TESTING COMPUTER HARDWARE™
THROUGH DATA COMPRESSION IN SPACE AND TIME

Kewzl K, Saluja,

Department of Elecrrical and
Compurer Engineering,
University of Fewcasrtle,

YNew South Wales, 2308
AUSTRALIA.

Abstracrt

In this paper we introduce a new Type of data
compressor, called space compressor (SC). Such an
SC can be used either to reduce the number of pins
wvhich need to be monitored by a tester for a given
digiral device or alrernatively it can be vsed to
reduce the widrth of response vectors stored in a
tesrer. A detailed analysis and design of such
5Cs is discussed. Analogous resulzs for linear
feadback shift registers (LFSR) are discussed

briefly.

Introduccion

_Perennial problem of testing logic circults
has been further complicated with zhe intreoducrtion
of VisI. As a result, considerable effort is being
devoted to efficient test generation methods and
design for testabiliry. However, researchers have
also starred to realize, no matter how efficient
and small the test sets are, test sets ofren
require a very large data space. Thus considerable
efforrt is being devored to data compression tech-—
niques for testing digital devices.

All compressicn techniques which have been
studies in literature for Eesting digital eirceics,
essentially fellow the strucrture of Figure 1. A
Circuir Under Tesr (CUT) Teceives its inpurs for a
Test Generator {TG) and ourput streams from CUT are
fed to a Response Compressor (RC} which converts
the output streams into signature(s) of cthe CUT.
Typical compressors which have been studied in
literarture are Transition count [1)} Syndrome {1's
count)[2], Linear Feadback Shift Register (LFSR)
13], Mulziple Input Linear Feedback Shift Register
{MISR) [4]), Spectral methods [5,6], etc. [7]. 1In
all rhese schemes, at every iustant a new inpurt
(test vector) is applied, the outpur of CUT Is
observed by RC and based on irs own state and the
value obtained from CUT, the RC transitions into a
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new state. This process continues in time rill =1l
the required inputs have been applied To the CUT.
The state of the compressor, known as signature, is
then observed and compared with expected (faulc-
free} signature to determine if the CUT is faulc-

free or faulry.

Clearly, this methed achieves a substantial
data compression. We call rthis methed of data
compression as data compression in time, In rhe
following sections we give a new formularion of the
data compression problem. We shall propose and
study a new type of dara compresslon called space
conpression.

Problem Formulation

Let us consider a CUT with n inputs and m
cutputs. Let us further consider the observation
of m outpurs in the presence of a faulet and on
applicarion of a test input, It will be quire
reasonable to assume that not all m outputs will
be erroneous for a given test inpur. In a simple
case if we assume rhat all m outpurs of CUT are
realized independantly (i.e. nmo two outputs of CUT
share inpurs or logic within the CUT}, then any
single fault in the CUT will cause po more than
one ourput to be erronecus at aLr instant. In
general number of erroneous ocurputs for a given Test
input, art any instanr, will depend on: (1} fanourts
and shared logic, and (ii) number of faults. This
clearly suggests the possibiliry of monitering less
than m outpurs ro derect faulc(s} in a CUT.
However, lack of apriory knowledge of fault sight
also implies that all m outpurs must be monitored
We can achieve these apparently conflicting goals
by using addirional logic circuir, called Space
Compressor (8C), as shown in Figure 2. The SC of
Figure 2 accepts wm outputs of CUT as inputs and
provides reduced number of outputs for monitoring
while tesring a CUT. For the most simple case, in
which no more than one cutpur is erronepus at any
instant, SC is a simple parity checker. Such a
parity checker can be implemented by a EEEEEEQE oT
tree of Exclusive-0ORs{EOR)}. Thus, under test mode,
we would need to monitor only the outrput of such
an SC. A reduction in the test data is thus
evident. We now give a more general statement of
the problem ag follows:

Problem 1: For a CUT with m ourtputs, if nec more

than EE putputs can be erreneous for any test



input at any instant due TO fzulc{s) in CUT, can
one design an SC with m inpurs ané T OUTPULS
cuch that we need only observe the r outpurs of

sC to derect fault{s) inm cUT?

Clearly, a crivial answer to the above problem
fc when r=m aund SC a trivial cireuit with m
inputs and m outputs. Thus, cur objective is to
have rT<m. Furthermore, as T 1s & funceion of m
and £z we denote ir by re(m,%s) and state the
following problems.

Problem 1.1: Give a design of 5C such that
ro{m, ;) is small.

Problem 1.2: Dertermine lower and upper bounds
on rg(m,%5).

Problem 1.3: Determine the minimal complexicy
of an SC wicth m inputs and ry(m,lg) outputs.

An analogous formulation of the problem exists
in the case of Time Compressors. For analogous
formulation we consider a CUT with =n inputs and
single ountput, A SLIEAD of W test vectors are
applied o such a circuit and depending on tThe
faultr and a test input at any instant, the output
may or may not be faulry. The objective is Lo
conpress the N bir loog ourpul Stream from CUT
into an r bit long stream by & IC while retaining
the fault derections properties of the rest setl.
Clearly it is desirable To have T<N. We now give
a statement of the problem and its associated
problems below:

Problem 2: For a CUT with single output, if =
fzult(s) causes Tthe ourpur to be 2rroneous for no
more than £ instancs, when an input TesT Sequence
of length N is applied (cne test vectToT is
applied every ingrant), can one design a TC with 8
single inpur and r bit memory (r-state variables)
such that we need only observe the state of TC ac
the end of the rest experiment to detect fauvlt{s)
in the CiT.

