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Abstract

A paralel algorithm using Processor Arrays with Reconfigurable Bus Systems has been designed to solve dense
Symmetric Positive Definite (SPD) systems of equations Ax = b. The key content of this report is the parallelisa-
tion of the algorithm by Delosme & Ipson [8]. In order to design a parallel algorithm for PARBS, many proce-
duresinvolved in [8] are handled in a dlightly different way. The parallel time and processor’s complexity of each
step of the algorithm is calculated. The parallel time complexity is O(n) using 2nx 2nx 5n number of Processing
Elements.

Introduction: There are many direct and iterative methods for solving system of equations
Ax = b with A, ,, SPD matrix [13,14,25,28,30]. One of the numerically stable approaches

to solve a system of equations is LU decomposition[13]. Besides factorization this method
involves a forward elimination and a back substitution process which cannot be parallelised
easily. In order to construct a parallel agorithm for this problem, we need to investigate a
method which does not involve these steps. One such method was proposed by Delosme and
Ipson. Other than these two parallel steps the algorithm presented in [8] includes many steps
which can be exploited for parallelism to reduce the complexity of the algorithm. Such work
has been carried out and a parallel algorithm based on the PRAM model of computation has
been published in [38]. Implementing this method on processor arrays with a reconfigurable
bus system requires a specia technique with modifications to the existing algorithm. In Section
3 this implementation has been discussed. The report is designed in the following way: In Sec
tion 1 we give some important results from [8], in Section 2 we present a brief description of
the architecture used for designing the problem. In Section 3 we give a PARBS solution of the
problem and discuss the time complexity of each of the steps.

1. Thiswork is supported by the German Academic Exchange Services (DAAD) under the “Sandwich
Model” fellowship with the author who is permanently working in the Department of Computer Sci-
ence, North Maharashtra University, Jalgaon (MS), India.
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Section 1. Algorithm based on hyperbolic Cholesky factorization.

In this section a brief discussion on the method of Delosme and Ipsen [8], based on hyperbolic
rotations, for the solution of linear systems of equations
Ax =D (1.1)

with symmetric positive definite coefficient matrix A, is given. Cholesky factor of A is first
determined by essentially pre-multiplying A with appropriate hyperbolic rotations, whose
product is called Q. Next simple matrix vector multiplication involving Q to the right hand side
of (1.1) provides a novel way of solving the system. Avoiding forward elimination and back
substitution is a very desirable feature for aparallel implementation.

1.1 The hyperbolic Cholesky factorization.

The computation of the Cholesky decomposition,

A= UTU, U, upper triangular (1.2
of real symmetric positive definite(spd) nx n matrix A = &; , by means of hyperbolic rotations
is called hyperbolic Cholesky factorization. Its derivation is based on a particular decompo-

sition of the matrix A as given in [8]. Since A is spd, g is strictly positive and AK) can be
written as the difference of the outer product.

k T T
A = Vi Vi — W, Wy (1.3)

where v\, and wy are row vectors with el ements

-1/2

Vi = | Bk & jzk (1.4)
0 otherwise
0 ] =k

That is, v, consists of non zero rows of A®) scaled by the square root of the diagonal element,

while w, differs from vy only inits k™M entry. Stacking the Vi and w, respectively in upper tri-
angular matrices.

v,| w,|
A W,

V=], w=|" (1.6)
Vn Wn
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onehasA = VTV-WTW. (1.7)

Lemma 1.1: Let R and S be upper triangular nx n matrices such that R"R-S'Siis positive def-

inite, and let p, | = r;,lksk’k, 1<k<n.

ﬁ =Q ﬁ where ® = O"...0% and

S S
I 1 i=jzkori=j=n+k
2 -1/2 . . . .

a-(-k): (1—uk2) i=j=k ori=j=n+Kk (18)
1] _1/2 "
~1-1)" e D) = (kn+ky or (i) = (n+k, K)

i 0 otherwise

then Q is pseudoorthogonal, Ris upper triangular, and S is strictly upper triangular (upper tri-
angular with zero diagonal).

