IMTC 2004 — Instrumentation and Measurement
Technology Conference
Como. Italy, 18-20 May 2004

On Test Data Compaction using Linear Cycle Registers

Serge Demidenko', Eugene Levine®, Vincenzo Piuri®, Gourab Sen Guptzf‘5
'School of Engineering & Science, Monash University, Malaysia Campus
2 Jalan Kolej. 46150 Petaling Jaya, Sclangor, Malaysia
Phone: +60-3-56360600, Fax: +60-3-56329314
Email:Serge.Demidenko @engsci.monash.edu.my
*Rainbow Technologies Inc., Minsk. 220026, Minsk, Belarus
Phone: +375-17-249-8276, Fax: +375-17-248-8812
Email: lev@rainbow.by
*Department of Information Technologies, University of Milan
Via Bramante 65, 26013 Crema (CR), Tialy
Phone: +39-02-503-30066, Fax: +39-02-503-30010
Email: piuri @dti.unimi.it
“Institute of Information Sciences & Technology, Masscy University
Private bag 11222, Palmerston North, New Zealand
Phone: +64-6-350 5799, Fax: +64-6-350-225%

*School of EEE, Singapore Polytechnic, 500 Dover Road, Singapore
Email: G.SenGupta@massey.ac.nz

Abstract — Compact testing (testing where data compression is
emploved to reduce a size of lest response sequences and reference
data) is widely used in the modern awtomated test instrumentation
systems aimed ot digital and mixed-signal devices. Cycle shift
registers are among the most effective data compaciors. They
provide low hardwdre overhead, high operation speed and good
fault coverage. The aim of this paper is to investigate single-input
and meltiple-inpur cycle registers and to derive the most general
and non-recurrent analvtical descripiion of their operation. The
description Is then deploved for test reference dawr calculation, And
it can also be used as a ool for error diagnosis. Another goal of the
paper is to develop and research an alternative equivalent
architecture for o multiple-channel cvcle register allowing 1o
produce detail error coverage analvsis of this data compactor for an
arbitrary bit-error multiplicity and the error configuration.

Keywords - Electronic Testing, Data Compression, Cvcle Register,
Fault Coverage

1. INTRODUCTION

Electronic testing is an important area of the modemn
instrumentation and measurement technology. In the most
general sense the testing includes generation and application
of some special test signals onto inputs of an electronic
circuit or system (often called Device-Under-Test or DUT),
acquisition of DUT test responses, processing and comparing
them with the reference values corresponding to the fault free
operation,

Linear Cvcle Registers (LCR) are simple reguiar-
architecture circuits that for long time have been widely
employed as efficient test response compactors in the area of
digital testing as well as in fault-iolerant design of micro-
programmed control units [1, 2].
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1In a wide sense LCR can be considered as a special case of
a wider class of Linear Feedbuck Shift Registers (LFSR)
where the feedback structure is greatly simplifies and consists
only of one¢ feedback line from the last memory clement of
the shift register {3-4]. Thus it would be generally possible to
use the results on analytical description of operation of LFSR
and evaluation of its fault coverage when employing LCR [5-
6]. However in such a case the results would be approximate
and they often would contain redundant information.

The aim of this paper is to obtain an analytical description
of the signature compression by means of LCR, to derive
equivalent architectures for the register, and to use them to
research the fault coverage provided by the registers.

Two types of LCRs will be discussed in this paper: Single-
Inpur Cycle Register (SICR) and Multiple-Input Cycle
Register (MICR).

We will start with an analytical description of SICR
operation (Section I1) and that of MICR (Section 11T). We will
show then their application for the test reference value
calculations (Section IV). Finally we will proceed to the
MICR alternative architectures (Scction V) and their fault
coverage evaluation (Section VI).

II. SINGLE-INPUT CYCLE REGISTER

Figure 1 below shows the Single-Input Cycle Register.
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Figure 1. Single-Input Cyele Register
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The operation of SICR can be presented by the following
expressions:
{au(k) = yph) B a, k-1,
a;(ky=a;_ (k=1
where i=Lm—1: k=123, a;(kye {0.1,} - the state of the
i-th bit of the register on the &-th cycle of the operation;
votk)e {0.1}- the input signal on the k-th cycle: m — length
(number of bits of SICR) and @ - mod 2 addition.

