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Abstract 
A novel test pattern generator for Built-In Self-Test 
technique of testable combinational circuits is proposed. 
The presented solution is based on a hybrid testing 
reconfigurable test pattern generator, that uses a shift 
register reacted through two different networks: it firstly 
reproduces a pseudo-random sequence of test patterns using 
a linear feedback combinational network and then 
reproduces deterministic precalculated test patterns, useful 
to detect hard faults, using a non-linear feedback 
combinational network. 
For the proposed approach, a synthesis tool (based on state 
space heuristic search and the "selfish gene" genetic 
algorithm) able to determine test pattern generator for a 
given test set, is also proposed. Experiments to evaluate 
synthesis time and the test sequence length are conducted 
on well-known ISCAS'85 circuits. Comparison with 
previous techniques shows the effectiveness of proposed 
solution. 

1. INTRODUCTION 
Testing an electronic system aims at detecting faults 
introduced during the manufacturing process [ 11. The test is 
usually performed by applying a test set, composed of test 
vectors, generated by an Automatic Test Pattern Generator 
(ATPG), to the Unit Under Test (UUT) and checking its 
response to the expected one. 
In a Built-In Self Test (BIST) technique, the generation and 
application of test vectors, as well as the resulting output 
analysis, are embedded in the system. Basic BIST scheme 
is shown in Fig. 1 .  Four blocks are added to the UUT: the 
Test Pattern Generator (TPG) generates the test patterns to 
be applied to the UUT, the Output Response Analyzer 
(ORA) compares the UUT response to the expected one 
and generates the GoodFaulty signal; a multiplexer 
switches UUT inputs from the Primary Inputs (PI) to the 
internal TPG generated ones; the BIST Controller, 
activated in test mode through the external NormaUTest 
input, manages the whole system. Key issue in BIST design 
are better Test Pattern Generators (TPG) and the reduction 
in test overhead. 
So far, most solutions for embedded TPG are based on the 
autonomous Linear Feedback Shift Register (LFSR). These 
structures can be exploited as exhaustive generators, 
pseudo-random generators [ 1-51, and to reproduce 
deterministic sequences of test patterns [1,3,4]. Linearity of 
LFSR, whose reaction net is composed by only XOR gates, 
simplifies synthesis phase, so TPG design is brought back 
to the design of finite state system. 
The study of shift registers reacted by a non linear 
(NLFSR) net for deterministic TPG, has been prevented by 
the difficult research of effective synthesis procedures [6].  
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Fig.1: The BIST approach 

In this paper a novel TPG, named Hybrid TPG in the 
following, for Built-In Self-Test of testable combinational 
circuits, is proposed. Hybrid TPG is a structure that, in a 
first phase allows the pseudo-random generation of vectors, 
and in a second phase reproduces vectors devoted to the 
detection of hard faults (the faults resistant to random 
testing). A synthesis tool based on heuristic search and the 
"selfish gene" genetic algorithm, able to determine test 
pattern generator for a given test set, is also presented. 

2. HYBRID TPG 
It has been observed that, using a randodpseudo- 
exhaustive testing, the fault coverage as a function of the 
number of test patterns tends to saturate. A knee point 
exists, in which a small growth of the fault coverage 
requires a significant increase of.the number of test patterns 
[1,2]. This is due to those faults (named "hard faults") that 
can be revealed by few testing vectors and that are, 
therefore, hard to detect with a randodpseudo-exhaustive 
procedure (as example a stuck-at-0 fault on the output of an 
AND gate with N inputs). 
An interesting solution is to complete random testing with 
appropriate vectors chosen to detect hard faults. Main 
advantage of this two-step technique (sometimes referred as 
hybrid, or mixed mode testing) is that structures able to 
generate pseudo-random vectors are particularly compact 
(i.e. LFSR) and that only a reduced number of deterministic 
test vectors must be generated. Anyway, area overhead due 
to the need of two separate structures, for random testing 
and deterministic testing, is a disadvantage that should be 
carefully considered. 
The Hybrid TPG, see Fig. 2, is composed of a right shift 
register (RSR) or a left shift register (LSR) on K bit, 
exploited for both phases of testing. The output of the shift 
register is applied to the combinational unit under test 
(UUT) and is used by the two nets with K inputs and one 
output (selected through the multiplexer in different phases) 
to determine the next bit serially introduced in the shift 
register. In the first phase the shift register is reacted with a 
linear network to generate pseudo-random and pseudo- 
exhaustive test vectors (matter concerning the 
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determination of the seed and the reaction net have been 
deeply studied in the past [1,7,8]). In the second phase a 
multiplexer selects the non-linear reaction network, in order 
to complete the test set with few precalculated vectors 
needed to reach higher fault coverage. The block named as 
Controller in Figure 2 is reset by SOT and selects the linear 
net through the multiplexer until all vectors of the pseudo- 
random sequence are reproduced; afterwards, Controller 
selects the non-linear net that generates deterministic test 
vectors T which can detect all the hard faults not revealed 
through random testing. When the evolution of the reacted 
shift register has covered all the vectors of T, EOT signals 
the end of the testing procedure. 