Remarks:

1. Since the matrix Q(k) constitute digoint rotations, they commute and can be applied in any
order. Their product Q has a very simple expression:

~ A 2. -1/2
Ok = Onsknek = (- , 1<ks<n (1.9)
N A 2 -1/2
Ok nek = Onekk = (1-H) W 1<ksn (1.10)
q; =0, i#j(modn) (1.11)

2. The diagona elements of R have same sign as the corresponding diagonal elements of R;
thus if R has a positive diagonal, R dso hasa positive diagonal.

Theorem 1.1 (The Hyperbolic Cholesky Algorithm):

Let A beanxn spd matrix and V and W be upper triangular matrices as defined in (1.4) and
(1.5), so that A = VTV-WTW. Set

[R(O) = M (1.12)
S(O) W

and apply the sequence of operations

A Fast Parallel Algorithm for Special Linear Systems of Equations using Processor Arrays with Reconfigurable Bus Systems 3



RI"PI_ 1o 5" R (113)
S+l 0P T [gh

A . . A -
Where 0" isobtained from R® and SV in the same way as © is constructed from R and Sin
lemma 1.2, and where P isthe nx n circular permutation matrix with Py, =1and P4 = 1,

2<i<n,then RM = U, the Cholesky factor of A, and S = 0.

Remarks:
The transformation performed by the hyperbolic Cholesky algorithm is denoted by

o= {I O}Q(n_l)---[l O}Q(l)'”[l O}Q(O) (1.14)
oP oP oP

The matrix Q is pseudoorthogonal, sinceit is the product of pseudoorthogonal matrices.

Application of hyperbolic rotationsto the solution of linear systems:

The hyperbolic Cholesky algorithm determines simultaneously the Cholesky factor U of an
spd matrix A and a set of n(n-1)/2 parameters uf('), 1<1<n-1,1<k<n, which defines the
hyperbolic rotations that make up the matrix Q. For the solution of the spd system Ax = b,
the above algorithm could be used to find U followed by forward elimination to solve system
UTy = b and by back substitution to solve Ux = y. Instead the above algorithm can also be

used to find parameter uf(') followed by the application of the hyperbolic rotation to the b in a
particular way to get the solution vector Xx.

The algorithm for the solution of Ax = b can be summed up asfollows: Let A, be the upper
part of A and AB its strictly upper triangular part ( A, = D? + AB)' Using the hyperbolic

Cholesky algorithm as specified in the theorem, express the matrix Q as a product of hyper-
bolic rotations such that-

QA [2‘1 = H (1.15)
B
where
A= [D‘l 01] (1.16)
0 D

and D = diag (aﬁz, aﬁgz), S0
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apply the same operation to m to obtain
b| — [UT'b
QA" = (1.17)
bl L7
and then apply these operations essentially in reverse order to get form
-T
x = (I,hHaQ"| ouU b (1.18)
(1—o)L b

where o isan arbitrary real number, which can be equal to 0 or 1 for convenience.
and Q" is given by

QT=Q(°){' OJQ(”{' OJ...Q(“”{' 01} (1.19)
0P 0P 0P

Section 2: The Computational Model.

Recently the Processor Array with Reconfigurable Bus Systems (PARBS) has drawn lot of
attention in the scientific community for its high performance computing with general purpose
processors. Various models of PARBS appear in the literature[5]. Common models are Bus
automaton, Polymorphic torus network[16], Reconfigurable Mesheg[29,19], Bypass capabili-
ties efc.

An Nq X Ny x ...x N, PARBS consist of an array of Ny x N X ...x N, processors that is con-

nected to ar-dimensional grid shaped reconfigurable bus system. The processing elements are
connected to a bus through a fixed number of 1/0 ports. The ability to change the configuration
of the bus system by adjusting local or global switches makes this architecture interesting to
obtain various computational configurations like row, zig-zag, staircase & diagonal at run time.

