coverage. For 
the computation of the mapping function two approaches will be discussed that are based on an 
tuned ATPG algorithm or alternatively on a given deterministic test pattern set. Experimental 
data with over 30 benchmark circuits underline the efficiency of these approaches; with only a 
few exceptions a LFSR of length 20 is sufficient to guarantee complete fault coverage. 
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1 INTRODUCTION 

In the field of microelectronic CAD the technology push has a strong impact on future testing 
strategies. With the increasing number of transistors per area unit, in sub-micron technologies, 
clock frequencies are expected to increase greatly, and simultaneously the wiring delays will 
have a growing influence on critical path delays. These developments require cost intensive test 
equipment which handle high speed circuits with an increasing number of external 1/0s, or the 
usage of innovative self-test techniques, which are the focus of this paper. 

Various self-test techniques have been proposed to reduce the costs of a VLSI production 
test. An essential task of all these techniques is to specify hardware for test pattern generation 
that ensures the required fault coverage is achieved at a low cost. For this purpose, in the past, 
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several approaches have been pre-sented tuned on (weighted) random test (e.g., (Waicukauski, 
1988), (Wunderlich, 1988)), deterministic test (e.g., (Dlihn, 1983), (Kunzmann, 1994)) or 
pseudo-exhaustive patterns (e.g., (McCluskey, 1981), (McCluskey, 1984)). Using linear 
feedback shift registers (LFSR) both conventional and optimized random test patterns can be 
generated very inexpensively, but the necessary number of test vectors and thus the test 
application time can grow quickly and prevent its application. Another option, self-test 
techniques with deterministic test patterns require only a few test patterns. Therefore, the test 
application time is not critical, but the resulting test hardware effort remains very cost intensive 
in general. The application of pseudo-exhaustive test techniques requires that each output 
depends on a restricted number of inputs to enable the realization of cost-efficient test hardware 
typically by counters or LFSRs. The enumeration of all input combinations covers almost all 
combinational faults including all detectable stuck-at faults, and this kind of test pattern 
enumeration makes an explicit ATPG algorithm overflow. The main disadvantage of pseudo
exhaustive testing is that, in general, the number of influencing inputs has to be limited by 
adding specific design-for-testability hardware (e.g., (McCluskey, 1981), (Wunderlich, 
1988)). The required segmentation yields increased production costs, and several additional test 
sessions may be necessary. 

While for the test response analysis a LFSR is assumed, the main focus of this paper will be 
on the development of cost-efficient test generation hardware. The basic idea of the proposed 
approach can be characterized by the following question: How can a LFSR of minimal width, 
including a mapping of its outputs to one or more inputs of the circuit being tested, be computed 
such that an exhaustive enumeration of all test patterns does not exceed the available test 
application time while ensuring a complete fault coverage ? 

One answer is based on an extended A TPG algorithm which decides which inputs can 
always be stimulated by the same value. Obviously, these groups of inputs can be stimulated by 
a common LFSR output. Experimental results show that the achievable low widths of the 
required LFSR or counter enable the enumeration of all test patterns, and thus a low-cost self
test solution can be realized. Besides the ATPG based option, a static approach will also be 
discussed. Based on a deterministic test pattern set and with greatly reduced CPU-time 
requirements this alternative approach does not demand any modifications of the ATPG 
algorithm, and provides satisfactory solutions. 

The paper is organized as follows: in Section 2, a motivation will be given as to why purely 
considering the circuit structure has some limitations, which can be overcome, however, if 
functional information is also considered. Then, two basic approaches will describe how 
functional independent input pairs and groups can be identified. In Section 4, the basic self-test 
hardware structure is described. Finally, some experimental data will be given to show the 
efficiency of the self-test hardware. 

2 MOTIVATION AND BASIC DEFINITIONS 

The following two definitions are helpful to describe the state-of-the art technology which uses 
structural dependencies to reduce the number of inputs that have to be exhaustively enumerated: 

Definition 1: Dependence Matrix 
For a given circuit N with n primary inputs and m primary outputs the dependence matrix 
D(N) has n columns and m rows. An entry is set to"*", if and only if the corresponding 
input influences the corresponding output. Otherwise, there is no entry value. 
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Definition 2: Structural Independence 
An input pair (i,k) is said to be structurally independent if the corresponding dependence 
matrix contains no row with an entry "*" in both columns i and k. 

Figure I shows the dependence matrix of a sample circuit with five symbolic logic gates. As 
indicated by the depicted 4-bit counter, two input pairs can be set to the same value due to the 
structural independence. In this case, instead of 64 test vectors, the enumeration of 16 patterns 
is sufficient. 

