
FAULT-TOLERANT SYSTOLIC ARRAYS: AN APPROACH BASED UPON RESIDUE ARITHMETIC 

Vi ncenzo PIURI 

Department of ELectronics, PoLitecnico di MiLano 
Piazza L. da Vinci 32, 120133 MiL ano , ItaLy, teL.(39)(2)2399352 8  

ABSTRACT 

Much attention has been recent Ly given to VLSI and 
WS1 pr ocessi ng arrays: systoLic arrays are often 
adopted to exec ute a wi de cL ass of a Lgo rithms, e.g 
for matrix arithmetic or signaL and image p rocessing . 

In this paper a fauLt-tolerant archit ecture is 
prop osed to aLLow reLiabLe co mp utati on of systo L ic 
a r r ays by using phy si caL redundancy and residue 
number coding. Such architecture suppLies aLso 
information for fast reconfiguration. 

1. INTRODUCTION 

Array architectures consist of a numbe r (usuaLLy very 
high) of identicaL pr ocessing eLements connected by a 
reguLar interconnection grid [11,13]; these 
characteristics make arrays weL L suited for VLSI and 
WSI integ r ation. They are extensiveLy studied for a 
wide spect r um of high-computing appLications rang i ng 
from s i gna L and image pr ocess i ng to matrix operations 
to re L ationa L data base support. 

The continuing growth of interest in such computing 
architectures, their great compLexity, their VLSI or 
WSI integration and th eir use in dangerous or 
cri ti ca L appLications give more importance to the 
probLem of reLiability of thei r computation. Since 
each processi ng eLement in such a system executes a 
part of the whoLe computation, the faiLu r e of one of 
them may Lead to uncorrect resuLts. The systoLic 
array has to work correctLy even if some processing 
eLements are faulty [4,6,7J; besides, it has to 
suppLy enough information to allow an easy, fast 
reconfiguration of the whoLe array when a permanent 
fault is d et e cte d in a proc ess i n g element [15J. 
High reliability and availability of ar r ays may be 
achieved by means of fault-tolerance techniques. Two 
main methodologies may be found in Literature: the 
first approach is redundancy (either physicaL or time 
red undancy ) [17J, the second one is coding [3,14,22]. 
In physical redundancy ad d i tional circuits are added 
to the basic architecture to aLLow error detection 
and correction, whi Le in time redundancy the 
computation is repeated more times and resuLts are 
compared. These solutions present two drawbacks: 
s ilicon area for additional c i rcu i t s may be great and 
deLays required by redundant computation may became 
unacceptable. On the other hand, by properLy coding 
input and output data it is possibLe to det e ct and 
correct errors due to fau l ts ; but, also in this case, 
the gre at e r number of bits introduces execution 
deLays and additionaL area occupation. 
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Whenever a fault is detected, it may be masked by 
c orrecting the resuLts or it may be ignored and the 
array may be rec onfigured to excLude the fauL ty 
processing element [15J. Permanent fauLts may be 
usuaLLy treated by using off-Line testi ng and 
reconfigurationi whiLe, tr ansient fauLts and criticaL 
appLications require techniques which are able to 
assure the correct functioning of the whole system 
and to supp ly data for the i denti fi cat i on of fau L ty 
eLements a L Low i ng a fast reconfiguration. 

In this paper a mixed approach to fauLt toLerance for 
processing arrays ;s presented: physical redundancy 
due to repLication of computationaL eLements is 
associated to the adoption of a residue number code 
[19,20] f or input and output data. Redundancy aLLows 
to detect and correct errors and to generate data for 
reconfiguration, while residue data representat ion 
bounds the increase of silicon area and the 
c omputation delay. In this way it is possible to 
expLoiting the properties of moduLar redundancy 
without repli cat ing the w hoLe processing eLement. 
This app roach to fauLt toLerance was firstly proposed 
in [1 6,1 8 J  for multi p L iers ; here, it is shown how it 
may be a dapted to processing arrays. Error detecting 
and correcting architectures are propo sed for Linear 
and bidimensionaL sys toLic arrays: additional 
circuits are aLso introduced to aLLow a fast 
identif i cation of faulty eLements and, then, an easy 
reconfiguration. The definition of the error modeLs 

and the choice of the bases of the residue number 

system are discussed: constra ints upon them and 
ma themati ca l pro pe r t i es are presented to assure the 
correction of outputs. 

FauLt-tolerance may be locally introduced in arra ys : 
for exampLe, it is possible to design fauLt-tolerant 
processing eL e ment s or it is possibLe to repeat 
computation on different neighboring elements and 
compare resuLts. This approach requires a wide 
si Licon area and high de Lay s ; moreover, unregularity 
may gene r ate difficuLties in c i rcu i t design. 

A more profitable approach is the definition of 
globaLly fault-tolerant arrays : in th i s case the 
whole array is repLicated and resu l ts at the edg es of 
the array are examined to detect er r ors due to 
faults. In particular, the basic ar chitecture that is 
here considered consis ts of a usual processing array, 
in which operations among integers are performed in 
binary representation without tr un c at ion or rounding, 
and of a residue network able to correct errors and 
to outline the fa u L ty eLements. In the residue 
network a set of processing arrays per form the same 
operations of the usual binary array, but using 
residue representations of data: the results of the 



binary array are compared with the results of the 
residue

. 
arrays to detect errors and, then, a 

correctlon newtwork aLLows to correct the results of 
the binary array. The res i due network may identify 
aLso the fauLty process i ng elements for 
reconfiguration. 

SeveraL archi tectures may be designed by using this 
approach to achieve dif ferent degrees of fauLt 
toLerance; for example, the foLlowing poLicies wi th 
different complexi ty and cost, may be adopted: 

- error detection foLlowed by reconfiguration; 

- error correct i on without reconfiguration (one or 
two fauLts may be tolerated in the whole array); 

- correcti on of the fi rst error, detection of the 
second error and, then, reconfiguration; 

- error cor recti on and reconfiguration after the 
first or the second fauLt. 

The main features of proposed architectures are: the 
strong regularity of the whole structure (allowing an 
easy VLSI or WSI implementation), the bounded 
increase of computat i on time and of siLicon area due 
to redundancy, the minimization of hard-core (i.e. 
the unprotected area). 

2. ARCHITECTURE � PROCESSING ELEMENTS 
An array is composed by a set of simple processing 
eLements connected by a proper network [11,13J: thus, 
the characteri sti cs of these architectures depend on 
the properties of processing elements and on the kind 
of interconnec t ion network. Before presenti ng the 
overall architecture and its properties of 
self-checking and fault-tolerance, it is necessary to 
discuss the st ructure of each processi ng element to 
introduce its features, which allow to achieve the 
desired behavior of the whole array. 

The fault-toLerant processor array is composed by 
processing elements of two kinds: the elements of the 
first kind operate in binary representation and 
belong to the binary array, while the elements of the 
second k i nd beLong to a residue arrays of residue 
network and use a representation of data in a suited 
Residue Number System [19,20J. Here, the structure of 
such processing eLements is briefly described. 