By wsing (1) it is possible 10 get an analytical expression
for the bits of SIRC on an arbitrary cycle of its operation with
respect Lo the initial state of the register
Ag=fai0), a0}, ax(0), ...,anA(0)]
and its input sequence
¥ ={yollk =123} .

From the second expression of (1)

a; (k) = ag(k =)

By substituling the right part of the above in accordance

with the first equation of (1)

a;(k)y=y,(k—-N®a, (k—i-D=yo(k-DY@ag(k—i—m)
And by applying this procedurc consequently the expression
for a;{k) can be presented as

(N

Lt |
a,v(k)=a,»(kg)@z_vo(k—qm—i), (2)

g=0
where ky = k(modm), p=(k—k,)/m. and here and further
Z - is the mod 2 summing.

Finally the expressions for the bit values of LCR on an
arbitrary k-th operation cycle can be presented as follows:

[J
a;(ky= - he Z yolk —gm—1),

g=0
Yi=0k,.
y "o (3)
a;ik)y=a;,; 0@ i_\’o (k—qm—1D),
¢=0

Vl‘=k0+l,m—1.

I11. MULTIPLE-INPUT CYCLE REGISTER

Figurc 2 shows a Multiple-Input Cycle Register used for
test data compaction in digital testing of multi-output circuits.
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Figure 2. Multiple-Input Cycle Register

Operation of MICR can be described by the following
system of expressions:
ay(k) =y (k)@ a,_ (k- 1),
a; (k)= _\','(k)@ a;_| k-1
Vi=lm-1; k=123,..
where vfk) is a bit value at the i-th input on the &-th operation
cycle.
By sequentially converting the second summand (i.e.,
a,,_(k—1)) in the right part of the first equation of (4) in

(4)

accordance with the second equation of the system, the
expression for the first bit of MICR can be rewritten to the
following:
1O ® yo(l);
k=1
(k) =i OV Y ¥,y th =D ® ¥y k),
i=1

Vk=234,..m

k=1,

(5)

For k>m
(e, k=pm+ky;peil23.): kgel0) 2, ,m—1})
this leads to
au (k) = am_] (k —])@ \'O(L) =
m—l
dgk—m)® Y v (k—(m= Dy, =
=1
Ao k—m—-D@y (k—my®
n—1
> yjtk—(m= N yok) =

=1

(6)
m=l
ag(k-2m)@ Y v (k—(2m~ )@ yyth-m)®
j=

m-1

S v itk—m= @ vy k) = .=

=

j=l1
» 1 I
o (ky)® 2 S vtk —tim= )@Y otk =G ~m),
i=l

i=l j=l
For k;=0 and kp=1 the first member (1.e., a,(ky) ) of the
final expression (6} can be presented as
ag () for ky =0,
au(k0)={ ol for kg

(7
am-] (0) @ }'()(])9 f(}f k() = [’

while for ky>1 the expression for a, (k) is as follows:
kot

L] (kﬂ) = a:ykku (0) ® 2 Ym—i (k[} - ,)@ V()(ko) =
=

(8)
=1
A D@ Yy k=(p+Dm+ j)® v (k- pm)

j={p+hm=Fk+1
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Finally by combining (5}-(8) the expression for ag(k} can be
presented in the following way:
iy e .VO(I) f()rk =1,
k-l
Uyt OV v, (k=D ® vy lh).
i=l
Vke{234...m},

pom-l

a @Y Yy, tk—tim- jHe@

i=l j=l

zyo(k — (I = Bm) Yk > m,kg =0,
=1
Pom=l

4,0 0@y, (H®Y N ¥, k—(im- )&

i=l j=I

ag(k)=

i
Zyo(k ~{=Dm) Vk>m ky=1,
i=l

m=l

Ay—ky e Z)’f(k“(p+l)m+f)€—)
FETIE At
L P m-1
z _\:0(‘( - J'm) & Z z ‘J (/\ - (i,n - J))’
i=1 i=l j=1

Yk > m, ky ={234,.,m—1} O

In order to get an expression for fk) the variable a,(k-1) in
the right part of the second equation of (4) is Lo be
sequentially transformed:

k=l
4 Q@Y v, k=) Vk =i,
a; (k)= ‘i:U,-
aglk =) ® Zyj(k — (i~ ). Yk <i.
Jj=1
Thus taking into account (9) the expression for ag(k-i) where
k>i can be writlen as:

