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Abstract This paper presents a solution to the test time minimization problem for core-based systems. We assume a
hybrid BIST approach, where a test set is assembled, for each core, from pseudorandom test patterns that are generated
online, and deterministic test patterns that are generated off-line and stored in the system. In this paper we propose
an iterative algorithm to find the optimal combination of pseudorandom and deterministic test sets of the whole system,
consisting of multiple cores, under given memory constraints, so that the total test time is minimized. Our approach employs
a fast estimation methodology in order to avoid exhaustive search and to speed-up the calculation process. Experimental

results have shown the efficiency of the algorithm to find near optimal solutions.
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1 Introduction

Today’s microelectronics technology provides design-
ers with the possibility to integrate a large number of
different functional blocks, usually referred as cores, in
a single IC. Such a design style allows designers to reuse
previous designs and will lead therefore to shorter time-
to-market and reduced cost. Such a system-on-chip
(SoC) approach is very attractive from the designers’
perspective. Testing of such systems, on the other hand,
is a problematic and time consuming, mainly due to
the resulting IC’s complexity and the high integration
density!!].

There exists extensive work for testing core-based
systems2=9. To test the individual cores in such sys-
tems the test pattern source and sink have to be avail-
able together with an appropriate test access mechanism
(TAM)['L. Tn order to apply at-speed tests and to keep
the test costs under control, on-chip test solutions, usu-
ally referred to as built-in self-test (BIST), are becoming
a mainstream technology. Different BIST strategies are
known, among them hybrid BIST!,

Our earlier work!?1=13] has been concentrating on
test cost calculation and hybrid BIST optimization for
single-core designs. In this paper we propose a method-
ology for test time minimization, under memory con-
straints, for multi-core systems. We propose an al-
gorithm for calculating the best combination between
pseudorandom and deterministic tests, where the mem-
ory constraints are not violated, the total test time is
minimized, and the maximum achievable fault coverage
is guaranteed.

The rest of the paper is organized as follows. In Sec-
tion 2 a hybrid BIST architecture is described and a
general problem description is given. Section 3 is de-
voted to the basic definitions, cost functions and de-

tailed problem formulation. Section 4 describes our test
cost estimation methodology and the algorithm for test
length minimization, based on our estimates, is pre-
sented in Section 5. Finally, the experimental results
are presented in Section 6, and Section 7 concludes the

paper.
2 Hybrid BIST Architecture

In this paper we assume the following test architec-
ture: every core has its own dedicated BIST logic that
is capable of producing a set of independent pseudoran-
dom test patterns, i.e., the pseudorandom test sets for
all the cores can be carried out simultaneously. The
deterministic tests are applied from the external source
(either on-chip memory or ATE), one core at a time; and
in the current approach we have assumed for test data
transportation an AMBA-like test bus'4/., AMBA (Ad-
vanced Microcontroller Bus Architecture) integrates an
on-chip test access technique that reuses the basic bus
infrastructure. An example of a multi-core system, with
such a test architecture is given in Fig.1.
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Fig.1. Core-based system example with the proposed test archi-

tecture.
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This example system consists of 5 cores (different IS-
CAS benchmarks). Using our hybrid BIST optimization
methodology for single corel''! we can find the optimal
combination between pseudorandom and deterministic
test patterns for every individual core (Fig.2). Consid-
ering the assumed test architecture, only one determin-
istic test set can be applied at any given time, while any
number of pseudorandom test sessions can take place in
parallel. To enforce the assumption that only one deter-
ministic test can be applied at a time, a simple ad-hoc
scheduling can be used. The result of this scheduling de-
fines the starting moments for every deterministic test
session, the memory requirements, and the total test
length t for the whole system. This situation is illus-
trated on Fig.2.

Optimal Test Set for Each Core

Core [Random|Det
C1908| 105 |123
C880 | 121 | 48
c1908 C2670| 444 | 77
C1355] 121 | 52
880 C3540] 297 [110
c2670
c1355
3540 : t
0 100 200 300 400 500 Clock
Cycles

O BIST O Idle M Deterministic

Fig.2. Ad-hoc test schedule for hybrid BIST of the core-based

system example.

As seen from Fig.2, the solution where every indi-
vidual core has the best possible combination between
pseudorandom and deterministic patterns usually does
not lead to the best system-level test solution. In the
example we have illustrated three potential problems:

e the total test length of the system is determined by
the single longest individual test set, while other tests
may be substantially shorter;

e the resulting deterministic test sets do not take into
account the memory requirements, imposed by the size
of the on-chip memory or the external test equipment;

e the proposed test schedule may introduce idle pe-
riods, due to the test conflicts between the deterministic
tests of different cores.