From literature it is possible to extract a simple 

common structure of the processing eLements belonging 

to the binary array (see fig. 1) [11,13J. Usually 

three inputs are suppLied by the environment external 

at the eLement: one is the dat a comi ng from the host 

computer into the binary array, the second one is the 

resu l t of the computat i on performed by the adj a cent 
element, the thi rd one is the weight for combi ni ng 
the other input data. The outputs of each eLement are 

the input from the host, the weight and the result of 

the computation executed in the element itself. 

Computation in a processing element is a linear 

weighted co mbination of the data from the host 

computer and the result of the adjacent element: data 

from the h ost is mUltiplied by proper weight and, 

t hen, added to the resu l t of the adj acent element. 

The direction in which data flow may be changed to 

imp lement some classes of a Lgori thms, w i thout 

modifying the results of this paper. 
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Fig. 1 - Binary Fig. 2 - Residue 
process i ng element processing eLement 

By using this structure it is possi ble to execute a 
wide set of algorithms for different appLications 
characte �ized by reguLarity (i .e. repetitive 
computatlon� �n Larg: set of da;a) and high computing 
[11J. I

.
n dlgltaL slgnaL and lmage processing this 

processlng eLement may be adopted to impLement via a 
suited interconnection network, FIR or IIR filfering 
1-D or 2-D convolution, discret Fourier Transform

' 

and other operations [9J. Some problems in matri � 
ar i thmetic may be solved w i th such processing 
elements, e.g. matrix-vector mUltipLication 
matrix-matrix muLtiplication, matrix triangular� 
ization, soluti on of triangular Linear systems [10J. 

The processing eLements of residue arrays are similar 
to the process i ng elements of the binary array; they 
are structuralLy equivalent to binary elements, but 
they execute aLL the operations in the adopted 
Residue Number System [19,20J. Therefore, the bi nary 
multipLier and the binary adder of fi g. 1 are 
substituted by devices working in residue 
representation (fig. 2.a). 

2.1. Implementation of the residue processing 
elements 

Many techniques were proposed to impLement residue 
arithmetic devices [19,20]; for exampLe, the simpLest 
circuit is a ROM or PLA, whose inputs are the 
operands and the output is the resuLt of the 
operation. Nevertheless, these structures are highLy 
a rea consumi ng. Ve ry compact so luti  ons may be 
designed for particular bases, such as lOW-cost bases 
[1J. For other bases specia L-purpose de.vices may be 
consi dered . A generaL solution for a modulo-b adder 
consists in adding to the inputs the constant 
(2**l092(b-1)-b): i f  a carry is generated, the result 

has to oe corrected by adding b to it and discarding 
the new carry; this structure is compact and fast. 

fig. 2.b; 
usual binary 
input of a 

the resi due 

An alternative solution is shown in 
muLtiplication and sum are performed by 

devices: the final result is the 

correcting ci rcuit whose output is 

representation of its input. 

Anyway, the area used by the residue processing 

element is smaller than the area of the binary 

element, because the numbe r of bi ts of data is Less. 

On the other hand, the additionaL deLay in 

computation, due to moduLo correction, is shorter 

than the reduction of computation time due to the 

minor number of bits: therefore the result of residue 

element wi L l be approximately avai LabLe at the same 
time of the resuLt of binary processing element. 



3. ERROR MODELS OF PROCESSING ELEMENTS 
Sefore di scussing the dete c t ion and correction 
mechanisms in the array architectu re, it is nec essary 
to defi ne the error modeL, i.e. the inf Luence of 
fau Lts on computation, for pro c ess i ng eLements. 

Let us assume that a fauLt (stuck-at-O or stuck-at-1) 
in a gate of a proce ssing eLement causes in the 
resu L t an addit i ve er ror of the type "power-of-2" 
[16,18J: i.e. for any possibLe fau Lt , the correct 
resu L t is de ri ved f rom the output of the process i ng 
eLement algebraicaLly added to the amount of error. 

The number of bits affected by a fault depends on the 
considered device; in this paper it is aLways assumed 
that a fault can o nLy produce a singLe error. If P is 
the correct result and pI the wrong resuLt, it is 
P'=P± K.2

'
, where K.€{O,1}. The exponent "i II is 

reLated' 
to the posi ti o n of the fauLt device, while 

the sign of the error depends on the input data. The 
coefficient K. depends on the input data; a fault in 
a processing & Lement may not appear in the output of 
that element: er ro r detection depends aLso on the 
input data that can mask the error. In this case the 
fault remains latent , untiL it wiLL be d e tected. 

An erro r may be i dentif i ed by exam,m ng the 

difference between the correct resu L t and the w rong 

one. When a set of bases {b
k

lk=1 • • n} is considered, 

the n-tupLe of the residues of such difference is 
caLled the syndrome St. of an error: 

k k
' . 

s .={()±.I6'"t.=R[P'-P]b =R[t K.2'Jb ' k=1 • •  n}. ±, , 1 k ' 
k Since the error in some 'arithmeti c uni ts may depend 

on the input data, aLso the syndrome may be reLated 
to the input data [18J. Usually, circuits with one, 
two or three different syndromes for each e rror are 
considered; these errors wi LL be refer red as 
singLe-syndrome e r ro rs, doubLe-syndrome errors and 
tr i p l e syndrome errors respectiveLy. 

If two fauLts occur, double errors may be introduced 
in the resuLt of the processing eLement. The errors 
are s ti L L additive as for the singLe error case, i.e. 
they are always sums of pow ers of 2 [18]. The gLobal 
e rror is 

P' - P = ±K. 2 i ±K .2 j • 

In this case the sy ndrome � t. 
-±

. J is given by: 
k k ' 'lJ . St. ±.={\r±. .I\r±. ±.=R[±K.2 ±K.ZJJb , k=1..n}. 

1, J , ,tJ 1, ] , J k 
Note that, for parti c ular values of th£i input data, 
the syndrome due to two faults may be equal to a 
synd rome due to a single fauLt or may not detect any 
er r or (power of 2 with" same magnitude and oppos i te 
sign). The bases of the Residue Numbe r System have to 
be chosen so that all previous events are detected. 

If more than two faults occur, there are mu ltip le 
errors in the output of the processing e lement . The 
error is a linear combination of powers of 2 with 
coefficients equal to ±1; also in this case masking 
or coincidence with syndromes due to minor number of 
faults are possible. 

When two or more errors are considered, they may be 
partitioned in two classes [18J: 

- consecutive permanent errors (or, briefLy, 
consecutive errors), due to permanent faults 
whi ch takes place in different times. The 
syndrome produced by the fi rst fai lure may be 
stored in a register: correction of a second 
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permanent failure may be performed more easiLy . 
- "any kind" er rors, i.e. due to permanent, 

transient o r  intermittent fauLts occurri n g either 

in the same ti me or in subsequent times. 

Genera L ly, it is poss i ble to assume 
conse c ut i ve since the probability of 
o ccurrence of more fa uLts is very 
alLows a very efficient error 
correction. 

that errors are 
contemporaneous 
low: this fact 
detecti o n and 

Many arithmetic un its satisfy the above error modeLs, 
e.g. adde rs CSN7483, Lai and Muroga [12J), 
muLtipliers CDadda [5J, Wallace [21], Jayshree and 
Basu [8J) and more compLe x networks of full-adders. 
The unique constraints are that data flow must pass 
onLy once through each fu l l-adde r and all bits has to 
be processed in a paralLel fashion, so that a fault 
in one of them p roduce an error equal to a single 
power of 2. 

