
fading of the desired packet than to that of the interferers. For 
high values of m, and mu, the throughput approaches that of the 
ideal channel i.e. Gexp(-G). 

0.6 j I , ,  , u u ~ l , ,  I , ,  , , I 1 u 8 1 ,  , ,  , I  L L - L L L L I U Y L L L L L  

A 

M. Safak (Hacettepe University, Department of Electrical and 
Electronic, Engineermng, 06532 Beytepe, Ankara, Turkey) 
E-mail: mohd@eenet.ee.emu.edu.tr 

References 

0 1 2 3 L 5 
mean offered traffic G, pockets/time slot 

Fig. 2 Effect of shadow spread on channel throughput with z, = 6dB, m, 
= ma, = 2 3, and POL, = 0.4 
Effect of ocl = o, 
X 0dB 
0 3dB 
0 6dB 
A 9dB + ideal channel 

O L  
c 

a 
S Is) 

3 e 
5 a 2  

0 0  
0 1  2 3 L 5 6 7 

mean offered traff ic G, packets/t ime slot ~ 

Fig. 3 Eflhct of correlation coefficient 
z, = 6dB, in, = mu = 2.3, and O, = o,, = 6 d B  

(i) 0.0 
(ii) 0.2 
(iii) 0.4 
(iv) 0.6 
(v) 0.8 
(vi) 1.0 
(vii) ideal channel 

on channel throughput with 

Figs. 2 and 3 show the effect on the channel throughput of the 
shadow spread and correlation between packets. The results show 
that the presence of shadowing increases the throughput signifi- 
cantly. The throughput was observed to be highly sensitive to the 
shadow spread and to the correlation coefficient. It becomes 
higher with increasing shadow spread and decreasing correlation 
coefficient. 

Conclusions; This Letter presents an exact formulation of the 
throughput of slotted ALOHA protocol in a multiuser radio sys- 
tem with Nakagami fading and correlated shadowing. The fading 
parameter of the interfering packets was observed to affect the 
throughput more than that of the desired packet. Correlated shad- 
owing was observed to have a significant effect on the channel 
thro ugliput . 
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Constructions of link-fault-tolerant gary 
k-cube networks 

Jichinag Tsai and Sy-Yen Kuo 

Indexing terms: Fault tolerant comlniting, Codes 

A technique for constructing fault-tolerant q-ary k-cube networks 
for an arbitrary positive integer q is investigated. Extra sets of 
links are added to construct the fault-tolerant network such that 
in the presence of link faults, the remaining healthy portion is 
guaranteed to contain an original fault-free network. Linear codes 
over an integer ring are used for this approach. 

Introduction: Hypercubes, tori, meshes and Omega networks are 
well-known interconnection networks for parallel computers. The 
structure of these networks can be described in a topology called 
the q-ary /c-cube. This topology has a k-dimensional grid structure 
with q nodes in each dimension such that every node is connected 
to its two immediate neighbours, modulo q, in each dimension. 
Since links in a q-ary k-cube can be regdarly grouped into sets, we 
can add extra sets of links in certain ways to enhance the fault-tol- 
erance ability, so that even when link faults occur, regardless of 
their distribution, a network of original structure can still be 
found within the remaining healthy portion of the constructed 
fault-tolerant network. 

Latifi and El-Amawy [I] added another set of links to the 
hypercube, called the folded hypercube, to tolerate a single fault. 
Later, Shih and Batcher [2] presented an ad hoc scheme, which can 
find appropriate redundant sets of links that can tolerate two or 
three faults for a hypercube. Using techniques from coding theory, 
Bruck et al. [3] constructedf-fault-tolerant q-ary k-cubes when q is 
prime and J’ 5 q - k + I .  In [4], they continued to developed a 
more general version capable of handling an arbitrary number of 
faults even when q is a prime number. In this Letter, we discuss 
how to construct fault-tolerant q-ary k-cubes for an arbitrary pos- 
itive integer q. We also show how these constructions can be used 
to tolerate link faults in mesh networks. 

Mathematical model: Our approach for handling faults is based on 
a graph model. In this model the network architecture can be 
viewed as a graph, where nodes represent processors and edges 
represent communication links between nodes. The graph of a q- 
ary k-cube can be described using a more general framework [3]. 