Furthermore as T 1s a function of &y and
N we denore 1t as T (N,%;). Thus we have:

Problem 2.1: Give a design cf TC such that
re(N,&,) 1is small.

Troblem 2.2: Derermine lower and upper bounds
on T (K,%c).

Problem 2.3: Derermine the minimal complexity
of a TC with single imput and r.(N,%) srare
varizgbles. :

Further sets of problems, analogous TO the
above two sets of problems can be stated in the
case of Space-Time Compressors {STC) and Time-
Space Compressors {TSC). These problems are
studied in more derail elsevhere (8]. Problems
2 1 apd 2.2 have also been srtudied by Smith [9] for
s class of TCs which are realized by linear feed-
back shifr registers (LF5R). 1Im the remainder of
this paper we shall concentrateé on Problem 1.

Ve will observe that our resulcs are also applic-
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Kotation

In this section we develope notatien ta study
Space Compression. A general notation io study SC,
TC, STC and TSC is rather complex. We will study
§Cs in detail and rely on readers understanding of
this material while stariog results for other com—
pressors. Furthermore, we shall assume inputs and
outputs of CUT zc be binary vecrors. Let
T = (ti, :%, “eea ti) denote ap input TesT vecroT

to the CUT and the corresponding output vectors of
CUT and SC are denoted by Y, = (yi, y%, ey y;}

zi = (zi, 295 sves z%} respectively. Ino the
presence of a faulg(s) in CUT we denote the ourputs
of CUT and SC as Yj and 24 respectively.
Clearly, the effect of a fault can only be cobserved
sc an error in the output vector- Yj. A fault is
said ro be acrive with respect to 2 Test VeCtor Ty
if unﬁapplicatian of T; roO the CUT we have

Yy # Y, favlt is said to be inactive orherwise.
1f we denore number of 1's in a vector Y by
wt(¥), then mt{‘fiﬁ?i}, where & denotes EOR,
is mumber of errors in the cutput af a CUT on
application of a test input Ty in the presence of
a fault{s) in the circuir. Clearly,

wr(¥3 ® Y{) > 0 1if and only if a faulc is acctive
with respect to a Test Ii. We can extrapolate
rhese notions while considering a3 test S&r

T = {Ty, T2, «-->» Ty} for a CUT. For any faulr f
in the CUT, let the true and faulty output seLs
correspending to Tesr ser T be {Ti} and {¥;1}.
Ler Ej = ¥4 ® Y¥j, then error set for a fault f
wirh respect to & test sert T is {E{/1=1, ..., ¥L

Definition 1: Space mulriplicity of error with
respect to a rest set T for a fault f is
defined as max{wc(E4/i=l, .--, N!. We denote
this h? R—s(f} »

We can extend the above definition for a fault
set {F = f£1.f4, «c-4 fp} as follows.

Definition 2: Space mulciplicity of error with
respect to T for F 1s defined as
2_ = max{2 (f;)/f1€F},

5

Computarion of exact value of . may be
guite complex in general. However, often 2 bound
on £, may be established by simple analysis of
CUT. For example, we have argued in the previous
secrion that if 211 cucputs of a CUT are realized
independantly, i.e. do not share logic or inpucs
than for any single fault in such 2 CUT &, = 1
with Tespect to any test setl T. More generally,
if a CUT has only one famout of « rthan &g <O
for any T. Simple methods based on intution can
be developed to decermine a bound on & fer a
CUT, but such methods will not be discussed here.

We end this section with a few words about
analogous norions for TC. In TC a segquence of rest
inputs is apprlied and a sequence of ovtpur sireac
is obrained. Time multiplicity of error, L., can
then be defined as the number of places faulty and
faulr-free sequences differ from each other. 7To a
certain degree we can assert that & 1s dual Lo
L. by using the following argumenis.



réalizarions may need lesser number of gatres than
others. However, while realizing linear S5Cs one

must also consider their testablliry properrties
[11].

-

Thus, it appears natural to define the com-
plexity of a linear SC in rerms of number of two
inpur EOR gates used in its realizarion. Following
is a formal definiction of complexiry and Theorem 3
gives an upper bound on the complexity. For proof
of Theorem 3 reader is referred ro [8].