A two dimensional processor array with a reconfigurable bus system of size N2, consisti ng of
identical processors, connected to a NxN rectangular mesh system, is called reconfigurable
mesh. In figure 1, we see processing elements connected to a grid of buses and a PE with its
four 1/0 ports and connection pattern.
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Figure 1. Reconfigurable Mesh of size 4x4

The basic computational unit of the reconfigurable mesh is the Processing Element (PE) which
consists of switches, small storage and an ALU. A PE is capable of performing following oper-
ations in one unit of time

1. Setting up a connection pattern.

2. Read from a or write onto a sub bus or memory

3. Performing logical and arithmetic operations

4. Disconnecting itself from the bus.

Higher dimensional PE’s can be formed in the same way. Figure 2 (b) shows a PE in 3-dimen-
sion with six ports labelling (U)pper, (L)ower, (F)ront, (B)ack, (R)ight and (L )eft.

Figure 2(a). A 3-D configuration. Figure 2(b). A PE in 3-D.
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We assume that constant time is needed to broadcast values through the established busesirre-
spective of their distance from the first processor. Although it is a theoretical assumption and
somewhat unrealistic on the current architecture, with the advancement in the fibre optics com-
munication technology, this architecture is expected to gain wide popularity.

Section 3:

The parallel agorithm for spd systems works in stages, we first present a pseudocode for the
algorithm and then present the PARBS implementation.

Begin
[1] Read Ab
[2] for all k, 1<k<n in parallel do

forallj, 1<j<ninparalle do

begin
_ | A /A ifj >k
Vij = | Tk kk ) |
0 otherwise
Wk,j: Vk,jifj;tk
end;

@a=["" 0
0D

[4] for all k, 1< k<n in parallel do
forallj,1<j<ninparalle do
begin

end;
[5] for alli, 1<i<2n inparallée do
foralj, 1<j<2n inparalle do
begin
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Q%=1 ifi=j ese0

Q=1 ifi=] else0
end,;
[6] p:=1
while p<n do
begin
[6.1] E = interchange(Q"”")
[6.3] if (p<n)then
begin
[6.3.1] F = gmult(Q,R)
[6.3.2] R=interchange(F)
[6.3.3] Q = gconstruct(R)

tot

[6.34] Q" =gmult(Q,E)
end;
p=p+1
end;
[7] in parallel do

begin
[7.1] Y = vmult(E, (bb = dmult(A ,b)))
[7.2] Z = emult(H= (umult((1,1), A)),ET
end;
[8] x = vmult( Z, (1 f‘a)v )

End.

The important results used in the design process are presented next.

Lemma 3.1. A semi group computation of &y +ay+...+a, where ‘+' denotes an associative oper-

ator can be performed in O(log n) time on alinear PARBS of n processors. Initially each proc-
essor owns avalue. The computed value is stored in the leftmost processor. [29]

Lemma 3.2. On a2-D, nx n mesh, n dataitemsd,, d,, ..., d,, can be moved from the first col-
umn to the first row in O(1) time. [5]
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Theorem 1. The transpose of a given square matrix A, can be obtained in constant time on
nxnxn PARBS. Initialy P(i,j,1) ownsthevalues g j, 1<i<n,1<j<n after the computa-
tionisover P(i,j,1) contains the transpose of A.

Proof:

Stepl. Establish straight bus in k-direction. Each processor connects port F to B. After thisstep
n? straight buses are established, each onefor n? PARBS;, 1<i<n, 1<j<n.

Step 2. Processor P(i,j,1) broadcast values A[i,j] on the buses such that A[i,j] is broadcasted on
P(i,j,J), 1<i<n, 1<j<n. (figure 3(a)).

Step 3. Break-up the established sub buses (i.e. disconnect port F to B).

Step 4. Establish sub buses in j-direction, i.e. connect port L to R.