123456 

1: {7) **** 
2:{8) **** 

(a) (b) 

Figure 1 (a) Structural independencies for a sample circuit and (b) the corresponding 
dependence matrix. 

In order to increase the number of compatible input pairs, thereby reducing the number of test 
patterns, the following two case studies will show how functional circuit information can be 
used for further optimizations. 

In Figure 2, a small sample circuit consisting of three logic gates is shown. According to the 
criteria described above and depicted in Figure 2(a),the initial circuit specification shows no 
stmctural independence that would allow the connection of an input pair. But presuming the 
stuck-at fault model, the propused input combinations in Figures 2(b) and 2(c) obviously allow 
all faults lo be detected. This statement can easily be verified by enumerating all possible eight 
and four input combinations, respectively. 'fhe resulting gate assignments ensure that aU stuck
at faults can be both stimulated and propagated to the primary input. In this example, instead of 
16 test patterns only four test patterns are needed to guar.mtee complete stuck-at fault coverage. 

Figure 2 Input combinations due to functional independencies. 
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A second observation to motivate the development of a new test method is based on a partly un
specified deterministic test pattern set. In Figure 3(a), the dependence matrix of the benchmark 
circuit c 17 is given, and the second primary output is influenced by all four primary inputs. 
Therefore, no structure-based simplifications are possible. In Figure 3(b) a test set is given, 
which has been generated by the automatic test pattern generator (ATPG) SPROUT9v 
(Kunzmann, 1990) with the specific option of preserving partly unspecified patterns. If both 
unspecified values of the last given test pattern are both set to the same logical value, then the 
first and last bit position of all test vectors are equal. In this case these two inputs can be 
substituted with a single common input. The original fault coverage is guaranteed due to this 
procedure, and the necessary number of test patterns can be cut in half. 

1: (8) 
2: ( 9) 

1234 
*** 
**** 

(a) 

1234 
1: 0110 
2 : Ox10 
3: 1001 
4: 1011 
5: 1111 
6: xOlx 

(b) 

Figure 3 (a) Dependence matrix and (b) test vector set of benchmark circuit cl7. 

3 BASIC APPROACH 

In the following subsections two basic approaches will be discussed in order to determine the 
described functional independencies. The first approach uses a tuned A TPG algorithm in order 
to decide whether the selected input pair is functionally independent. The alternative second 
approach is based on a given set of deterministic test patterns with partly unspecified values 
which increase the chance of combining input pairs. 

3.1 A TPG based approach 

The principal observations and situations described above prove the existence of functional 
independencies. A general rule and simultaneously an essential boundary condition for 
identifying these independencies is to guarantee the original fault coverage. Therefore, pairs of 
inputs can only be combined if it is sure that the fault coverage will not be reduced. 

Based on these assumptions the definition of functional independence can be formulated as 
follows: 

Definition 3: Functional Independence 
Let FC denote the target fault coverage of the circuit being tested. An input pair (i,k) is said 
to be functionally independent if a set of test patterns TP can be found that fulfills the 
following two requirements 

(R I) There exists no test pattern p with vp(i);t:vp(k) { vp(i) denotes the value of pattern p 
at bit position j, pe TP} . 

(R2) Fault simulation with pattern set TP yields the target fault coverage FC. 
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This definition emphasizes the fact that the boundary condition for the input minimization 
procedure is the achievable fault coverage, i.e. the number of detectable faults as the result of a 
conventional deterministic test pattern generation. Consequently, the number of redundant faults 
must not increase. Also, no restriction on the basic fault is made. It should be stated, that by 
definition structural independencies are also functional independencies, since the fault coverage 
is not decreased if no common output can be influenced. 

It should also be noted that in (McCluskey, 1984), besides the structure dependence, the so
called "functional dependence" is introduced. But here, an output is functionally dependent on 
an input w, if the output function f strictly requires the input variable w. According to this 
definition, functional independence means that w can be set to the constant value of 0 or 1 
without changing the output function and therefore, the corresponding input fault is not 
detectable. This redundancy also enables the combination of this input with any other input 
without changing the correct output function. Unfortunately, the efficiency of using functional 
dependence is not satisfactory, as already expected in (McCluskey, 1984): in the over 30 
analyzed benchmark circuits no functionally independent input could be found. 

The following description for computing functional independencies is based the A TPG 
algorithm SPROUT9v (an enumeration algorithm similar to FAN and SOCRATES) which is 
extended to offer some specific features for CPU-time reduction. Here the stuck-at fault model 
is presumed. 