3. SYNTHESIS PROCEDURES 
3. I Problem formalization 
In order to choose the appropriate linear feedback net that 
configures the Hybrid TPG as a LFSR, it is possible to refer 
to previous works regarding the LFSR as a pseudo-random 
generator [l-5,7,8]. So the problem is the choice of the non- 
linear feedback net able to generate, reacting the shift 
register, the set of test patterns for the hard faults. 
Let Ts = {xl , 9 , ... , xN} be the test set for a 
combinational UUT, derived by an ATPG tool which 
accepts circuit description, a list of potential faults (the hard 
faults in this case) and generates an appropriate test set. 
The test set Ts that detects the hard faults often presents 
many don't cares and therefore an effective synthesis 
procedure should try to exploit the not specified bits, fixing 
them in order to minimize the length of the testing 
sequence. 
If the UUT is combinational, test patterns do not need to be 
applied in a given order because circuit response does not 
depend on previous inputs. The same happens for 
sequential UUTs than can be considered combinational if 
scan-path techniques are used. 
Proposed structure is based on the possibility of reordering 
test vectors and on the addition between vectors of Ts of 
intermediary vectors not belonging to Ts. In this way a 
sequence of vectors T = , , . . . , h) including Ts, 
which can be generated by a structure of the type of Fig.2 
can be found. Note that the shift register can not assume the 
same state twice, otherwise it falls in a loop, and hence, in a 
sequence T, every vector must be different from each other. 
Problem formulation is: given test set Ts = {xl , 3 , . . . , 
&}, formed by N vectors K bit long, each different from 
each other, fixed a shifting direction (RSR or LSR), let us 
find a sequence T = (f, , 
1) T includes Ts: T 3 TS 
2 )  all the couples of consecutive vectors of T (ti , 

where iE {I ,  ..., M-l}, are results of right (respectively 
left) shifting, in other words ti+, must be obtained from 
f i  by means of one left (respectively right) shift and 
introducing one bit, a: 
RSR: V j E (2, .. ., K} h+l,, = i1,,., , where fi+l, = a 
LSR: V j E {I ,  .. ., K-I} &+I,, = Ii,,+1 , where Ii+1, K = a 

3) T vectors must be different from each other: f, # fj, if i # 
j with i, j E { l ,  ..., M}. 

It is possible that more sequences T that verify conditions 
1.-3. exist (but also no sequence could exist, as explained 
afterwards) and therefore, those that minimize a specified 

, . . . , fM) so that: 

C K /  SOT/ ToUUTJ 

Fig.2 : The proposed Hybrid TPG architecture 
cost function should be chosen. 
3.2 Definitions 

Let &x, , x2 , . . . , xK) and y+yl , y2 , . . . , YK) be two not 
completely speczjied vectors of K elements, that is each 
vector element E (0, 1, -} where '-' indicates a don't care. 
Two elements x, and yI are equal (xi = yi) if and only if they 
assume the same value or at least one is a don't care.We 
define that is equal to y (3 = y) if and only if x, = yi where 
i E { I ,  ... ,K}. 
We define that yi c x, if and only if, when yi is specified xi, 
is not specified or is equal to yi, or when yi is not specified 
also xi is not specified. The vector y is included in x (y c x) 
if and only if yI c xi where i E { I ,  ... , K}. The right 
minimum distance between 

dR,,&, y) = minh { h 2 0 : ~ [ l ,  K-h] = y[h+l, K] } 
where x[ I ,  K-h] = (xl , x2 , .. . , XK-h). 
It is simple to verify that dR,mln(z, y) is always I K. Let us 
assume that dR,,&, y) is d, and that x' c and y' c y are 
two vectors obtained specifying some of the don't care of 
and y respectively. It is easy to demonstrate that one and 
only one couple (x', y') exists such that the following two 
conditions are verified: 
1) it is possible to load a right shift register with x', and 

then, serially introducing d bits in the shift register, 
reach y' as the state of the shift register; 