Definirion 3: Complexiry of a linear SC, denoted
as L.{m,fs) £for a CUT with -m oucputs and |
space multiplicicty of error, is the minimum number
of two input EOR gatres required to realize the

linear SC.
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¥For a linear S5C

Ls{m,is) < -%{(m-rs(m,ﬂsjrs(m,ﬂsiﬁfmrl)]

Space Compressors -
Applicarion and Comments

From Tsbie 1 one can work out the compressien
ratio of 5Cs for different values of 2, and m.
We demonstrate this by way of an example., Let us
consider an SC corresponding to a [23,12,7] Golay
code. Such an SC will have 23 inputs and 11 ouc-
purs. Thus a tester making use of such an 5C
would need to monizor only 1l curputs as opposed
to 23. If test results are stored in memory, then
for a CUT with 23 ourpurs and N Test patterns,
the storage space required for outpur stream will
he 23N bits, whereas use of 5C will reduce the
storage space te 11N bits. In general the storage

space 15 reduced from =N bits to rE(m,IE)H bics.
Dbviocusly, such a reducrion is obrtaimed at a cosr,

being (1) SC introduces delay, thus effecring the
speed of resting, and {1i) only those faults which
have space mulriplicity of &5 or less or
dececred.

Another question, one may ask, as to where an
SC must reside. There are two pessibilirdies.

1. S8C as a part of tester: This scheme is showm
in Figure 5 and is self explanatory.

2, SC on a Chip: This scheme is shown in

Figure &, Part of che cutputs from CUT can be
nulriplexed. An extra input is required for tesc
and mormal mpode of operatien. In test mode mulrni-
plexer is activated to provide the outputs of SC
on the output lines. Thus oaly the ourputs of
nuleiplexers would need to be monitored. This
process will not detect any faulrs on ummonitored
output plms, but clearly faulrs on ourput pins can

be derected with ease. For example in case of
stuck type faulrs, such unmonitored outpurs can be

tesced by at most (k+l) rtests, where k 4is the
number of ocutputs.

In both the above cases, problem of resting 5C
regaine to be solved. To this end we suggest the
use of linear SCs, as such circuics are easy to rest
{11] often with a fixed rest ser of small size.

The cholce of reslization may be dictated by the
need of minimum complexity (maximum shared logic)
or ease of testabiliry (independant cascades of

ECRs).

In certain cases use of other types of SCs can
offer distincr advantage as shown by rhe foliowing
example.

Example 1 | .

Ay single faulr in a parzllel adder, wirth
arbitrary numher of outpurs, can be derecred by an
s which realizes residue mode 3 operatien.
Clearly, such an SC has only twe outputs. Thus,
with 2 scheme like this test data storage space can
be reduced considerably.

Above example only demonstrates that in some
cases SCs based on non-binary codes may offer
additional advantages.

Time Coxpression

The resulrs of the previous sections also
apply te TCs. For example we can resrate Theorem 1

as follows [8].

Thecrem 4 _ [%‘J _
_L
2 N
r (K, 2 [log, ] (J) +¢
i=0
where
¢ =0 for Lt EVen

w=-1 .
= [ 2 ] for L& odd.
t
L
[

To state results analogous to Theorems 2 erc.
we peed to define irreducible and primitive poly-

nomizls which give rise to cyclic codes [10]. Once
again for space limitarion we will nor state these

results. However, following thecrem is derived
from the results in Table 1. This result is also

stated in [8,9].

Theorem 5

i

For 1[ £ 2 and N = 27-1, r:{ﬂ,ﬂt} - i

The TC implied by Theorem 5 is a lipear feed-

back shife register. Similar results can be stated
for other LF5ERs.

Time-Space and Space-Time Compressors

Baving developed background and designs for SC
a natural application which comes to mind 1s the
use of LFSRs or a Multiple-inpur linear feedback
ghifr register ro time compress the outputs of SC.
Derailed analysis of such scheme is given in [8].
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study of such schemes, suggests that to retain
: necessary fault derectien properties, or mere

ropriately error decection properties, we should
e use of compressors based on non-binary codes.

Conclusion

In this paper we have introduced a new com-
»ssion technigque called space compression. We
re relared the space compression problem te a
1 developed theory of error—correcting codes.
s théory is then used as a tool to analyse and
;ign space compressers. We have also discussed
vlication of space compressors and their
rantages and disadvantages.

. The problem of time compression can be shown

1logous to space compression problem and
nilar results can be derived using the tTheory

error correcting codes.
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Table 1: Lower and Upper Bounds on re{m,f5)
rs(m,is}
i - Lower Bound Upper Bound Remark
5
i m 1 h SC is a simple Parity Checker
. 2l s ; : Corresponding te [27-1,2%-1-1,3]
Bamming Code
2 m rinngm+1f1 ringz{m+1f] Shortened Bamming Code
3 @ 1+rlngzmﬂ 1+r1032(m+1f] Bamming Code with overall parity check
4 2%-3 24-1 24 Double Error Correcting BCH Code
» mall Double error correction BCH Code
> 2 -1 24 2141 with overall paricy check
& 23 11 11 Golay Code [23,12,7] perfect code
g
-1 o w1 m-1 QLT}-P_ i"r' a1 lo Jflp_.-
m m I m |
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» Flgure 1: A Test Structure
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Figure 2: A Test Strucrure wicth Space
: Compressor

(b} Tree Realizarion

Figure 3: Tweo Realizations of SC for wm=7, Es-l
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{b) Witk Shared Logic

Figure &: Two Realizations of 5C for wm=7, £E=2
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Figure 5:

SC As Part of a Tester
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