Every processing e lement described in the previous 
sect ion satisfies these error modeLs , because it is a 
fuLL-adders network in which a data word passes once 
through each of fuLL-adder. The models are co rrec t 
also if buffers or Latches are introduced in the 
processing e l ements : in fa c t a stuck-at fault of a 
bit produce an error of the type power of 2 at the 
ou tput of such devices. Note that aLL the assumptions 
are stiLL satisfied when the processing eLements are 
conne c ted in an array: therefore, a fauLt in a 
processing eLement produces an error equal to a power 
of 2 at the edges of the array (if input data do not 
m ask it) and error models discussed above hoLd . 

4. AR C H I TEC TURE S FOR FAULT-TOLERANT ARRAYS 

The processing elements previously described may be 
connected by a inte rconnection network to obtain an 
array, i.e. a regula r architecture for 
high-computation appLications [11,13]. When a fault 
occurs in a pro c ess ing element, the computat i on may 
p r oduce erroneous outputs. In thi s sec t i o n an 
approach is proposed to achieve fault-tolerant arrays 
by means of modular redundancy and the properties of 
Residue Number Systems: these architectures are able 
to detect and, possib le, correct the e rr o rs due to a 
bounded number of faults when given constraints are 
sat isfied. To a lLow the survivaL of the array when 
more faults occur, the host computer, which drives 
its computation, must stop the array and reconfigure 
it. Reconfiguration [7,15J consists in reconnecting 
the proces sing elements to excLude faulty ones by 
sending suited signals to the interconnection 
network. Then, the computation may be restarted. The 
capabiLity to output the co rr e ct resuLts, even if 
faults occurred (but less than the upper bound), 
reduces the frequency of the reconfigurations and, 
therefore, increases the availability of the system. 

To decrease the time required by reconfiguration and 
to assure a greater availability of the system, it is 
necessary that the architecture itse lf is 
seLf-checking; i.e. it has to identify the faulty 
eLement. In th i s way the host computer acqui res the 
positi on of the faulty element, selects the new 
interconnection of processing elements and generates 
the corresponding signaLs for the interconnection 
network. Otherwise, it has also to test the 
processing eLements to identify the fault: but this 
operation may require too much time. 



Linear array HorizontaL 
computing 
bi dimensionaL 

Bidi rectiona L 
computing 
bidimensiona l 

array array 
Fig. 3 - Different topoLogies for arrays 

Different types of arrays are here considered: Linear 
arrays and bidimensionaL array (fig. 3) [11, 13J. Two 
structures are identified for bidimensionaL arrays 
accordingLy with the direction of transmission of th� 
resuLts. In horizontaL-computing bidimensionaL arrays 
the resuLts of computation are transmitted in 
horizontaL direction, whiLe in verticaL direction 
onLy input data are passed. In 
bidirectionaL-computing bidi mensionaL arrays the 
resuLts of computation is passed horizontaLly and 
verticaLLy to the adjacent processing elements. 

Note that interconnection networks are not drawn in 
fig. 3 and in the following ones, since they depend 
on the reconfiguration capabilities introduced by the 
designer. Basi c fault-toLerant architectures for 
Linear arrays are presented: their behavior and their 
performance are discussed. Then, bidimensional arrays 
are considered; the solutions considered for linear 
arrays are extended to horizontally-computing 
bidimensionaL structures and an effective soLution is 
proposed to identify the faulty processing element in 
the array. Characteristics and properties of 
fau l t-t 0 Lerant bi di recti ona L -computi ng bi di mensi ona l 
arrays are derived immediateLy from 
horizontaL-computing architectures: in fact in 
bidimensionaL-computing arrays aLso data passed 
vertically are the result of a computation performed 
in the processing eLements, which are a simple 
extension of the processing elements presented above. 
Details on all these architectuN'� wi LL be discussed 
in the next section. 

4.1. Linear arrays 

Here, the architectures for fa�Lt-toLerant Linear 
arrays are pres ented. The most simpLe soLution to add 
fauLt-tolerance capabiLit ies to the Linear array of 
binary processin g  element is shown in fig. 4. 
Th e bi na ry array executes a computati on recel Vl ng 
input data (integers in binary representation) from 
the host computer, which controLs all activities. The 
same data are converted in a Residue Number System: 

each set of binary-to-residue converters generates 
the inputs for the corresponding residue array. Each 
residue array executes the same computation of the 

binary array, but all operations are in moduLo: if no 

fauLt occurs, its output is the residue of the output 

of the binary array in the corresponding base. 

The output of binary array is, then, converted in its 
residue representation by others binary-to-residue 
converters. The occurrence of errors may be detected 
by examining the output of the syndrome generator, 
i.e. the differences between each residue of the 
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Syndrome Generator 

Fig. 4 - FauLt-toLerant Linear array 

output of the binary array and the output of 
corresponding residue array. If aLL these differences 
are zero, no error occurs or, better, no error is 
detected: in this case the muLtipLexer controLLer in 
the error correction network seLects the output of 
the binary array as the correct output. 

When at Least one difference is not zero, an error is 
detected: its syndrome is the input of the correction 
generator in the error correction network. The 
correction generator produces the correction that has 
to be added to the output of the bi na ry array to 
obtain the correct resuLt of the computation. Then 
the muLtipLexer controLLer seLects the output of th; 
adder as the finaL output of the fauLt-toLerant 
array. Note that in fig. 4 a very simpLe error 
correcting network is shown: it may be used onLy to 
correct singLe errors. Error correcting networks for 
more camp Lex er ror mode Ls wi L L be presented in the 
foLLowing section. 

This architecture is abLe to toLerate a given number 
of fau L ts accordi ng with the syndrome generato r and 
the error corre ction network adopted. But no 
information is supplied about the position of the 
fauLty processing eLements in the array. As aLready 
said, such data are very important to aLlow a fast 
reconfiguration and to assure a high avai Labi L ity of 
the system. To overcome such probLem, additionaL 
ci rcuits are requi red: a possibLe soLution is 
proposed in fig. 5. In this case the error correcting 
network is abLe to manage onLy singLe errors. 

In this architecture the intermediate resuLts of the 
computation, i.e. the outputs of each working 
process i ng eLement, are tes ted. The outputs of the 
bi nary eLements are converted in the residue 
represent at i on and the di fferences between the 
residue of the output of every binary eLement and the 
output of the corresponding residue eLement are 
computed. If aLL these di fferences re lated to 
processing eLements in a given position in the arrays 
are zero, no error is detected: otherwise there is a 
fauLty processing eLement in that position. 
Reconfiguration aLgorithm ta k es advantage of this 
information and excLudes the fauLty processing 
eLement. 