2) x' and y' have the maximum number of don't cares. 
In the following U is the ordered juxtaposition operation 
between sequences and the bits that have to be specified to 
obtain minimum distance are reported in bold. It is always 
possible to single out a unique sequence of d+l vectors (go, 
cl , 9, ..., cd)  = x' U I U y', where I is the sub-sequence of 
the d-1 intermediate vectors linking x' with y' and dR,min (si, 

= 1 with i = 0 ... d-1. As example, if x = (-1 lo-) and y 
I (1--0-), dR,min is equal to 3. The couple (E', y') is E'= 
(01 lo-) and yl= (1--Ol), and in this case (go, e,, 3, e3) is ( 
- X'~(OllO-), (-OIlO), (--Oll), y'=(l--Ol)). 

3.3 Proposed synthesis algorithm 
The set problem of Section 3.1, is a combinational problem 
that can be faced and effectively resolved using the method 
of the "state space search" [9]. The search process consists 
in generating and inspecting a graph, in which every node 
represents a partial solution of the problem, and the 
successors of a node represent possible steps toward a 
solution. The search of a solution corresponds to the search 
of an appropriate path between an initial node and a final 
node of the graph, that minimizes a predefined cost 
function. 

and y is defined as: 

' 
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The procedure to find out a solution sequence T of the set 
problem will be described referring to the RSR case. Note 
that the LSR procedure is equal to the RSR case, if each 
vector E, is substituted with the reversed vector. 
Every node P of the search graph: 
- represents the partial sequence of T built up to that 

point, and this sub-sequence contains a subset of N-k 
vectors included in vectors of Ts and the intermediate 
linkage vectors; 
is characterized by x ~ , ~ ~ ~ ~  that is the last vector added to 
its sub-sequence and it is a vector of Ts with some of 
the dont'cares specified if necessary; 

- is characterized by the k vectors of T, not used yet, 

The initial graph nodes are Nand everyone corresponds to 
a sequence composed by only one vector of T,. In general, 
starting from P, k successor nodes are generated adding one 
of the remaining k vectors of Ts .. ., xp,k}.  The number 
of different sub-sequences linking a node to a successor is 
not finite. Proposed algorithm uses the minimum length of 
the intermediate sub-sequence given by dR,mtn-l. 
To go from node P to one successor P', the minimum right 
distance between the last vector of P &.Last and &J, one of 
remaining vector of Ts, must be calculated. These two 
vectors are specified in order to minimize their distance (as 
reported in Section 3.2), and then they are added to the sub- 
sequence of P with the linking vectors, achieving the sub- 
sequence of P'. The last vector of P' &,Last is &pJ 

appropriately specified. 
A node of the search graph is eliminated if it corresponds to 
a partial sequence T in which a completely specified vector 
is present twice. Furthermore, if an intermediate vector can 
be specified to get a not yet used vector of T,, it can be 
demonstrated that such path is not optimal. A final node of 
the search graph, associated with an ordered sequence 
T = (I1 , b  , . . . , h), in which all the vectors of Ts have been 
used, without repetitions of completely specified vectors, is 
a solution of the problem. 
A simple example: 
In the following a simple example, that expands a single 
starting node, is presented. Let consider the case in which 
the test set for hard faults is T, = {~~=(0--10),  x&-1 lo-), 
s3=(1--O-), ~4~(00-0-)},  composed by N = 4 vectors, K = 5 
bit long. The search graph, starting from the vector xI=(0-- 
lo), is shown in Fig. 3. Every node P in Fig. 3 contains 
&,Last that is the last vector of Ts (if necessary, appropriately 
specified) added to T, and is characterized by a pair of 
numbers in the form a/b where a is the T sequence length 
up to the node and b is the number (k )  of remaining vectors 
of T,. The distance value is d, reported beside the edge 
from P to P'. Vectors beside the edges are the last vector Ts 
belonging to sub-sequence of P, after the specification of 
some don't cares, and the d-1 intermediate vectors. Starting 
from &O-- lo), the minimum distance from the remaining 
three vectors (that are 4, x3, x4) and the intermediate 
vectors to go from xl to x2, x3, z4 are calculated. In this way 
three new nodes of the graph are generated. A solution is a 
path on the search graph composed of N valid nodes. 
Inspecting the graph of Fig.3 six solutions exist, but only 
one of them minimizes the number of used vectors. Optimal 
sequence length is five and the relative path is highlighted 
in the figure. 