In the beginning, the basic fault coverage including aborted and redundant faults has to be 
determined. Inputs can only be combined if the original fault coverage is achieved, i.e. no 
additional aborted or redundant faults may occur. Therefore, the target fault sets will contain the 
complete set of detectable faults. 

Basically, the ATPG algorithm has to be executed with all possible combinations of input 
pairs to reach the described goal. But due to the quadratic increase with the number of inputs 
this procedure would result in excessive computation times. Therefore, several strategies were 
developed and implemented to reduce the necessary computation time. These strategies include 

• Initial computation of structure-based independencies 
The computation of functional independencies is always performed after the determination of 
structure-based input combinations to reduce the effective number of inputs that have to be 
enumerated. 

• Ordering of the fault sets 
Only faults have to be examined that can be influenced by connecting the input pair currently 
under consideration. 

• Stopping of test generation when an aborted or undetectable fault occurs 
Assuming a fault set that has to be completely covered, the ATPG algorithm can stop as 
soon as at least one single aborted fault (e.g., due to a given maximum number of 
backtrackings) or fault is classified as undetectable. In all these cases, further computations 
can be suppressed. This feature requires the modification of the A TPG algorithm. 

• Fault simulation with adapted deterministic test pattern sets 
A further reduction can be achieved if previously .computed test sets are used for fault 
simulation. This requires a modification of these test sets, such that the values of input pairs 
currently under evaluation are equal. All test vectors that do not fulfil this requirement have 
to be doubled: the corresponding bit positions of the first vector are set to "0", in the second 
vector these values will be replaced by" 1" (see Figure 4). This strategy can either be realized 
by an extra conversion program or integrated into the A TPG algorithm. 



382 Part Founeen Test 

01010 ~ 0 0010 
10101~ 11010 
00111............._"' 11101 

.............. 0 0101 
00111 

Figure 4 Test set adaptation, assuming a coupling of inputs 1 & 2. 

The new concept for a method of computing input pairs that are compatible due to functional 
dependencies, is given in the following figure. 
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Figure 5 Computation of functional independence. 
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According to the given definition of functional independence, the procedure starts with a 

conventional deterministic test pattern generation to compute the basic fault sets and the test 
pattern set for the subsequent phases. For all possible input combinations, the test patterns 
which are used for fault simulation must be adapted to speed up the ATPG process. If no 
aborted or additional redundant faults occur, the ATPG phase was successful and the current 
input pair can be combined. For circuits with n primary inputs, n*(n-1)/2 iterations are 
necessary to enumerate all possible input combinations. But fortunately, in practice this does 
not result in an n*(n-1)/2 times increased computation time compared with a conventional 
ATPG. Due to both the test pattern adaptation and the abort criteria it turned out that this factor 
is on average 2.9. Assuming that first structure dependencies are determined, mid-sized circuits 
(e.g., all circuits listed in the result table) can be treated within a 5 hour CPU-time limit. 
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3.2 Test pattern based approach 

Besides the described A TPG based input grouping algorithm, a static method has also been 
developed based on a fixed set of detenninistic test patterns which guarantees complete fault 
coverage. This approach only requires the results of a conventional ATPG tool, and there are no 
modifications mandatory, as described in the previous section. The possible input groupings are 
derived from the test pattern set by examining functional coherencies between any pair of bit 
positions for all patterns. These coherencies will represent structural or functional inde
pendencies of the circuit inputs. 

Since unspecified test patterns increase the probability of detection of coherencies, the ATPG 
tool should be able to generate partially detennined test patterns, i.e. bit positions are set to a 
fixed value only if this is a necessary condition for detecting the fault. These Don't Care (DC) 
values can be associated with an arbitrary value to enable an input grouping. 

In this test pattern based approach the above given definition of functional independence is 
extended to also admit Boolean functions with several inputs, besides the trivial setting of 
inputs to the same value. The definition of this extension is tuned on the given pattern set and 
will allow further reductions of the effective test pattern width. 

Definition 3.1 Generalized functional independence 
Let TP be a deterministic test pattern set of width w. A bit position k (k:S;w) is called 
"functionally independent" from a set of bit positions BP (k E BP), if there exists a Boolean 
function f with IBPI inputs that are compatible to all pattern specific input values of BP and to 
the given value of output k. 

With each selected input set that allows the definition of a compatible Boolean function, one 
input can be eliminated by adding the corresponding logic gates. Furthermore, with each 
eliminated input the test pattern set has to be checked for adaptation: according to the Boolean 
function both forward and backward implications that are typically used in ATPG algorithms, 
have to be executed. In case of executable implications, DC values are set to the forced value. 
With a decreasing number of DCs the probability of finding new input groupings is also 
decreased. Therefore, the proposed approach follows the goal of first grouping those inputs 
which will preserve the maximum number of DCs (Greedy Algorithm). Figure 6 shows the 
basic effect of this selection strategy; while in the upper branch by combining input 2 and 3, the 
effective input number can only be reduced to three. The preferred alternative solution requires 
only two effective inputs since two input pairs can be grouped. 