Step 5. Broadcast values of A from P(i,j,k) to P(i,i,k), 1<i<n,1<j<n, 1<k<n. (figure
3(b)).

Step 6. Disconnect port L to R and establish new sub buses in i-direction and transmit data
items of A from processor P(i,i,k) to processor P(k,i,k), 1<i<n,1<k<n, (figure

3()).

Step 7. Disconnect established sub buses and establish new sub buses in k-direction and broad-
cast values back to P(i,j,1), (figure 3(d)).
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l—» J Figure 3(a): After steps 1-3
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J Figure 3(b): After steps 4-5

a1 | %1 | &1 | A

2 [ @2 | 82 | &

23 | @3 | a3 | A3

4 | 4 | B4
k=1 k=2 k=3 k=4
Figure 3(c): After step 6

a1 | &1 | 8 | an

a2 | & | 32 | A

o

a3 | &3 | a3 | 3

A4 | 4 | B4 | ay

Figure 3(d): After step 7

It is not difficult to see that the transpose of a matrix Ay, can be obtained in O(1) time with
NX N X N Processors.

3.2 PARBS implementation of SPD solver.

Now we present an algorithm for SPD system of equations on PARBS,
Algorithm:

Phase |: We assume the existence of two working spaces where most of the operations are per-

formed.We assume that the values of A, b and Q' are initially stored at the first layer of a
2nx 2nx 5n PARBS. Ali,j] isstored at processor F[i,j,1] and P[i+n,j,1], 1<i<n,1<j<n,
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b is stored at processors P[i+n,n+1,1], 1<i < n. We assume that the identity matrix is stored
at the processors F[i,j+n,1], 1<i<n, 1< j<n, asinitial valuefor D.

Step 1: Establish sub busesin j-direction i.e. connect port L to R, broadcast values of A[i,i] to

P[i,j,1] on the established buses for the first n rows and A[i+n,i] on the remaining n
rOws.

Step 2: For the first n rows on the established sub buses, divide values of Ali,j], D[i,j] a
Pli,j,1] by the value received in step 1, i.e. by A[i,i] if theindex j>i , otherwise con-
vert Alij] =0,1<i<n, 1<j<n.

Step 3: For the remaining n rows on the established sub buses, perform the same operation as
in step 2, if the index (j+n) > i. After completion of this step we get initial values of
Ry @ the position P[i,j,1],L<i<2n,1< j <n and adiagona matrix D at P[i,j+n,1],
1<i<n 1<j<n.

Phasell: Theprocessesinvolved in this phase arerepeated n times.

In step 6.1 of the algorithm we multiply a 2n x 2n matrix with another 2n x 2n matrix {IO 0} ,
P

where P is a nxn circular permutation matrix. The process of the multiplication is a

sequence of row interchange operations. The 2n'" row of the second matrix becomes n+1% row,

n+1% becomes n+2" and so on. 2n-1% row becomes 2nt" row. P-RAM based algorithm for the
procedure computation is given as a procedure 3.1.

fori:=1tonin parale do
forj:=1tocy inparallel do
E[i,j] := mat[i,j];

forj:=1toc, doin parallel do
E[n+1,] := mat[2*n,j];

fori:=(n+1) tory-1lin parallel do
forj:=1toc, doin parallel do
E[i+1,]:= mat[i,j];

Where ¢4, r; denotes column, row index of the first matrix.

Procedure 3.1 Row interchange procedure

This operation can be performed on a 2n x 2n x n PARBS in constant time. We establish a sub

bus in k-direction and send values of Q' to the processors P[i,j, 1] of working space | in con-
stant time.

Step 1: Establish sub buses in k-direction and send the row vectors of Q' from the n+1% row
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to the 2n" row to processor Pli+n,j,k], 1<i<n,1<j<n,1<k<n.

Step 2: Establish sub buses in i-direction. Processors P[i+n,},i], 1 <i < n, broadcast values of

QYi+n,j] on the established sub buses. After the processis over Q©°i+n,j] is stored
on processors Pli+n,j,i].