Definition: Let q and IC be positive integers and the set S c 22, 
where 2, = {0, I, ..., q - 1). The graph N(q, k,  S) is a graph with 
qk nodes indexed by distinct k-tuple vectors over Z,, and with the 

ELECTRONICS LETTERS 5th June 1997 Vol. 33 No. 12 1025 



edges specified by the set of vectors in S. Namely, two nodes, e.g. 
X and Y, are connected by an edge iff there exists a vector V E S 
such that X + V = Y or Y + V = X where addition is vector addi- 

If the graph N(q, k ,  S) is isomorphic to a q-ary k-cube, there is 
a path from all-0 node to every other arbitrary node since N(q, k ,  
S) is a connected graph. Each path corresponds to a linear combi- 
nation of vectors in S. Hence, the vectors in S necessarily span the 
2,-module Z,k (when q is prime, 2: is a vector space). The follow- 
ing theorem emerges as a result [3]. 

tion performed over 2,. U 

Theorem 1: The graph N(q, k ,  57 is isomorphic to the q-ary Ic-cube 
0 

From the foregoing discussion, we know that edges specified by 
extra vectors can be added to a q-ary k-cube to construct a fault- 
tolerant graph. The method for constructing f-fault-tolerant q-ary 
k-cubes is to find a set of n k-tuple vectors over the ring Z,, with 
the property that any n - fvectors in the set span the module Zqh, 
i.e. they contain a subset of k linearly independent vectors. This 
follows because, in the worst case, f faulty edges can affect at most 
f distinct vectors. We denote such a set by S,(k, A, where n = 
IS@, J)[ is the number of vectors in the set. We then have the fol- 
lowing corollary. 

Corollury: Any n ~ f vectors of S,(k,j) where n = IS,(k,f)l contain 
U 

iff S is a set of k linearly independent vectors over 2,. 

a subset of k linearly independent vectors over 2,. 

Proposed method: The method for constructing an f-edge-fault-tol- 
erant q-ary k-cube is based on coding theory. ‘l‘he main issue in 
the theory oP codes is to construct a large set of vectors over a 
finite ring to form a code with the property that the Hamming dis- 
tance between any two vectors is larger than a predefined parame- 
ter d (the minimum distance). An (n, k,  d) q-ary linear code is a 
code of length n, dimension k,  and minimum distance d over 2,. 
This code can be described by a k x n matrix, called the generator 
matrix, which spans the code. We denote this matrix as G,(n, k ,  4. 
An n-tuple vector If is in the code iff there exists a k-tuple vector 
X over 2, such that X G, = V, where computations are per- 
formed over 2,. That is, any linear combination of the k row vec- 
tors (of length n) in G, forms a vector in the code. 

The key in [4j is to prove the equivalence between the construc- 
tions of fault-tolerant q-ary li-cube graphs and the constructions 
of generator matrices for q-ary linear codes when q is a prime. 
Their result can be directly generalised to the arbitrary positive 
integer q as the following theorem. 

Theorem 2: The matrix S,(k,j) and the generator matrix G,(n, k,  f 
+ 1) are equivalent. U 

The idea behind Theorem 2 is that an (n, k ,  f + 1) q-ary linear 
code is an f-erasure-correcting code. When f erasures (errors 
whose positions are known) occur in an n-tuple codeword, these f 
erroneous symbols can be corrected by other n ~ f remaining 
hcalthy symbols through thc parity chcck cquations of this code. 
Columns of the generator matrix G,(n, k,  f + 1) also have this 
property. The values of any .f colurnus of G,(n, k,  f + 1) can be 
derived from the values of the other n - .f columns through the 
parity check equations with n column vectors instead of n corre- 
sponding symbols. Because G,(n, k, f + 1) has k linearly independ- 
ent columns, any f columns of these k linearly independent 
columns is recoverable from the other n -fcolumns of G,(n, k , f +  
1). Hence, these k linearly independent columns can be expressed 
with linear combinations of any n -.f columns. Therefore, any n ~ 

J colurnus ol’ GJn, k ,  f + 1) coritairi a subset of k linearly inde- 
pendent columns. This satisfies the requirements of S,(k, j). 

We now give an example to illustrate our results. 

Example: In [5], Shankar derived BCH codes over an arbitrary 
finite integzr ring. Uing  this technique, wz obtain lhe generator 
matrix of an (8, 4, 4) linear code over Z;, in the following: 

/ 1 0  0 0 1 4  0 4 )  I I 0 0 1 0 2 4 1 4  
0 1 0 0 5 1 5 2  

G9(8,4,4) = 

\ o  0 0 1 5  0 5 1) 
The previous matrix can be used as S9(4, 3) to construct a fault- 
tolerant 9-ary 4-cube, in which three link faults are fully tolerable. 
In this case, four extra sets of links are added. 