There are several possibilities for improvement. For ex-
ample the ad-hoc solution can easily be improved by
using a better scheduling strategy. This, however, does
not necessarily lead to a significantly better solution as
the ratio between pseudorandom and deterministic test
patterns for every individual core is not changed. There-
fore we have to explore different combinations between
pseudorandom and deterministic test patterns for every
individual core in order to find a solution where the total
test length of the system is minimized and memory con-
straints are satisfied. In the following sections we will
define this problem more precisely, and propose a fast
iterative algorithm for calculating the optimal combina-
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tion between different test sets for the whole system.

3 Basic Definitions and Problem Formulation

Let us assume that a system S consists of n cores
C1,Cs,...,C,. For every core Cj € S a complete se-
quence of deterministic test patterns TDiJ and a com-
plete sequence of pseudorandom test patterns TPf can
be generated.

Definition 1. A hybrid BIST set THy = {TPy,
TDy.} for a core Cy, is a sequence of tests, constructed
from a subset TP, C TP;iJ of the pseudorandom test se-
quence, and a deterministic test sequence TDj C TDf.
The sequences TPy, and TD} complement each other to
achieve the maxzimum achievable fault coverage.

Definition 2. A pattern in a pseudorandom test
sequence s called efficient if it detects at least one
new fault that is not detected by the previous test pat-
terns in the sequence. The ordered sequence of efficient
patterns form an efficient pseudorandom test sequence
TPE) = (P1,Ps,...,P,) C TPy. An efficient pseudo-
random test sequence TPE},, which includes all efficient
patterns of TPE is called full efficient pseudorandom
test sequence and denoted by TPEf.

Definition 3. The cost of a hybrid test set THy, for
a core Cy, is determined by the total length of its pseu-
dorandom and deterministic test sequences, which can
be characterized by their costs, COST py, and COST p
respectively:

C’OSTT’]c = COSTPVk + COSTDJc = 0'| TPk| —|—g0k| TDk|
(1)

and by the cost of recourses needed for storing the de-

terministic test sequence TDy in the memory:

COST]\/[Jc :’yk‘TDk|. (2)

The parameters o and ¢ (k= 1,2,...,n) can be in-
troduced by the designer to align the application times
of different test sequences. For example, when a test-
per-clock BIST scheme is used, a new test pattern can
be generated and applied in each clock cycle and in this
case 0 = 1. The parameter ;. for a particular core Cy,
is equal to the total number of clock cycles needed for
applying one deterministic test pattern from the mem-
ory. In a special case, when deterministic test patterns
are applied by an external test equipment, application
of deterministic test patterns may be up to one order
of magnitude slower than applying BIST patterns. The
coefficient ~y;, is used to map the number of test patterns
in the deterministic test sequence T'Dy into the memory
recourses, measured in bits.

Definition 4. J = (j1,52,.-.,Jn) 15 called the
characteristic vector of a hybrid test set TH = {TH1,
THo,...,TH,}, where j, = | TPE}| is the length of the
efficient pseudorandom test sequence TPE; C TP C
THy.

According to Definition 2, for each ji corresponds
a pseudorandom subsequence TP} (ji) € TPL, and ac-
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cording to Definition 1, any pseudorandom test sequence
TPy (jx) should be complemented with a deterministic
test sequence, denoted with TDy(ji), that is generated
in order to achieve the maximum achievable fault cov-
erage. Based on this we can conclude that the charac-
teristic vector J determines entirely the structure of the
hybrid test set TH}, for all cores C, € S.

Definition 5. The test length of a hybrid test
TH = {TH,,TH,,...,TH,} for a system S =
{C1,Cs4,...,C,} is given by:

COSTy = max{max(o| TPx|+k| TDx|), > k| TD[}.
k

3)
The total cost of resources needed for storing the pat-
terns from all deterministic test sequences TDy in the
memory is given by:

COSTy = COST . (4)
k

Definition 6. Let us introduce a generic cost func-
tion COST p 1 = fu(COST 1) for every core Cy € S,
and an integrated generic cost function COST ) =
fe(COSTr) for the whole system S.