A, 1 ()@ ¥ (DVA =1+1,
koi-l

(10)

gk =) = { Uit @O @ Y 5,0k~ i=}® (an
=l
vk -i; Vik ~ie {2.34,...m)

Hence

()@ yo (@ 2 yitk=G=j»n,

Yie {l,2......fzf]l},j_1ic =i+,
a; (k)= 3 Gn-ki ()@ 2.\',"#1 k-i-q)® (12)

o
yu(k—i)eiyj(k—(f—j))
j=1
Vke {i+2,i+3,...:'i+m}.ie {1,2,....m—1}.

To get an expression for afk) for (k-i)>m additicnal
manipuiations are required.

Taking into account that k>m it can be presented as
k=pm+ky, where pe{l2,3...}, kyel0L2,.. ,m—1}.Then
by taking into account the second equation of (9) the
following can be written:

Poom=l

ay(k=iy=ag@® Y. Y v, (k=i~(gm-j)e
o=t (13)
n
Y yolk—i—(f —=m) Vi, =i
7=
By combining (13) and (10}
P om=1
a;(k)=ag )@ Y v, (k—gm—-(i- NS
g=l j=1 - (14)
]
iyo(k—ﬁn—i)@Zyj(k—(i—.’)) Vky =i
7=0 i=1
and by taking inte account the fourth equation of (9}
aglk-N=a, (O y,(H@
7 om—l . ) » . ( )
Y ¥ v k—i-igm-jN@Y, yylk—i—(f —1ym)
g=1 j=1 7=t
where
keli+m+Li+m+20i+m+3,..), ie(l.23,...m-1}.
Thus the sccond expression of (10) can be writien as
follows:
2 om=l
a;(ky=a, (O)®Y ¥y (k-i-(gm-jHe®
q=1 j=1 A (16)
d i
2 volk—i—(f-Dmy®@} ¥, (k- (i-1)
f= 1=t
where
ke li+m+1L,i+2m+Li+3m+1,..}, ie {L23,...,m—1},
ky=i+l.
It kexd, then it can be written that

h—D)—pm=k—pm)—i=k;—i.
And by employing (6) an expression for agk-i) can be
presented in the following way:
p o om—l
agtk =D =aglkg =@ Y. Y v, (k—i~(gm-j)®
g=1 Jj=1
yolk —i—(g—-1m).
In accordance with (8) and by taking into account
that (p +1ym—k =m—kg, the first member in the right par
of (13) can be written as
ay(ky =) =dp_4, - (0D volhy -} D

{7

m=] 18
Dy k=(p+Dm—Gi— . (e
J=m={ky=i)+]



And after applying (18) to (17) and incorporating the
obtained result into (10):

P?
4k =y (V@Y ok = fir- @
f=1
r=1 -t

2 2 vilk—(g+hm-ti= e

g=0 f=

(19)

ni=l i
D itk =(p+Dm=(i-1) @Y y (k~(i~s),
F=m—(ky iyl 5=l
whereie {123,k =2}, ke li+m+)i+m+2,..}.
By using the same approach the expressions for afk) can
be derived for other ranges of / and &:

m-1

) =1
a,(k)=d,_, (0)6_»:0(1)6922_\' k=i (gm— j)®

g=1 j=I
p-l i
@Y volk—i=(U~Dm@ Y v, (k~(i-s)), (20)
i=1 =1
Vk—i>m, and k, =0,
and
p-1
ai(k)=a,_, (0)D z volk—gm-D®
4=0
=2 m—\
S v k=i-(gm=jH@®
=0 j=1
p-1 i
Yotk —i=(=Dm® Y v, (k-9 @D

s=1
Yk - >m, (kg + kg + 2, kg +3,.,m—1},
ko € (123,0m— 11,

IV. TEST REFERENCE VALUES

The presented above analytical expressions (10), (12}, (14),
(16), (19-21) cover all the possible ranges for / and & and can
be directly employed to compute lest reference values for
SICRs and MICRs used to compress arbitrary test response
SEQUENCES.