Both these architectures minimize the hard-core, i.e. 
the unprotected area; in fact, it is reduced onLy to 
the Last stage composed by the error correction 
network, whiLe the syndrome generator itseLf is 



Fig. 5 - Linear array with fauLt LocaLization 

protected from fauLts. The additionaL si Licon area 
used to achieve a fauLt-toLerant system may be 
smaLLer than the area required by the cLassicaL 
moduLar redundancy if a carefuL hardware design is 
performed: moreover, the reguLarity of the 
architecture is weLL suited for a VLSI or WSI 
imp Lementa t i on. 

Let us consider how redundancy influences the 
execution speed of the whoLe architectures. Note that 
conversion deLay may be minimized by means of a 
carefuL hardware design [2J. When no fauLt arises in 
the arrays, the deLay introduced by additionaL 
circuits is very Low: in fact it is due to the 
residue conversion o f  the r es uLt of binary array, the 
muLtipLexer controLLer and the mu ltipLexer itseLf. 
When fauLts occur, the deLay is due aLso to the error 
correction network: such additiona L deLay depends on 
the type of error modeL adopted for the processing 
elements. Anyway, the right result is immediateLy 
avai LabLe af ter having added the correction; this is 
an advantage of the method here proposed on 
techniques using Redundant Residue Number S ystems: in 
such approaches a time-consuming conversion from the 
residue representation to the binary one is in fact 
requi red [2,20J. 

4.2. BidimensionaL arrays 

To achieve higher computation speed, the processing 
eLements may be connected in a bid1mensionaL reguLar 
grid: here, some architectures achieving fauLt 
toLerance are proposed' for thi s confi guration. A 
detai Led descrip,tion of tec hniques are given for 
horizontaL-computing bidimens i onal arrays; similar 
architectures and techniques may be easi Ly derived 
for bidirectional-computing bidimensional arrays, in 
which also data flowing vertically in the structure 
are the result of the computation performed in the 
processing eLements. 

The simpLest architecture is shown in fig. 6; it is 
very simi Lar to the soLut ion presented for Linear 
arrays in fig. 4. The bi nary array executes the 
a Lgori thm as s i gned by the host computer, whi Le the 
residue arrays operate in a Residue Number System. 
The outputs at the edge of the binary array are 
converted in the residue representation and compared 
with the outputs of the residue arrays: if the 

res,uLting syndrome is zero, no error is detected; 
otherwise, the output of the binary array is 
corrected by the error correction netwo r k . 

r----------l Error : Corrl!ction : LJ--+--L_J-t-L.J-t--,------: N .. tw ork 1-

LJ-----L_�--�.J---�J:: 
____ _ ___________ _ _____ _____ ____ • _ _______ J L __ • ____ _ 

: , 
, I ,-

Fig. 6 - FauLt-toLerant bi dimension aL array 

Such network may also signa L the row of the processor 
matrix containing the fauLty processing eLement, in 
fact the output of each row is separateLy verified. 
But, the fauLty eLement may not be identified because 
the whoLe output of the row is tested. To overcome 
this probLem, an arc hitecture Like that pre sented in 
fig. 5 might be adopted. NevertheLess, the number of 
wires and the number of binary-to-residue converters 
are too high: therefore this soLution is not suitabLe 
for VLSI or WSI integration. 

To reduce the numbe rs of wi res and conve rte rs the 
intermediate outputs might be Latched and passed 
along the coLumns of the arrays: they shouLd be 
compared only at the Low edge of the arrays. In this 
case two cLocks and regi ster fi Les (one for each 
co Lumn) are required: moreover, aLso this solution 
requires too much siLicon area and it is not suitabLe 
f or intergration. 

An attractive architecture for fauLt-toLerant 
horizontaL-computing bidimensionaL arrays based on 
residue arithmetic is shown in fig. 7: intermediate 
outputs of each coLumn of pro ces sing elements are 
a dded together to generate the output Y' t' ou 
To compute such sums the basic processing eLements 
have to be modified, as it is shown in fig. 8.a; in 
each processing eLement an adder is inserted: its 
inputs are the output of the basic p rocessing element 
considered untiL now and the partiaL sum produced by 
the adder of the eLement in the previous row and in 
the same coLumn. 

Note that the sums y' computed by the additionaL 
adders are obta i ned OU

w� th an aLgorithm which is 
simi Lar to the target aLgorithm executed by t he 
array, since they are sum of products of the inputs X 
and W. Besides, aLL conditions on the data flow 
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Fig. 8 - Processing eLement for fauLt LocaLization 

th rough the ci rcuits are sti LL satisfied: therefore, 
the error modeLs are vaLid and, thus, these sums give 
informa t ion about the state of the p rocessing 
eLements of the corresponding coLumn. 

The additionaL sums produced by the binary arr ay are 
converted in their residue represent ation; the set of 
t he differences b etween the residue representation of 
one of those sums a nd the sums produced by the 
corresponding coLumn in the resi due arrays are 
simi Lar t o  the syndrome gener ated by the syndrome 
generator of the architecture in fig. 6. The syndrome 
obt ained at the right edge of the array aLLows to 
detect an error and to id entify the row of the fauLty 
processing eLement; in a simiLar way, the addi tionaL 
syndrome generated at the bottom of the arr ay aLLows 
to identify the coLumn of the fauLty proces sing 
eLement. These two info rmation are enough to identify 
uniqueLy the fauLty eLement for a subsequent 
reconfiguration of the whoLe architecture. 

It may happen that the input dat a of the array mask a 
f auLt in the row test, but not in the coLumn test Cor 
vice versa); in this case the fauLt has to be 
considered Lat ent, even if the host shouLd store the 
position of the coLumn (row) containing a fauLty 
eLement to identify it as soon as possible. 
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On the othe r h and, the additionaL adder of processing 
eLement in fig. 9.a protects the muLtiplier and the 
first adder, but it does not aLlow to detect errors 
due fau l ts in the additiona l add er i tse l f. If such 
circuit faiLs, only the coLumn containing the f aulty 
proces sing eLement may be identified, not its row 
since the check on the rows is p a s s ed by all 
eLements. This may be acceptabLe since the output of 
the array is correct: but the capabiLity to identify 
the column with the faulty element disappears. 

To overcome this drawback two soLutions are 
avaiLable. First, it is possibLe to add a third adder 
in the basic structure of the processing eLement as 
it is shown in fig. 8.b. The output of t his adder is 
the vaLue Y" 

t
; while its inputs are yl 

t 
(computed 

by the ceLL
O� tseLf) and the vaLu e Y� �MquaL to the 

o utput Y" t of the previous ceLL). Ifn a fauLt occurs 
in the s��ond adder, it may be detected by examining 
the ou tput Y" 

t 
at the edges of the ar rays, since 

aLso in this ��s e aLL constraints on the structure of 
processi ng eLement and on data flow are satisfied. 
Therefore, the coLumn of the fauLty processing 
eLement may be i dent i fi ed by exam; ni n9 the output 
Y' 

t 
at the bottom of the arrays; whi le the row may 

b�U
obtained from Y 

t 
and, eventuaLLy, Y" 

t
" 

ou ou 
An aLternative soLution is shown in fig. 8 .c. The two 
additional add ers are here substituted by a unique 
adder with three inputs: its computes a check sum for 
e ach processing eLeme nt. Its inputs a re the t a rget 
output function Y :t of the processing eLement, Y! 
equaL to the ch��K su m of the upper processi �� 
e Lement, Y',' equaL to the check sum of the leftmost 
proce s sing l � Lement. This structure aLLows to detect 
e rrors in a simiL ar way of the previous soLution, but 
a caref u L hardw are design may aLLow to obtain a 
smaLLer siLicon area. 