01 01 
1010 7 0 011 

01x1 1011 
10x0 
Ox11 '-......... 01x1 
1011 1&~10x0 

0111 
1011 

0111 
3&4 100 0 

... 0111 
1011 

Figure 6 Effect of alternative input groupings. 



384 Part Fourteen Test 

To reach the goal of preserving a large number of DCs the selection strategy is followed to 
group n inputs only if n-1 inputs can not be grouped. The following two advantages can be 
observed: 

I. The number of bit positions and thereby the relevant number of DCs is kept as small as 
possible. Therefore, the probability of eliminating DCs decreases. 
2. With growing input number the computational complexity increases. Therefore, pre
ferring input groupings with fewer inputs results in a significant gain in computation time. 

Groupable inputs are found by enumerating all possible input combinations and selecting the 
most cost-effective solution. To reduce the required computation time, we used the heuristic to 
sort the inputs of an increasing number of DCs. In this case, input groupings with a small DC 
number are analyzed first, and the number of DCs that are forced to take a fixed value is 
decreased. 

Another method of reducing the required computation time is to sort the given test pattern 
set. Once a combination of an input k and a set of inputs BP is selected, a Boolean function f 
must be determined such that k = f(BP). Therefore, each test pattern is tested until there is either 
a contradiction with respect to the selected function for all test patterns have already been 
considered. In the latter case the inputs can be grouped, otherwise a new input combination has 
to be considered until all combinations have been enumerated. Obviously, it is desirable to 
detect contradictions as soon as possible. Since with an increasing number of DCs the 
probability of contradictions decreases, the pattern set is sorted by an increasing DC number. 

There exist several strategies to further decrease the resulting test pattern width, e.g. by 
ignoring test patterns which cause contradictions in finding a permissible Boolean function and 
thereby reducing the initial fault coverage, or by trying to substitute an "incompatible" test 
pattern with an alternative one. Both optimization strategies are currently under development. 

4 SELF TEST HARDWARE 

In a direct comparison with conventional pseudo-exhaustive test techniques, the proposed 
approach uses a very similar self-test hardware structure. Moreover, since only a single test 
session is required, the core of the self-test hardware can be based on one counter of the 
appropriate length. 

The test hardware structure of an external self-test is depicted in Figure 7, where the test 
pattern generator feeds in both the indicated scan path and the primary inputs of the circuit being 
tested. To distinguish between test and system mode, each primary input and most flipflop 
outputs have to be multiplexed, controlled by the given test mode signal. As shown in Figure 7, 
all grouped inputs that can be stimulated with the same values (groups A and B with 3 and 2 
inputs, respectively), and only one flipflop per group has to be set to the target value. 
Therefore, the indicated scan path includes only two flipflops instead of five. This procedure 
helps to reduce the test hardware overhead by a shortened scan length and to shorten the test 
application time. The test responses can be analyzed by a conventional feedback shift register of 
appropriate width. 
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The described procedure has been evaluated by the ISCAS benchmark circuits((Brglez, 1985), 
(Brglez, 1989)). For the analyzed sequential circuits, a complete scan design is presumed. All 
experiments use the results of the ATPG tool SPROUT9v, where the stuck-at fault model is 
presumed (Kunzmann, 1990). 

The following table shows the initial number of primary inputs and the resulting number of 
relevant inputs, if structural and functional independencies are identified and the corresponding 
input pairs are replaced by common inputs. This is indicated by the two phases (A) and, based 
on these interim results, phase (B). Due to the large number of inputs resulting from phase (A), 
additional random patterns have been applied to circuit c7552 before computing functional 
independencies. 

Assuming an upper limit of 20 inputs that can be exhaustively enumerated, only two 
benchmark circuits c2670 and s838 exceed this limit (bold text) when using the ATPG based 
approach. For all other 30 circuits, a pseudo-exhaustive test can be performed with less than or 
equal to 220 test vectors. In all cases the number of relevant inputs can be significantly 
decreased. As depicted in Table I, the resulting total number of compatible inputs due to 
functional independencies is 714. Since this number expresses additional input combinations, 
the relative increase compared with only using structural circuit information exceeds 150%. 

By construction, the original fault coverage is kept unchanged, no test hardware is necessary 
and a single test session is sufficient, since all primary outputs can be tested simultaneously. 
Assuming that all structural dependencies are computed first, the overall CPU-time could be 
kept below 5 hours for each analyzed circuit (SUN Spare 2). 