Reconfiguration process: We need to find a subset of k linearly 
independent columns from the submatrix formed by the remaining 
columns of S,(k, ,j) after excluding the columns that have faulty 
edges to reconfigure the system. This problem can be solved using 
the Gaussian elimination to transform this submatrix into row 
echelon form. For our purposes, Gaussian elimination is not an 
expensive algorithm because it is applied to matrices of moderate 
size, and is more efficient than the exhaustive search used in [Z]. 

Fault tolerance for meshes: We now discuss how our approach 
deals with link faults in meshes. If the k dimensions of a q-ary k- 
cube have only, at most, one faulty link each, after removing the 
faulty links, the remaining part still contains a mesh of the same 
width and dimensions. This is because it is possible to rotate each 
dimension independently, so as to place the single faulty link in 
that dimension (if it exists) in the position of a wrap-around link 
in the q-ary k-cube, which is not required in the mesh. We have 
that any y1 - f vectors of SJk ,  J) contain a subset of k linearly 
independent vectors that can form a q-ary lc-cube. Since the k vec- 
tors can only have at most, one faulty edge each, in order to con- 
tain a k-dimensional mesh of the form q x q x ... x q as a 
subgraph, these n ~ f vectors of S,(k, ,f) also have to have only at 
most one faulty edge each. Other remaining f vectors then neces- 
sarily have, at most, two faulty edges each. ‘Thus, there can be at 
most ( 2 f +  1) faulty edges. Hence, the graph N(q, k, S,(k,,fl) is (2f 
+ 1)-edge-fault-tolerant for such a mesh. Note that (2f + I )  is the 
maximum number of edge faults which can be tolerated. 

Summury: In this Letter, we have presented a scheme for adding 
extra sets of links to a q-ary k-cube to enhance its fault-tolerance 
ability for an arbitrary positive integer q based on coding theory. 
This means that the proposed mcthod gcncraliscs thc tcchniqucs 
of the previous work in 141. Although this method focuses on link 
faults, we can establish the most robust connections with proper 
redundancy. 

0 IEE 1997 
Electronics Letters Online Nu: 19970727 

Jichinag Tsai and Sy-Yen Kuo (Department of Electrical Engineering, 
Nutionul Taivvan University, Tuipei, Taiwan, Republic of China) 

E-mail: sykuo@cc.cc.ntu.cdu.tw 

28 Apviil 1997 

References 

1 LATIFI, s., and EL-AMAWY, A : ‘On folded hypercubes’, Proc. ICPP,  

2 SHIH, c.I., and BATCHER. K.E.: ‘Adding multiple-fault tolerance to 
generalised cube networks’, IEEE Trans. Parallel Distuib. S.yst., 
1994, 5, (8), pp. 785--792 
BKUCK, J . ,  CYPHER, R., and HO. c.-T : ‘Wildcard dimensions, coding 
theory and fault-tolerant meshes and hypercubes’, 1EEE l’rans. 
Comput., 1995, 44, (I) ,  pp. 150-155 
RRIJCK, J , and HO, c - T .  ‘Fault-tolerant cuhe graphs anti coding 
theory’, IEEE Trans. InJ Theory, 1996, 42, (6) ,  pp. 2217-2221 
SHANKAR,P.: ‘On BCH codes over arbitrary integcr rings’, IEEE 
Trans. l r l f :  Theory, 1979, 25, (4), pp. 480483 

1989, I, pp. 180-187 

3 

4 

5 

Efficent operator pipelining in a bit serial 
genetic algorithm engine 

J.M. Bland and G.M. Megson 

hdexin;: terms: Systolic urrays, Genetic algorithms 

The authors propose a bit serial pipeline used to perform the 
genetic operators in a hardware genetic algorithm. The bit-serial 
nature of the dataflow allows the operators to be pipelined, 
resulting in an architecture which is area efficient, easily scaled 
and is independent of the lengths of the chromosomes. An FPGA 
implementation of the device achieves a throughput of 
> 25 million genes per second. 

1026 ELECTRONICS LETTERS 5th June 1997 Vol. 33 No. 72 