Step 3: Disconnect established connections and establish new sub buses in k-direction and
broadcast values of these row vectors from Fli+n,j,k], 2<i<n, 1<k<n-1 to
Fli+n,j,1] and values at P[n+1,j,n] to P[n+1,j,1].

Step 4: At the end of the step 3, required result is available at processors PJi,j,1] of working
space |. Establish sub buses in k-direction and broadcast values back to the fir st layer.

In step 6.3.1 of the algorithm, the matrix Q which isinitially an identity matrix and stored at
thefirst layer, ismultiplied by R, obtained in the step 4. We establish sub buses in k-direction
and broadcast the values of Q and R to the working space |. Initially we assume that the values
are stored at P[i,j,1] of thisworking space. Due to the special structure of matrix Q, we design
a procedure which takes constant time to multiply two 2nx 2n matrices on a 2nx 2nx 2n
PARBS. We first present P-RAM based algorithm for the procedure, followed by a PARBS
mapping of it. Here r, denotes row index of the first matrix and ¢, denote column index of the
second matrix as given in procedure 3.2.

fori:=1to(ry div 2) in paralel do
forj:=1toc,in paralel do
begin
F[i,j]:= Q[i,i] * R[i,j] + Q[i,i+n] * R[i+n,j];
Fli+nj] := Qi+n,i] * R[i,j] + Q[i+n,i+n]*Ri+n,j];
end:

Procedure 3.2 Multiplication by Q

Sub phasel:
Step 1: Establish the straight sub bus in k-direction. Each processor connects port F to B.

Step 2: Processor F[i,j,1] broadcast values Q[i,j] on the connected sub buses. After this step,
processor F[i,j,k] ownsthe value of Q[i,j], (Figure 4(a)).

Step 3. Break-up the established sub buses (each processor disconnect port F to B).
Step 4: Establish straight busesin j-direction.

Step 5: Processors PJi,k,k] broadcast the values Q[i,k] on the bus which is connected to
1<i<n,1<k<n. After step 5 processor P[i,j,k], 1< j <n ownsthevalue of Q[i,K],
(Figure 4(b)).
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Sub phasell.

Step 6: Establish sub buses in k-direction. Processors P[i,j,1], of working space |, broadcast
values of R[i,j] on the established sub buses.

Step 7: Establish straight busesin i-direction. (Figure 4(c)).

Step 8: Processors P[k,j,k] broadcast values R k,j] on the sub buses. After this step processor
Pli,j,k] ownsthe value of R[k,j], (Figure 4(d)).

Step 9: Break-up established sub buses.

Multiplication Phase: Each processor P[i,j,k] computes the value of Q[i,k] * R[k,j], which
takes constant time.

Summing Phase: Establish a straight bus in k-direction and broadcast values, obtained after
the multiplication phase, from F[i,j,i+n] to P[i,j,1] and P[i+n,j,i+n] to P[i+n,j,i], 1<i<n,
1< j <n. Broadcasting values in this way takes constant time. Perform the summation at the

respective processors and send values back to the second layer by establishing sub buses in k-
direction.

qu | 0 [as| o O G2 | O [ O g | 0 |am | O 0 |ap| o | au
Gu | 0 [ @ | O 0 | 92| O [ G G | 0 |as | 0O 0 | G2 | O | qua
qu | 0 [as| o O G2 | O [ O g | 0 |am | O 0 |ap| o | au
qu | 0 [as| o O G2 | O [ O g | 0 |am | O 0 |ap| o | au
=1 i=2 i=3 i=
]

Figure 4(a): After step 1-3 of sub phasel.