386 Part Fourtun Test 

Table 1 Experimental results for the A TPG and test pattern based approach 

ATPGBased Test Pattern Based 
(A~ Structural Level (B~ Functional Level Boolean Function with 

Circuit Primary Indep. Relevant Indep. Relevant n E { 1,2,3,4} 
Ineuts Ineuts Ineuts ineuts Ineuts n=l n=2 n=3 n=4 

c432 36 0 36 23 13 16 15 14 13 
c499 41 0 41 32 9 41 34 33 32 
c880 60 15 45 26 19 27 22 19 18 
c13SS 41 0 41 31 10 41 35 33 33 
c1908 33 0 33 19 14 31 31 28 25 
c2670* 233 111 122 98 24 41 39 37 27 
c3540 50 0 50 32 18 29 27 26 23 
c531S 178 109 69 54 15 32 25 24 23 
c6288 32 0 32 26 6 32 30 28 25 
c7SS2* 207 13 194 179 15 65 59 57 49 
s27 7 1 6 3 3 4 4 3 3 
s208 19 I 18 6 12 11 10 8 8 
s298 17 9 8 1 7 7 7 6 6 
s344 24 11 13 5 8 9 8 7 7 
s349 24 11 13 7 6 9 8 7 7 
s382 24 10 14 6 8 9 8 7 7 
s386 13 1 12 1 11 11 10 10 10 
s420 35 1 34 14 20 24 15 12 11 
s444 24 10 14 5 9 10 8 8 7 
s510 25 5 20 10 10 9 8 8 8 
s526 24 10 14 2 12 14 13 13 13 
s641 54 27 27 8 19 17 12 11 10 
s713 54 27 27 10 17 17 12 11 10 
s820 23 2 21 8 13 13 12 12 11 
s832 23 2 21 8 13 13 12 12 12 
s838* 67 1 66 34 32 so 25 21 19 
s953 45 26 19 3 16 16 15 13 12 
s1196 32 9 23 6 17 17 15 14 14 
s1238 32 9 23 8 15 17 15 14 14 
s1423 91 31 60 45 15 34 22 19 19 
s1488 14 0 14 2 12 13 11 10 10 
s1494 14 0 14 2 12 13 11 10 10 
TOTAL 1596 452 1144 714 430 692 578 535 496 

* additional application of I 0,000 random test patterns l!!lfm:l: computing compatible inputs 

In Table 1 the last four columns represent the results of the pattern based approach that requires 
an average CPU-time of about one tenth of the ATPG based method. These columns 
correspond to an optional realization of Boolean functions with between I and 4 inputs and 
contain the effective number of inputs, i.e. the necessary LFSR or counter width. While the 
results for the s-benchmark circuits are very positive , even if the input number of the Boolean 
functions is restricted to one or two, for only two c-benchmark circuits the relevant input 
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number could be reduced to 20. This is mainly due to the fixed initial deterministic test pattern 
set. But the achieved effective input numbers emphasize that with relatively low CPU-time 
effort a substantial reduction can be obtained. Therefore, it is planned to use these results, 
where necessary, as an interim solution for the ATPG based approach, to reduce the overall 
CPU-time requirements. A more detailed discussion of the experimental results with respect to 
the test pattern based approach can be found in (Kriebel, 1994). 

CONCLUSIONS 

A new self-test approach was presented that uses a conventional LFSR or alternatively a 
counter for the test pattern generation. This technique requires a mapping of the LFSR outputs 
to the circuit inputs, where, in general, one output is connected with several circuit inputs. 
While classic methods in the field of pseudo-exhaustive test use only structural information to 
find adequate input groupings, in this paper functional independencies were also introduced. 
For the computation of functional independent input pairs or groups, both an ATPG and a test 
pattern based approach were presented. While the first method uses an extended A TPG 
algorithm to verify the compatibility of a selected input pair, the second is purely based on a 
given set of deterministic test patterns without requiring any changes to the ATPG algorithm 
and, as a further advantage distinctly reducing the CPU-time. The pattern based approach also 
offers the option of including dependencies of more than one input by introducing the ability to 
determine compatible Boolean functions. 

Based on the selected stuck-at fault model, experimental data show that the proposed 
grouping of both structural and functionally independent input pairs is highly efficient in 
minimizing the necessary LFSR width. With a reasonable CPU-time, the required LFSR width 
can be reduced to under 21 for almost all benchmark circuits, which ensures an affordable test 
application time at very low self-test hardware overhead and additional production cost. 
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