FauLt toLerance may be easi Ly introduced in 
bidirectionaL-computing bidimensional architectures 
by adopting soLutions similar to those proposed for 
horizontaL-computing architectures by adding an other 
error correction netw ork at the bottom of the binary 
array: error detection and correction are performed 
in the same way as in horizontaL-computing 
b i dimen sionaL arra ys. 

s. ERROR CORRECTION 

In this section detaiLs of the architectures for 
error detection and correction are presented and 
anaLyzed: for e a c h  type of er ror modeL, the 
constraints upon bases of the adopted Res idue Number 
System are given to as su re correction. Fi rst, error 
due to a single fauLt is considered; then, the 
occ urr ence of two faults is discussed. It ha s be 
pointed out that presentation deaLs onLy with th e 
architecturaL aspects of error detection and 
correction, since theoretical foundation s are aLready 
welL-kn own [19,20J. 

5.1. SingLe � corre ction 

The architecture which alLows to detect a single 
error in a linear array is shown in fig. 9.a, where 
only one residue array is used in paralleL with the 
binary array_ The residue representation of data 
consists in the residue of t h e  data in the selected 
b ase. The aLtern a tive soLution presented in fig. 9.b 
(with a single residue array) is abLe to suppLy the 



pos i t i on of t h e f a u L t y  p ro c e ss i n g e L ement i n  the 
l i near ar r ay for r e c o nf i g u r a t i on .  Si m i L a r l y , t h e  
a r c h i t e c t u re s  of f i gg .  1 0 . a and 1 0 . b (wi t h  on L y one 
r e s i d u e  a rray ) may be a do p t ed for singLe error 
d et e c t i on i n  b i d i men s i o n a L a r c h i t e c t u re s . Whe neve r 
t he re s i due of a resu l t of t h e  co mputat i on of t h e 
w ho Le bi n a ry a r r a y  di f f e r s  f r om t h e  resuLt of t h e  
c ompu t at i o n o f  t h e  w h o l e  r e s i du e  a r r a y ,  the e r ro r d u e  
t o  a f a u L t  i s  dete cted a n d  t h e  host compute r  h a s  to 
r e c o n f i g u r e  th e fau l t y  a r r a y . 

b )  
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I I 
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F i g .  1 0  - S i n g Le e rro r dete ct i o n  in bi di m e n s i o n a L  arra ys 

N e v erth eLe s s , these a r c hi te c t u r es do no t  a l l o w  t o  
c o rrect t h e  r e s u Lt o f  t he bi n a r y a r r a y ,  s i n c e no 
e n o u g h  i n f o r m a t i o n i s  a v a i lab L e . As i n  usu a L  
s tru c t u r e s bas e d upon T r i p l e  Mod u l a r R e du n d a n c y  [ 1 7 J , 
t r i p l i c a t i on of c omput a t i o n mo du L es i s  re quire d to 
c o r r e c t a s i ngL e e r r o r  by v o t i n g t h e i r r e s u L t s . T h u s , 
to t o L e r a t e  a s i n g L e  f a u L t t h e a r c h i t e c t u r e s  

p r e s e n t e d i n  f i gg . 4 ,  5 ,  6 a n d  7 m a y  be u s e d ,  wh e re 
t w o  r e s i d u e  a r r a y s  a r e a dded t o  t he b i na r y a r r a y . Th e  
f i rst a r c hit e ctu r e  a nd t h e  s e c o n d  o n e  i mp L ement 
L i ne a r a r r a y ,  w h i l e  t h e  o t h e r s  a r e b i d i m e n s i o n a L 
a r chi tect u res ; t h e s e c on d  a r c h i t e c t u r e a n d  t h e  fou r t h  
o n e  s i g n a l a l s o  t h e  f au L t y p r o c e s s i n g e L e m e n t , 
a L L o w i n g ea s i e r  a n d  f a s t e r  re c o n f i g u r a t i o n .  
W h en t h e  da t a  wo r d  of b i n a r y a rr a y  h a s  n b i t s ,  t h e  
s y nd r o me s o f  a L L  po w e r s  o f  2 w i t h  e i t h e r  po s i t i ve o r  
n e g a t i v e c o e f f i c i ent  mu s t  be u n i que t o  c o r r e c t  a 
s i n g l e e r ror, i . e .  t he c o u p l e  of b a s e s  ( b 1 , b2 ) mus t 
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s a t i s f y  [ 1 6 , 1 8 J : 

1 . a )  Sti � S±j ' V i =1 , 2 , • • .  , n , V j =1 , 2 ,  • • •  ,n ,Vi �j , 
1 . b )  s+i  � S_j ' V i =1 , 2 ,  • • •  , n , V j =1 , 2 , • • •  , n . 

I n  t h i s cas e  t h e  correct i on gene r ato r ; s  ab L e  to 
p r odu c e ,  w i th o ut amb i guity , the cor rection which has 
to be a dded to the actua L  output of the b i na ry a r ray 
to obt a i n t h e  e x p e cted resuLt . T he cor recti on 
g e ne rato r may be i mp lemented by me a ns of a 
c o mb i na t o r i c  c i r cui t ( ROM , PLA o r  a c ustom c i r c u i t ) :  

its i nput i s  t h e  s y ndrome , wh i l e i ts output i s  t he 
c o rre c t i on . 
The c o ve r a g e ass ured by a c oupLe of bases , i . e . t h e  
n u mbe r of b i t s  w h i c h t h e  c o u p L e  i s  a b l e t o  c o r r e c t , 
m a y  be eva L u at ed f o r  odd ba s es w i t h  a s i mpLe 
a l g o r i t h m  pre s e nte d i n  [ 1 6 J . 

5 . 2 .  D o u b L e  e r ro r c o r r e c t i o n 

T h e  a r c h i te c t ure s f o r  si n gLe e r ro r  c o r r e c t i on a r e 
a L s o  ab L e  t o  det e c t two errors , but not to cor re ct 
the m ,  as i n  modu L a r  r e d u n d a n c y . Be s i d e s , i f  two 
e r r o r s  o c c u r ,  t w o  res i d u e s  i n  the syndrome may be 
z e r o ,  not a L l ow i ng detect i on of th e e r ro r .  To avoi d 
th i s  p rob Le m ,  i t  i s  possib L e  to se l e c t  a coup L e  of 

b a s e s  g e n e r a t i ng a non- z e r o s y n d r ome f o r  a ny 
comb i n a t i on of two errors; but th e r e q u i  red b a s e s  
h ave h i g h  va l ue s ,  i . e .  residue p r o c e ss ing e L ement s 
a r e t o o  gre a t . An a L t e r na t i ve soLut i on consists i n  
a dopt i n g a tri pLe o f  base s suc h  th at no more than one 
residue is nu l l  for any coup l e of er rors . 