0 0 0 0 O24 | O24 | G24 | G4 0 0 0 0 a4 | Yaa | Yaa | Gaa
O3 | Gz | O3 | s 0 0 0 0 O3 | Ga3 | U3 | 33 0 0 0 0
0 0 0 0 O22 | O22 | G2 | O 0 0 0 0 Ga2 | Ya2 | Ya2 | Qa2
Oz | %1 | 912 | 91 0 0 0 0 Ga1 | 931 | 31 | Ga1 0 0 0 0
i=1 i=2 i=3 i=4
j Figure 4(b): After step 4-5 of sub phase .
S11 | Isi2 S1 | I'S2 IS31 | ISz Sy | ISg2
S11 | Isi2 S1 | I'S2 IS31 | ISz Sy | ISg2
S11 | Isi2 S1 | I'S2 IS31 | ISz Sy | ISg2
S11 | Isi2 S1 | I'S2 IS31 | ISz Sy | ISg2
i=1 i=2 i=3 i=

Figure 4(c): After step 6-7 of sub phasell.
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S | ISg2 Sa1 | I'Sg2 ISa1 | ISg2 Sa1 | ISg2

IS31 | IS32 IS | ISe2 IS31 | I'Sz2 IS31 | IS32

S | IS ISy | ISp2 S1 | S22 IS | IS
Sy | ISz 1S3 | ISp2 S11 | Is2 Sy | ISp2
=1 =2 i=3 I=

Figure 4(d): After step 8 of sub phasell

The next step 6.3.2 of the algorithm is again an interchange operation which has been
described in step 6.1. After the process is over we obtain the new value of R and store it at the
first layer in constant time.

In step 6.3.3 we construct Q, we first present P-RAM algorithm (procedure 3.3) for the process
and then PARBS implementation of it.

fori:=1to2*nin parale do
forj:=1to 2*nin parale do

Q[i,j] := 0.0;
fork:=1toninparallel do
begin

qq:= matl[n+kkK] / matl[k,kK];
Q[kK] := Vsgrt(1-sqr(qa));
Q[n+k,ntk] := Q[kK];
Qlk,n+K] := -(qo/sart(1-sar(qa)));
Q[n+kK] := Q[k,n+K];
end;

Procedure 3.3 Construction of Q

Step 1: Establish a sub bus in k-direction, processors F[i,j,1], 1<i <2n, 1< j <n and broad-
cast values of Rastheinitial value for Q to working spacel.

Step 2: Establish sub busesin i-direction (Connect port U and D). Processors F[i,i,1] broadcast
values of Q[i,i], 1<i < n on the established sub buses.

Step 3: Divide the values of Q by the value of QJi,i], received in the last phase i.e. p, =
QIn+kK]/Q[kK],1<k<n.

Step 4: Processors Pli+n,i,1], 1 <i < nbroadcast the values of p, on the established sub buses.

Step 5: Disconnect port U to D.

Step 6: Connect port L to R. Processors F[i,i,1] and P[i+n,i,1], 1 <i < n, broadcast the values
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of p,. on the established sub buses.

Step 7: Processors P[k,k,1] and P[n+k,n+k,1], 1 < k < n perform the operation Q[k, k] =
Qln+k n+Kk] = 1/(,/1-p,) and Processors P[k,n+k,1] and P[n+k,k,1], 1< k<n,

perform Q[k, n+ K] = Q[n+Kk, K] = —p,/( 1—p§).

Step 8: Disconnect the established sub buses. After the process is over, we get the value of Q
in constant time.

The step 6.3.4 isamultiplication of matrix Q with the matrix E obtained in the step 6.1. Aswe
described in step 6.3.1, the procedure gmult multiplies two matrices in constant time. The

resultant matrix Q'! is stored at first layer.

Once the values are received after step 6 of pseudocode, we can use them to avoid the forward
elimination and back substitution process. The two processes 7.1 and 7.2, given below are exe-
cuted par allely. We broadcast values of b to the working space I, and D to working space | and
[l both, by establishing the sub buses in k-direction. The two steps 7.1 and 7.2 are described

separately. The step 7.1 consists of two steps dmult(A ,b) and vmult(E, result of procedure
dmult). We first describe dmult.

Phaselll.