The functions COST yr 1 = fr,(COSTr ) will be cre-
ated in the following way. Let us have a hybrid BIST
set THy(j) = {TPr(j), TDi(j)} for a core Cj, with j
efficient patterns in the pseudorandom test sequence.
By calculating the costs COST 71 and COST pz,, for all
possible hybrid test set structures TH(j), i.e., for all
values j = 1,2,...,| TPEj |, we can create the cost func-
tions COSTT,]‘, = fT,k(j): and COSTM’]‘, = fM,k(])
By taking the inverse function j = fT_}c(COSTTJC),
and inserting it into the farx(j) we get the generic
cost function COSTarx = fun(fpn(COSTry)) =
f(COSTr ) where the memory costs are directly re-
lated to the lengths of all possible hybrid test solutions.

The integrated generic cost function COST, =
f(COSTr) for the whole system is the sum of all cost
functions COST prk = fr,(COSTr ) of individual cores
Cr €S.

From the function COST y; = f(COSTr) the value
of COSTr for every given value of COST ) can be
found. The value of COST 1 determines the lower bound
of the length of the hybrid test set for the whole system.
To find the component jj; of the characteristic vector J,
i.e., to find the structure of the hybrid test set for all
cores, the equation fr(j) = COSTr should be solved.

The objective of this paper is to find a shortest
possible (min(COSTr)) hybrid test sequence TH opr
when the memory constraints are not violated, i.e.,

COSTy < COSTM,LIM]T.

4 Hybrid Test Sequence Computation Based on
Cost Estimates

The test time minimization problem under memory
constraints can be solved in a straightforward way if the

supplementary deterministic test set for every possible
length of the pseudorandom set is available. This can be
achieved either by repetitive use of the automatic test
pattern generator or by systematically analyzing and
compressing the fault tables for each j3/. Both pro-
cedures are accurate but time-consuming and therefore
not feasible for larger designs. To overcome the com-
plexity explosion problem we have developed an itera-
tive algorithm, where costs COST ps 1, and COST p , for
the deterministic test sets T'D;, can be found based on
estimates('®]. The estimation method is based on fault
coverage figures and does not require accurate calcula-
tions of the deterministic test sets for not yet detected
faults FNOT,k(j)-

5 Test Length Minimization Under Memory
Constraints

As described above, the exact calculations for find-
ing the cost of the deterministic test set COSTp =
fx(COSTr}) are very time-consuming. Therefore, we
will use the cost estimates. Using estimates can give us
a close to minimal solution for the test length of the hy-
brid test at given memory constraints. After obtaining
this solution, the cost estimates can be improved and
another better solution can be calculated. This itera-
tive procedure will be continued until we reach the final
solution.

Procedure 1. Test Length Minimization

1. Given the memory constraint COST um,r1vmir, find the
estimated total test length COSTE* as a solution to
the equation fZ(COSTE) = COST 1, Lisarr.

2. Based on COSTE*, find a candidate solution J* =
(43,72, -+Jn), where each jj is the maximum inte-
ger value that satisfies the equation COSTZ ;(ji) <
COSTE".

3. To calculate the exact value of COST}, for the candi-
date solution J*, find the set of not yet detected faults
Fnor,r(J;) and generate the corresponding determin-
istic test set TD}, by using an ATPG algorithm.

4. If COST*M = COSTM,LIMIT, go to Step 9.

5. If the difference |COST3; — COST v, Limir| is bigger
than that in the earlier iteration make a correction
At = At/2, and go to Step 7.

6. Calculate a new test length COST?’N from the equa-
tion fZ(COSTE) = COST},, and find the difference
At = COSTE™ — COSTE™.

7. Calculate a new cost estimate
COST?’* + At for the next iteration.

cosTy* =

8. If the value of COST?’* is the same as in an earlier
iteration, go to Step 9, otherwise go to Step 2.

9. END: the vector J* = (57,73, -
To illustrate the above procedure, in Figs.3 and
4 an example of the iterative search for the shortest
length of the hybrid test is given. Fig.3 represents all
the basic cost curves COSTBk(j), COSTlEg,k(j), and
COST%k(j), as functions of the length j of TPE), where