For MICR this can be implemented as a set of the
following steps:
1.For a given length of the cycle register m and a number of

cyctes k, values of p and ky are obtained (taking into

account that k = pm+ko);
2. By using (9}, the value of ag(k) is found for the given m, p,

ko and input sequences ¥, {j), i=0,m-1, j=0k.
3.By using (10), (12), (14), (16) or (i19-21) wvalues
a;(k), i=1,m—1 are found for a given input sequences

{v, (Pl i=0,m—1, j:ﬁ?. initial state of the cycle

register a; (0), i =0,m—1 and values of i, m, k, kgand p.
For the case of SICR the calculations are significantly

simplificd. They include just two steps:

1.For a given length of the eycle register 1 and a number of
cycles &, values of p and kg are found (laking into account
that k=pm+kg);

2.By using (3) values of the bits of SICR «,(k), i=0,m—1
are then found.

V.EQUIVALENT ARCHITECTURES

The analytical expressions for MICR presented in the
section IV can be deployed o derive an equivalent
architecture of the register. As an example 4-bit MICR is
considered. The initial architecture of the register corresponds
1o that presented in Fig. 2.

The equivalent architecture of the 4-bit MICR can be
presented as a set of four SICR’s with all 0 initial siate and
CR with an initial state corresponding to that of the original
register as shown in Fig, 3.
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Figure 3. Alternative architecture of MICR
This archilecture can be simplified thus leading to the

tollowing one that combines SICR and a mod 2 adder with
delayed inputs (Fig. 4).
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Figure 4. Simplificd architecture of 4-input MICR

The staic of the shift register of the simplified architecture
is equal to that of traditional MICR if m all-zero vectors are
applied to the primary inputs of the CR after cntering the tesi
data being compressed.

It can be seen that the architecture presented in Fig. 4
performs actoally double data compression. It includes
compression “in space” (CiS) that is performed by the mod 2
adder and compression “in time” (CiT) realized by means of
SICR.

In turn this implies that the ermor masking can occur cither
in Ci8 or in CiT or in both. And since the ouwtput of CiS
circuit is connected to the input of CiT, the error detection
probability evaluation has to be done for CiS and CiT, and
the conditional probability has to be used to evalvate the total
error detection provided by MICR.

VI. FAULT COVERAGE EVALUATION

In order to simplify the crror detection analysis provided by
MICR a basic CiS-CiT architecture ts considered (Fig, 5).

yolk}

yik} @ %i’ >

ky | LI o
ol — (k) alk}

yak)

ag(k} T @k —’

Figure §, Basic equivalent architecture of MICR

A. Error masking evaluation by CiT circuit (SICR)

Error masking by SICR has been evaluated in the hterature
since rather long time agoe (e.g., [7]). However the absolute
majority of the research publications on the topic have been
based on an assumption that all the bits of CR can take value
of 0 or / with equal prebability of 50%. By making such an
assumption it has been shown that the probability of the error
masking by m-bit SICR can be estimated as

1
= 2"1’

Howcver the above value is not bascd on analysis of
possible error configurations on the input of CR circuit, Thus
it gives just a very rough and averaged estimation that has got
Just a limited practical usefulness.

A substantially more accurate evaluation could be done if a
number of all possible configurations of non-detected

m

erroneous inpui sequences are found. And then it would be
related 10 the total number of all possible input sequences of
the given length.

In order to simplify the analysis it is assumed that an initial
state of all the bits of CR 1s 0. Using the approach proposed
in [5] the analysis is done for the bits of CR from 0-th to kg
th, where k, =k{modm) .

The condition for the error masking (non-detection) can be
writlen as

[)

Ze(k—qm—i):()
g=l
where fe(k)} - error bit sequence and p=(k -k, )/m .

It can be concluded from the expression (22) that SICR
detects all single-bit errors.

For a double bit error there are two non-zero members in
the sequence fe(k)/. They correspond to some cycles k; and
k> of SICR operation (k;>kz). It can be shown that
(23)
Thus any undetectable by SIRC error sequence can be
presented as mod 2 sum of clementary sequences that contain
two non-zero bits satistying the condition (23).

In order to evaluate a fault coverage of SIRC it is necessary
to find a number of masked errors ol multiplicity of r-bit
denoted ANir), and then to find the probability of error
masking Px(r} as Pg(r)= N(r¥T(r), where T(r) is the total
number ol possible errors of muktiplicity r.