To c or r e c t t wo e r rors, three residue ar r a ys a r e  
r eq u i r e d  i n  the structu res p r ese nte d i n  f i g g .  4 ,  5 ,  6 
a nd 7 .  A L s o i n  t h i s  c a s e t h e  a r c h i t e c t u re s  of f i gg . 5 
a n d  7 a L L o w  a fa s t e r  r e c o n f i g u r a t i on i n  comp a r i s o n  
wi t h  th e ot h e r  two s t r u c t u re s . 

As a L rea dy s a i d  i n  t h e  se c ti on a b o u t  e r ro r  models , 
t he r e  a re two typ e s  of do u ble e r ro r s : c o n s e c u t i ve a n d  
" a ny k i n d "  er r o r s . A c c o r d i n g l y  w i t h  t h e  t y p e  of t h e  
doub le-error mo d e l , i t  i s  po s s i b l e to de s i gn t h e  
corre c t i on ge n e r ato r and to i de nt i f y t h e  c o n s t r a i nt s  
t o  which th e ba s e s  mu s t  satis fy to a l l ow the erro r  
c o r r e c t i o n .  
Let us c o n s i d e r  " a n y  k i n d "  er r o rs; the cor re c t ion 
gene r a t o r  is s i mi l ar t o  t ha t des i g n e d  f o r  sing l e  
e r r o r  c o r rect i on :  i t  c o n s i s t s  of f o u r c o mb i n a t o r i c 
c i r c u i t s  ( s u c h  a s  R O M s , P L A s  or a c ustom c i r cuits ) ,  
on e f o r  doub L e  e r r o r s ,  t h e  o t h e rs f o r  s i n g L e e r ro r s . 
To co r r e ct s i ng l e  a nd doub l e  e r r o r s ,  i t  i s  ne cessary 
t h a t  t h e  t r i p L e of ba s e s  s a t i s f i e s  t h e  fo L L ow i ng 
c o n s t r a i n t s  w h i c h  a l l o w  t o  i d e n t i f y u n i que l y  the 
e r r o r i n  n-b i t  ou t p u t s  [ 1 6 , 1 8 J :  

1 • 

2 .  

3 .  

a n y  c oup L e  o f  b a s e s  must be a b L e  t o  c o r r e c t  any 
s i n g L e  e r r o r ;  

S '  () s "  = 0 ,  w h e r e S ' ={ s  o }  i s  t h e  s e t  o f  t h e  
s y n d r om e s d u e  t o s i ng l e  e r rJrs a n d  S " = { s ± i t o }  is 
t h e  s e t  of t he sy n d romes d u e  t o  t w o  er ror s : J 
th e s y n d r o m e s  i n  S "  mu s t  be u n i qu e , i . e .  al l 
c o m b i n a t i o n s  of po w e r s of t w o  must h ave d i f f e re n t  
s y n d r o m e s , 
S

t i , ± j 
f. s

±h , ± k 
f o r  ( i # h V j # k )  A ( i #k V j # h ) ,  

� i = 1 , 2 ,  • • •  , n , V j = 1 , 2 , • . •  , n , 
V h = 1 , 2 , • • •  , n , V k = 1 , 2 ,  • • .  , n ; 

4 .  i f  a dou b l e  e r r o r  ta k es p L a c e ,  on e r e s i due c a n  be 
z e r o  a t  t h e  mo s t . 



The archite c t u r e s f o r co r r e c t i on of c o n s e c ut i ve 
e r ro r s are mo re in t e r e sti n g becau s e  the p r obab i L i t y  
o f  cont emporaneous fa u L t s  is very L o w  i n  cOmpa ri s on 
w i t h  t h e  p r o b a b i L i t y  of c o n s e c u t i v e fau Lts , even i f  
t h e  L at t e r  arc hit ectures a r e  not ab L e t o  m a na g e  
t r ansi e nt or i n t ermi ttent fau L t s . The st r u c t u r e  of 
c o rre c t i on g e n e r a t o r  and the c o n st rai nts on t h e  

t r i p L e o f  ba s e s  f o r  c o n s e c u t i ve er ro r s  depend o n  t h e  
n u mbe r of d i f f er e nt s y n d r o m e s  p ro d u c e d  b y  a pe r m a n en t 
f a u L t . 
Let us co ns i d e r  s i  ng L e - s y n d r om e  e r r o r s . Th ey may be 
m a n a g e d  by t h e c o r r e c t i on g e n e r a t o r  sh own i n  f i g .  1 1 . 

W h e n no e r ro r o c c u r s  i n  t h e  a r r a y s , t h e  s i gn a L P( 
a L L ow s  to s e L e c t t h e  ou t p u t  of t h e  bi n a ry a r ra ? 
d i  r e c t L y . As s o o n  as t h e  f i  r s t e r  r o r  a r i  s e s , i t  i s  
r e c o gn i z e d  by a su i t e d c o mb i n a t o r i c c i rc u i t ( a s  i n  
s i ng Le error ar chitectures) : su c h  c i r c u i t p r odu c e s  
t h e  c o r r e s po n d i n g  c o r r e c t i on ,  wh i c h i s  st o red w i t h  
t h e  sy n d rome i n  a reg i s t er . T h e  s i gna L 0( 1  c o nt r o L s  
s e L e cti o n o f  the co r r e c t out p u t . U nt i L n o  ot h e r  f a u L t  
o c c u r s , t h e  out p u t  o f  b i n a ry a r r a y  i s  co r re c t e d by 
the above com b i n a t o ric ci rcuit , but co r re c t i on s  and 
s y n d ro me s a r e  not s t o r e d . Wh e n a se co n d f a u  L t i s 
det e c t e d , t h e  c i  r c u i t f o r  s i n g L e er r o r s i s  not ab L e  
t o  ma nag e i t . I n  t h i s  ca s e ,  t h e  di f f e r e n c e  bet w een 
the stored sy n d r ome a n d  th e synd rome gene r a t e d  a f t e r  
t h e  s e c o n d  f a u L t  i d ent i f i es t h e  new c o r re cti o n i n  a 
s e c o n d  co mbi na t o r i c c i r c u i t ;.  s uc h s e c o n d  c o r r e c t i o n 

i s  adde d t o  t h e  s u m  of th� stored corre c t i on and t he 
o u t pu t of t h e b i n a r y a r r a y  t o  ob t a i n t h e  co r r e c t  
resu Lt . T h e  s i g n a L II( s e L e c t s  t h e co r re c t  output . 
T h i s t e c h n i q u e  a L L o w s  � o i mp L em e n t  comp a c t  c o r r e c t i on 
gene rat o rs : i n  f a c t  the comb i n a t o r i c c i r c u i t f o r  " a ny 
k i n d "  e r r o r s  i s s u r e L y  g r e a t e r  t h a n  t h e  c i r c u i t s  
req u i re d b y  t w o  c on s e c u tiv e s i n g L e-syndrome e r ro r s . 