,Jm) is the solution.
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Jmin denotes the optimal solution for a single core hybrid
BIST optimization problem[®!. Fig.4 represents the es-
timated generic cost function COSTY, = f¥(COSTE)
for the whole system. At first (Step 1), the estimated
COSTg* for the given memory constraints is found
(point 1 on Fig.4). Then (Step 2), based on COSTE"
the length j; of TPE), for the core C}, in Fig.3 is found.
This procedure (Step 2) is repeated for all the cores to
find the characteristic vector J* of the system as the
first iterative solution. After that the real memory cost
COSTE is calculated (Step 3, point 1* in Fig.4). As
we see in Fig.4, the value of C’OSTE in point 1* vi-
olates the memory constraints. The difference At; is
determined by the curve of the estimated cost (Step 5).
After correction, a new value of COS T? " is found (point
2 on Fig.4). Based on COSTE" | anew J* is found (Step
2), and a new COSTE is calculated (Step 3, point 2*
in Fig.4). An additional iteration via points 3 and 3*
can be followed in Fig.4.

A coSsT

Solution

; +/ CoSTE ,
~
: . > j

I

jmin
Fig.3. Cost curves for a given core Cj.

It is easy to see that Procedure 1 always converges.
By each iteration we get closer to the memory con-
straints level, and also closer to the minimal test length
with the given constraints. However, the solution may

be only near-optimal, since we only evaluate solutions
derived from the estimated cost functions.

6 Experimental Results

We have performed experiments with several systems
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composed from different ISCAS benchmarks as cores.
The results are presented in Table 1.

A COSTE

Real Cost

1 *
A Memory Constraint
]
| / Estimated
i 3*
Cost

TN 4

Ay

B ‘__

3
COSTE

]

v

Aty = Correction for At;

e
‘d— Correction for At,

Ato 4:9'7

Fig.4. Minimization of the test length.

In Table 1 we compare our approach where the test
length is found based on estimates, with an exact ap-
proach where deterministic test sets have been found by
manipulating the fault tables for every possible switch-
ing point between pseudorandom and deterministic test
patterns. For the exact approach the CPU time includes
time needed to calculate the complete deterministic test
set and to simulate the pseudorandom sequence, as well
as time needed for fault table manipulations. For the
proposed approach the CPU time includes time for cre-
ating the initial estimates as well as time needed for the
final iterations (Procedure 1). As seen from the results,
our approach can give significant speedup (more than
order of magnitude), while retaining acceptable accu-
racy (biggest deviation is less than 9% from the exact
solution, in average 2.4%).

In Fig.5 we present the estimated cost curves for
the individual cores and the estimated and real cost
curves for the system S2. We also show in this pic-
ture a test solution point for this system under given
memory constraint that has been found based on our al-
gorithm. In this example we used a memory constraint
My = 5500 bits. The final test length for this mem-
ory constraint is 542 clock cycles and that gives us a
test schedule depicted in Fig.6. In Fig.7 we show an-
other test schedule, when the memory constraints are
different (MLIMIT = 14000 bitS).

Table 1. Experimental Results

Memory Exact Approach Our Approach
System Number Constraint Total Test CPU Time Total Test CPU Time
of Cores (bit) Length (clock) (s) Length (clock) (s)

20000 222 223 199.78

S1 6 10000 487 3772.84 487 57.08
7000 552 599 114.16

14000 207 209 167.3

S2 7 5500 540 3433.10 542 133.84
2500 1017 1040 200.76

7000 552 586 174.84

S3 5 3500 3309 10143.14 3413 291.40
2000 8549 8556 407.96
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8000
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Fig.5. Final test solution for the system S2 (M = 5500 bits).
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. ‘ . m Deterministic
c6288 542 7 Pseudorandom —I We have presented an approach to the test time min-
' i ' ' imization problem for multi-core systems. A heuristic
c880 § 8 534 algorithm was proposed to minimize the test length for
[
T T — Total Test Length: 542‘ . . . .

H“ 3 | a given memory constraint. The algorithm is based on
c1908 . . . the analysis of different cost relationships as functions
5315 Ellz 511 | of the hybrid BIST structure. To avoid the exhaustive

I I I exploration of solutions, a method for cost estimation of

cl355 25 486 | the deterministic component of the hybrid test set has
' ' ' been proposed. We have also proposed an iterative algo-

c499 | 56 453 | rithm, based on the proposed estimates, to minimize the

0 100 200 300 400 500 total test length of the hybrid BIST solution under the

Fig.6. Test schedule for the system S2 (Mpryrr = 5500 bits).
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c6288 A 2 203
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Fig.7. Test schedule for the system S2 (Mpr = 14000 bits).

given memory constraints. Experimental results show
the very high speed of the algorithm compared to the
exact calculation method.
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