It has been shown in [5] that for an arbitrary cycle
k=pm+p, it is possible to find p portions of the sequence
being compressed that satisfy the condition k (medm) <k,

(22)

ki—ky=cm, cel, p—1

as well as (p-1) fragments of the sequence satisfying the
condition & (modm) >k, .

By analyzing all possible pairs of elements of a sequence
being compressed satisfying the condition (23) the number of
masked 2-bit errors is equal to

N(2)=koC ) +(m—ko)C, .

The total number of possible errors of multiplicity 2 is

equal to

2 Kkt
T(2)=C} = (7 )

Thus the probability of error masking 1s
2 2
koC',,, + (m - ko )CP*I
k(k-1)

To simplify the derivation, let us assume that kp=0. i.c.,
k=pm (such an assumption does not affect the validity of the
analysis). In this case the number of undetected errors is
mp(p—1)

2

and the probability of the error masking can be presented as

mp(p—1) P S
P_ T —— — = —
=k D "{AJ m

Pe(2)=2 (24)

N2 =

(25)
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Following the same approach

1
P4 =31 (26)
m-
1 1Y
=35 (2 n
m’ n
P,__.(8)=3-547—l-4—(m_1] m-2 (28)
m 1 m
2
IV me2m-3
PE(10)=3A5'7-9—1—('" l] moZm-3 (29)
me\ M m m
2
P =3.5.7.9. Ml mo2modmod g,
’ m®{ m mo om om

By analyzing thc expressions (25)-(30), and by applying
the mathcmatical induction method the general expression for
the probability of masking for an arbitrary error multiplicity r
{ris even number. and r £ 2m ) can be written as follows

o |

I m-1 -n+1

Po(r) = n-1Z

GL

m m

190

=i
m

B, Probability of error detection by CiS

It is apparent that all 1-bit or odd-bit multiplicity errors will
be detected by SiC with probability of 100%. And since they
cause the change (inversion) of odd-number of bits on the
CiS output sequence, these errors also will be detecied by
CiT with 100% probability.

In contrast, the even-bit multiplicity errors can be masked
in CiS (as well as in CiT. as it was shown above). The other
important feature mention is that CiS can change the error
multiplicity. For example 3-bit error in the same input vector
of CiS will be transferred into 1-bit error on the output of it.
Thus all possible configurations of the errors on the input of
CiS have o be considered. The probability of the errors
occurrence and that of their detection have to be found in
order to get the final error detection evaluation for a given
error muitiplicity.

By doing this for 2-bit, 4-bit, 6-bit, 8-bit, etc., error
multiplicity and by employing the mathematical induction
technique, the expression for the error detection by CiS can
be presented as follows:

r=i
-

1 ~1Yz
S

it
= km

(32)

=l
Finally by combining (31) and (32) the total error detection
probability for MICR can be estimated by the following
expression

r—i

1 r![m—l)T
—— x
mei i km
2

HZI

=i

Pm‘(f)*zr‘

=7

i=a

13 |~

m-— m—n+1

x| 1=

2n-1)
%’H n=l "
m-=

r=2n n=123,..

a-

The expression (33) is true for the even-bit errors. The odd-
bit errors will always manifest themselves on the output of
CiS as new errors that are also of odd-bit mubiplicity type. In
turn they will be detected by CiT with 100% probability.
Thus

Por(n =1, Vr=2n-1, n=123,.. (34)
V1. CONCLUSION

In this paper the gencral analytical expressions describing
operation of SICR and MICR are obtained. They can be used
for calculation of the test reference values (i.e.. those
comresponding to the error-free operation of the device being
tested}, as well as for the error diagnosis when the actual
value obtained as a result of testing and the reference onc are
mismatched.

The equivalent architecture for MICR has been derived.
The architecture shows that MICR can be presented by two
interconnected circuits. The first one provides so-called
compression in space. It combines several input lines into just
one output by means of mod2 addition. The second circuit is
SICR that performs compression in space, i.e., it produces a
short cutput word (often called signature) from a long bit-
scquence coming to its input.

Finally by using the derived architecture the error coverage
provided by MICR has been evaluated for an arbitrary error
multiplicity and error contigurations.
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