'---,---' [ · · · ·· · · · · · · · · · 1 

F i g .  1 1  - C o r r e c t i o n g e n e r a t o r  f o r  
s i n g L e - s y n d r o m e  c o n s e c ut i ve e rro r s  

T o  co r r e c t  t w o  con s e c utive 
t h e  t r i p L e o f  ba s e s  mu s t  
c o n s t r a i n t s  [16 , 1 8] :  

sin g L e - s y ndro me e r r o r s ,  
s a t i s f y  the f o L low i ng 

1 • 

2 .  
3 .  

4 .  

any coup L e  of ba s e s mu s t  be a b L e  to co r r e c t  any 
s i n g L e e r r o r ; 

s ' n s .. = 0 ;  
t h e  s y n d r ome s i n  S '  mu s t  be u n i q u e ,  i . e . aLL 
p ow e r s  of t w o  mu s t  have d i f f e r e n t s y n d romes ; t h i s 
c o n d i t i on a L L ow s to i de n t i f y t h e  s e c on d  e r r o r  
w h e n  t h e  p r e v i ou s  one h o L d s ; 

i f  a dou b L e  e r r o r  t ak e s p L a c e ,  one r e s i d u e  c a n  b e  

z e r o  at t h  e mo st . 

Let us c on s i de r now c i r cu i t s  i n  w h i c h  a fau l t  
p roduce s doub L e  s y n d rome s ;  t h e t r i p L e o f  ba s e s  mu s t  
s a t i s f y  t h e  s a me con s t r a i nt s of si n g L e-s y n d r om e  ca s e  
[1 6 , 1 8J . T h e  c o r re c t i o n gene ra t o r  i s  s i m i  L a r  t o  t he 
c i rc u i t  p res e nted f o r  s i ng l e - s y n d rome e r ro rs , but 
t he re  are two reg i s t ers to s t o re t h e  po s s i b L e 
s yn d r ome s of t h e  f i r s t  e r ror detected and t h e i r 
co rre ctions ( fig . 1 2 ) . Th e si g n a l s  �1 and �2 a L L ow t o  
s e L e c t  t h e  s u i t e d co r r e c t i on for  ea c h  output af t e r 
t h e  f i r s t  fau L t , whi Le t h e  s i g n a L 0(3 s e L e c t  co r re c t  
o u t p u t  a ft e r  t h e  seco n d f a u L t . A L so l n  t h i s c a s e  t h e  
s i L i c o n  a rea requi red b y  co r r e c t i on g en e ra t o r i s  
s ma l l e r  th an th e a re a  f o r  " a ny k i nd" e r ro rs . 

F i g .  1 2  - C o r r e c t i on g e n e r a t o r  for 
d o u b L e-s y n d rome co ns e c u t i ve e r ro r s  

F i n a L l y ,  w h e n  t r i p L e-s y n d rome e r r o r s a r e  cons i dered , 
t h e  t r i p L e of ba s e s mus t sat i sfy th e s a me const ra i nt s  
o f  si ng Le-s ynd rome e r ro r s  and the f o L Low i ng one 
[1 6 , 1 8] :  

5 )  5 '.' () S:i () 5 '.' = 0 
w � e r e 5 "={s : tJ =1 , 2 ,  . . . , n }  If x H i , - i , i +U .  x X ]  

T h e  s t r u ctu re o f  c o r r e cti on g e n e r a t o r  i s  a n  upg r a de 
o f  t h e c i r c u i t  f o r  dou b L e-s ynd ro me e r r o r s . 

Nev e rt h e L e s s  t h i s  mo r e  co mp L e x  st ruc t u re and t h e  
d e g ra d a t i on i n  p e r f o r ma n c e  c a n  j u s t i fy t h e  c h oi c e  o f  
fu L L -adde r s w i t h  a Low fan-ou t ,  ; . e . w i t h  n o  mo re 
t h a n  t w o d i f f e re nt synd romes f o r  any f a u l t . 

To comput e t he cove r a g e  a s s u r e d  by a tr i p Le of ba se s ,  
i . e .  t h e numbe r o f  corre c t a b Le bi t s ,  p r ope r t i e s of 
r es i du e s of pow e r s  of 2 h ave b e e n  i nves t i ga t e d  and a 
c omput e r  p rog ram h a s  been w r i t t en c on s i deri n g  odd 
b a s es a nd doub L e-s ynd r ome e r ro r s [1 6J . The r e s u l t s 
o b t a i n e d  a r e pre s e nte d i n  t ab . 1 :  w h e n  mo r e t ri p L e s  
s up p Ly t h e  s a m e  co ve ra ge , the t r i p L e wi t h  the m i n i mum 
sum of t h e  s q u a r e s  o f  t h e  b a s e s has been se L e c t ed . 

T h e  a r c h i t e c t u r e s d i s cu s s e d abo ve m a y  be e x t e n ded to 
con s i d e r  the ca s e s  of  t h ree or mo re e r r o r s . But the 
si L i con  a re a  re q u i r e d to i mp l e m e n t  such  a r c h i t e c t u r e s  
i s  t oo g re a t  i n  c omp a r i s o n w i t h  b e n e f i t s obt a i ne d  by 
e r r o r  co r re c t i on .  

6 .  C O N C LUD ING R EMARKS 
The g reat i nt e r e s t  in a r ra y a r c hi te c t u res, th e i r 
g reat c omp L e x i t y and t h e i r u s e  i n  c r i t i c a L  
app L i c a t ;  o n s g i  v e  mo re i mpo r t a n c e to t h e  p r o b  L e m  of 
r e L i a b i L i t y  o f  t h e i r compu t a t i o n .  H i gh re L i a b i L i t y 
and a v a i  L a b ;  L i t y of a r r a y s  m a y  be a c h i ev ed by m e a n s  
o f  fau L t -t o L e r ance t e c h n i q u e s . Two ma i n  m e t h o d o l o g i e s  
m a y  be f ou nd i n  L i t e r a t u re : t he f i r s t  app roa c h  i s  
r e dund a n c y  ( e i t h e r  p h ys i c a L o r  t i me redundan c y ) ,  t h e  
s e c on d  on e i s  co d i n g . 
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B a s e s  I S i n g L e  e r r o r  1 2  e r r . 1  I c o r r e c t i o n u s i n g p a i r s I c o n s e c l l o f b a s e s  I I j I I i j  I i k  I j k  I M I N  I I 
3 1 3  