- 

{&.li ...> %,k}. 

- d=3 

10--1 
O-IO=r, 

/ c5 -110-=x, & u11o-u, U 1 l O . C X l  

1--01 c x ,  00-01 C X '  

113 

Fig.3: Search graph for a simple example that expands the 
single nodegl=(O-IO) of Ts 

In general, the number of possible solutions is limited by 
N!: it is not certain, in general, that a solution node exists 
but the big number of potential solutions suggests, and the 
following experiments confirm, that the case of absence of 
solutions is extremely infrequent. 
The total graph is composed by a number of nodes limited 
by: 

N .  ( N  - 1). . . ( N  - i + 1) 
~ 

, = I  

It is impossible to inspect the search graph entirely and 
hence different heuristic techniques were exploited. One 
heuristic inspects nodes that have a better ratio between T 
sequence length and the number of vectors of T included in 
Ts (uniform cost function approach), another uses a deep- 
first approach following the path with minimum distance 
between each node and its successors. The latter showed to 
yield better performances and it is used in experimental 
results of Section 4. 
However, several don't cares can remain in the final 
sequence T and they must be completed, avoiding repeated 
vectors. A procedure for the search of valid don't cares 
completion has been predisposed. Let suppose R the 
number of don't cares to specify, a possible solution could 
be to consider the 2R sequences without don't cares and to 
verify which of these are correct. Proposed solution is the 
use of evolutionary algorithms [lo]. In this paper the 
paradigm known as "selfish gene" was used. With regard to 
don't cares completion problem, for what concerning the 
implementation of a genetic algorithm, the optimization 
function associates to R-dimensional vectors (in which i-th 
bit states i-th don't care in the sequence), the number of 
repeated vectors in completely specified sequence obtained 
in this way [ 1 11. 
Once a solution sequence T = (Il, . . . , h), composed of 
vectors without don't cares, is found, it is necessary to 
synthesize the truth table of the corresponding feedback 
net. Supposing that the shift register is initialized to I,, for 
every vector I,, with i = 1...M-1, the row of the truth table 
corresponding to the vector I, must have as output bit, the 
bit that is needed to achieve the following vector 
shifting in the right direction. This bit is the most 
significant one in fcl. Remaining rows of the truth table are 
not specified. 
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4. EXPERIMENTAL RESULTS 
In order to evaluate Hybrid TPG performances, benchmark 
circuits and test vectors must be used. In this paper 
performance comparison of different architectural solutions 
for TPGs is made with reference to ISCAS'85 circuits [12]. 
Test vectors for the experiments reported in Table 1 are the 
same used in [13] and are available at 
http://www.die.unina.it/nIfsr/vectors.html. " 
Comparison of TPG performances is made with reference 
to test sequence length. Above described search algorithm 
has been implemented in C language and run with above 
mentioned test sets. Results refer to the best solution 
obtained using both right and left shift registers, CPU times 
refer to a Pentium I1 350 Mhz. In Table 1 sequence length 
and required CPU time to devise T sequence able to detect 
the hard faults reported in [13] for ISCAS'85 circuits, is 
shown. Hybrid TPG sequence length is compared with 
sequence length for previously proposed TPGs [ 13-15]. 
Table 1 shows that Hybrid TPG provides reduced T 
sequence length with respect to previously proposed 
techniques. Main advantages of proposed architectures are: 
1) the truth table of the combinational net used in Hybrid 

TPG is formed by few specification points. As a 
consequence the TPG is expected to require small 
silicon area and provide low power dissipation during 
off-line or on-line testing; 

2) the short length of the testing sequence, corresponding 
to the number of clock cycle needed to complete the 
testing sequence, allows short testing time, and a low 
probability of aliasing in the signature analysis; 

3) proposed technique uses one only initialization vector 
(usually referred as seed) and does not need extra 
memory to store the seeds. 

Test set derived 
for ISCASSS 

5. CONCLUSIONS 

Proposed 
solution Other techniques 

In the paper a novel test pattern generator for Built-In Self- 
Test technique of testable combinational circuits based on a 
reconfigurable- circuit is proposed. A synthesis tool that 
exploits heuristic search and the "selfish gene" genetic 
algorithm to determine test pattern generator for a given 
test set, is also proposed. Experiments are conducted on 
well-known ISCAS'85 circuits. Architecture performances 
are evaluated with respect to synthesis time and test 
sequence length. The experiments showed that proposed 
architectures yield reduced test vectors sequence length 
when compared with other architectures proposed in the 
literature. 
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