Step 1. The broadcasted nxn diagonal matrix D at the processor P[i,j+n,1], 1<i<n,
1< j<n of working space | and b at P[i+n,n+1,1], 1 <i < n. We establish sub buses
in j-direction so there are n sub buses which are connected to the ports L and R of the
Processors.

Step 2: Broadcast the values of b from the processors P[i+n,n+1,1] to processors P[i+n,i+n,1],
1 <i < n onthe established sub buses.

Step 3: Disconnect the established sub buses and connect new sub busesin i-direction. Proces-
sors Fli+n,i+n,1], 1 <i<n send values of b to processors P[i,i+n,1], 1<i<n.

Step 4: Perform the multiplication operation of the received values on the respective proces-
sors.

Step 5: On the established sub buses send the result back from processors Pli,i+n,1] to
Pli+n,i+n,1], 1<i<n

Step 6: Disconnect ports U and D and establish sub buses in j-direction i.e. connect port L to
R, broadcast values from P[i,i+n,1] to P[i,1,1] and from P[i+n,i+n,1] to P[i+n,1,1],

1<i<n.

The second step of 7.1 is aprocedure vmult(Q * column vector resulted from the last step).
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This is a simple matrix vector multiplication which can be done in O(log n) time on a
2nx 2nx 2n PARBS using a standard procedure described in [10]. The resultant 2nx 1
matrix Y is stored at processors P[i,1,1], 1 <i < 2n of working space|.

The step 7.2 consists of two multiplication steps. First the A, obtained in the form of D from

the first layer, is multiplied by nx 2n matrix (I, I), made up of nx n identity matrix I, fol-
lowed by a procedure emult. It can be observed from the property of such matrix that the
resultant matrix isamatrix withit'srows 1 to n are added to n+1 to 2n. Here we describe a pro-
cedure which takes constant time for such row additions. This operation can be done in only
one step.

Step 1: Thevaluesof D are available in P[i,i+n,1], 1 <i < n of working space |l. We establish
asun busin j-direction by connecting port L to R, broadcast the value of D from proc-
essor P[i,i+n,1] to processors P[i,i,1], 1<i<n.

We have aready proved that the transpose of a matrix A can be obtained in constant time

nxn
using nx nx n PARBS, the second procedure emult is a simple vector matrix multiplication
and it can be executed on PARBS of size 2n x 2n x 2n in O(log n) time [10].

In step 8 of the algorithm the resultant matrix of the last step, Z, is multiplied by Y by taking
appropriate value of ov as 0 or 1. Thisis avector matrix multiplication which can be executed
on PARBS of size 2n x 2nx 2n in O(log n) time [10].

It can be observed that all stepsin the loop of step 6 takes constant time and repeated n times,
the algorithm presented above can obtain the solution of spd system in O(n) time using

2nx 2nx5n processors, where 2nx 2n x 4n processors are required for working space.

Concluding Remarks: For the solution of linear systems of equations Ax = b with symmet-
ric positive definite matrix A, ,,, an algorithm based on hyperbolic Cholesky factorization on

processor arrays with reconfigurable systems is presented and its parallel time and processors
complexity is calculated. The processors complexity is on the upper bound and with the clever
use, can be further reduced. Since the matrix multiplication, due to the summation of n values
in an inner vector product, is bounded by O(log n) parale time, fast and efficient matrix
manipulation on a linear array with a reconfigurable pipeline bus system using optical buses
has been proposed recently [19]. One of the fast algorithm for solving linear system of equa-

tions with this latest pipeline architecture, takes O(IogN)l+8 paralel time with

(logN)?
O(N4/ (273) ° ) processors, where 0 < 6 < 1 [19]. The algorithm presented in section 3 has

paralel time complexity of O(n). It can be considered as a fast algorithm from the practical
point of view but not the efficient paralel algorithm as it does not belongs to Nick’s
class[12,35]. The work can be further extended to find the efficient parallel algorithm for the
solution of spd systems of equations using a pipelined bus architecture.
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