1 1 1  

1 1 1  
9 1 1  

1 1 1  

1 1  1 9  

5 1 1  

7 2 3  
3 2 3 

7 1 1  

1 3  2 3  
1 5  1 9  

7 1 1 

1 3  1 9  
5 2 3  

1 1 1 3  

1 1 1 3  

1 1  1 9  

1 1  1 7  

1 3  2 3 

1 1  2 3  
9 2 3  
9 2 3  
9 2 5  

2 3  2 5  
1 1  3 S  
1 1  2 3  
1 7  1 9  
2 3  2 9  

2 1 2 3  
9 2 9  

2 3  2 5  

1 7  1 9  
2 3  3 7 

1 1  2 3  

2 3  2 9  
1 9  2 3  

2 3  2 5  
2 3 3 3  
1 1  3 7  
2 7  4 1  
3 1  3 7  

2 3  2 5  
2 3  4 7  
2 9  4 7  
4 5  4 7  
1 9  5 3  
2 3  4 7  
2 5  4 9  

2 3  1 2  2 2  

1 3  3 0  1 2  

1 9  3 0  1 8  

1 7  1 5  2 4  

2 3  3 0 3 3  
2 1  4 S  3 0  
1 9  2 0  3 6  

2 5  3 3  6 0 

2 9  2 2 2 8  
1 7 3 0  2 4  

3 1  1 3 2 6 0  

2 9  3 6  2 8  
2 9  3 0  8 4  
2 3  3 6  1 3 2 

2 7  4 4  3 6  

2 3  6 0  1 1 0  

1 9  6 0  4 5  
2 3  4 5  1 1 0  
1 9  4 0  4 5  
2 9 1 3 2 4 2  
2 7  1 1 0  4 5  

2 5  6 6  6 0  
2 9  6 6  8 4  
2 9  6 0  8 4  

2 7  2 2 0  1 9 8 

4 9  6 0  2 1 0 

3 5  1 1 0  6 0  
4 7  7 2  1 8 4 

3 5  2 5 0  1 3 2  
2 9  6 6  8 4  

4 7  8 4  1 3 8  

2 9  2 2 0  2 5 0  
2 3  7 2  8 8  
5 9  2 5 0  2 5 0  

4 9  1 1 0 2 1 0 

3 9  2 5 0  1 3 2  

2 9 1 9 8 2 5 0  
3 7  2 2 0  2 5 0  
4 7 1 1 0  2 5 0  

49 1 8 0 2 1 0 
4 9  1 8 0 1 2 6  
5 3  1 8 0 2 5 0 

5 9  1 8 0 2 5 0  

5 3  2 2 0  2 5 0  

5 9  2 5 0  2 5 0  

5 3  2 5 0  2 5 0  

5 9  2 5 0  2 5 0  

5 9  2 5 0  2 5 0  

5 9  2 5 0  2 5 0  

1 3 2 

6 0  

4 5  
4 0  

1 1 0  
1 8  
4 5  

1 5 0 

1 5 0 

4 0  

S 5  
1 5 0 

1 4 0 
1 5 0 

1 5 0 

1 3 2 

3 6  

l S 0 

7 2  
1 5 0 
1 5 0 

1 5 0 

1 5 0  
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1 8 0 
8 4  

1 3 2 
2 5 0  

8 4  
2 5 0  

2 5 0  

7 0  

1 9 8 

2 5 0  

2 3 1  

8 4  

2 5 0  

9 0  
2 3 0  
2 5 0  

2 5 0  

2 3 4  

2 5 0  

2 5 0  

2 5 0  

2 5 0  

2 5 0  

2 5 0  
2 5 0  

T a b . 1 - Cove ra g e 

1 2  
1 2  
1 8 
1 5  

3 0  

1 a 
2 0  

3 3  

2 2  

2 4  

S 5  
2 8  
3 0  

3 6  
3 6  
6 0  
3 6  

4 5  

4 0  

4 2  

4 5  

6 0  

6 6  

6 0  

1 8 0 

6 0  

6 0  
7 2  
8 4  

6 6  
8 4  
7 0  

7 2  

2 S O  

1 1 0  

8 4  

1 9 8 

9 0  

1 1 0 

1 8 0 

1 2 6 

1 8 0 

2 2 0  

2 5 0  
2 5 0  
2 5 0  
2 5 0 

2 5 0  

2 5 0  

1 0  

1 2  

1 3  

1 5  

1 6  

1 8  

2 0  

2 1  

2 2  

2 4  
2 5  

2 8  

3 0  

3 1  

3 2  
3 4  

3 6  

3 8  

4 0  
4 2  
4 5  

4 9  
5 1  

5 6  
5 7  
5 8  

6 0  

6 1  

6 3  
6 6  
6 7  
1 0  
7 2  
7 5  
8 2  
8 4  
8 9  
9 0  

1 1 0  
1 1 1  
1 2 0 

1 2 1  

1 7 3 
1 9 1  
2 2 8  

2 3 8  
2 5 0  
2 5 0  
2 5 0  

I n  t h i s p a p e r a mi x e d app roa c h  t o  f a u l t  t o l e r a n c e  f o r  
p ro c e s s i ng a r r a y s  w a s  p r e s en t e d : p h y s i c a l r e d u n d a n c y  
d u e  t o  r e p l i c a t i o n o f  c o m p ut a t i ona l e l em e n t s  i s  
a s s o c i a t e d to t h e a do p t i on of a re s i d u e  numb e r code 
for i np ut and out p u t  da t a . R e d u nd a n c y  a l L o w s  t o  
d et e c t  a n d  c o r re c t e r r o r s  a n d  t o  gene r a t e  da t a  fo r 
r e c o n f i gu r a t i on ,  wh i L e re s i du e da t a  rep r e s e nt a t i o n 
bou n d s  t h e  i n c r e a s e  of s i l i c on a r e a a nd t h e 
c omp u t a t i o n de L a y . In t h i s w a y  i t  i s  po s s i b l e  t o  
e x p l o i t i n g t h e p r op e r t i es o f  modu l a r  redund a n c y  
w i t h o u t  r e p l i c a t i n g t h e  w h o l e  p r o c e s s i n g e L e me n t . 

E r ro r det e c t i n g a nd co r r e c t i n g a r c h i t e c t u r e s  a r e  
p r opo s ed f o r  L i ne a r a n d  b i d i men s i o n a l s y s t o l i c 
a r r a y s : ad d i t i o n a l c i r c u i t s  a re a L s o  i n t rodu c e d  to 
a l L ow a f a s t  i d en t i f i c a t i o n of fau l t y  e L e men t s and , 
t h e n ,  an ea sy r e c on f i g u r a t i o n a n d  an h i g h  
a v a i L a b i L i t y of t h e  sys t e m . T h e  e r ro r  mod e L s  a r e  
d e f i n e d  a n d  t h e p r o b L e m of t h e  c h o i c e  of t h e r e s i d u e  
n umbe r sy s t e m i s  p r e s e n t e d . 

F i n a l L y ,  s i n g L e a n d  mu l t i p L e e r r o r  c o r r e c t i o n i s  a L s o  
d i s c u s se d .  An i nt e re s t i n g r e s u l t  i s  t h e  n e g L i g i b L e 
i n c r e a s e  of g L o b a L e x e c u t i o n t i m e w h e n  no f a u l t  
o c c u r s  i n  t h e  a r c h i t e c t u r e  a f t e r  a re c o n f i g u r a t i o n of 
t h e  a r r a y s . Ot h e rw i s e ,  the c o m p u t a t i o n is  de g r a de d  by 
t h e  e r r o r  c o r r e c t i on ne t w o r k , i n  pa r t i c u L a r  by t h e  
a d d e r  be f o r e t h e  mu L t i p Le x e r :  neve rt h e L e s s ,  a c a r e f u L 
h a r dw a r e  de s i  gn of s u c h  c i  r c u i t s  m a y  L i m i t  
d e g r a d a t i o n .  
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