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Abstract

A parallel 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-
dures involved in [8] are handled in a slightly different way. The parallel time and processor's complexity of each
step of the algorithm is calculated. The parallel time complexity is O(n) u&ing2n x 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 algorithm 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 special 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. This work 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.

A Fast Parallel Algorithm for Special Linear Systems of Equations using Processor Arrays with Reconfigurable Bus Systems 1



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=Db (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 a parallel 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)x n  matrix A 2oy means of hyperbolic rotations
is calledhyperbolic Cholesky factorization. Its derivation is based on a particular decompo-

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

AL = vlvk—wlwk (1.3)

where y, and v, are row vectors with elements

-1/2 ,

Vi j= | Fk A 12 k (1.4)
0 otherwise

Wy j = { Viej 17K (1.5)
0 j =k

That is, \, consists of non zero rows of & scaled by the square root of the diagonal element,

while w differs from v only in its Kh entry. Stacking theyand w, respectively in upper tri-
angular matrices.

Vi Wy
A W,

v=||,w=|" (1.6)
Vn Wn
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one has A = VWW-WTWw. (1.7)

Lemma 1.1 Let R and S be upper triangulax n  matrices such tH&®-8'S is positive def-

inite, and lety, | = r;}ksk, K Asksn .

F] =9 {F\j whereQ = é(n)-..é(l) and

S S

I 1 i=jzkori=jzn+Kk

o -1/2 o .
a0 - | (A=K i=j=korizj=n+tk o
ij :
2.—1/2 . .
_(1_Uk) I"lk (I! J) = (k! n+ k) or ( I, J) = (n+k’ k)
i 0 otherwise

thenQ is pseudoorthogon& is upper triangular, snd s strictly upper triangular (upper tri-
angular with zero diagonal).

Remarks:

. .~ (k : L . .
1. Since the matn)Q( ) constitute disjoint rotations, they commute and can be applied in any
order. Their produc has a very simple expression:

N ~ 2.-1/2
Ok = Oneknek= (1-1) , 1sksn (1.9)
A N 2.-1/2
qk,n+k: qn+k,k: _(1_|-J-k) M 1<sksn (1-10)
q; =0, i#j(modn) (1.11)

2. The diagonal elements ® have same sign as the corresponding diagonal elements of R;
thus if R has a positive diagoneﬁl, also has a positive diagonal.

Theorem 1.1(The Hyperbolic Cholesky Algorithm):

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

0
R =V (1.12)
O |w

and apply the sequence of operations
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RITY| _ {I o} 5" |R" (1.13)
S+l 0P T | g

Where Q(l) is obtained from ® and $ in the same way a® is constructed from R and Sin
lemma 1.2, and where P is tlrex n circular permutation matrix with 1 and P;; = 1,

2<i<n,then RV = U, the Cholesky factor of A, and"5= 0.

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

o= {I O}Q(n—l)m[l O}Q(I)”_[I O}Q(O) (1.14)
0P 0P 0P

The matrix Q is pseudoorthogonal, since it is the product of pseudoorthogonal matrices.

Application of hyperbolic rotations to the solution of linear systems:

The hyperbolic Cholesky algorithm determines simultaneously the Cholesky fdctor  of an

spd matrixA and a set of n(n-1)/2 parametﬂﬁg, 1<l<n-1,1<k<n , which defines the

hyperbolic rotations that make up the matrix Q. For the solution of the spd sy&tem b :
the above algorithm could be used to fidd  followed by forward elimination to solve system

UTy = b and by back substitution to solvéx = y . Instead the above algorithm can also be

used to find parametepr(k') followed by the application of the hyperbolic rotation to itha
particular way to get the solution vector

The algorithm for the solution oAx = b can be summed up as follows:A gt be the upper

part of A andA13 its strictly upper triangular partA, 2B AB)' Using the hyperbolic

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

A
on|™e| = (U (1.15)
Ag 0
where
D" 0
A= (1.16)
0 D
and D = diag{aﬂz, a%z) , SO
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apply the same operation Bﬂ to obtain

-T
QalP = |U b (1.17)
S/ T

and then apply these operations essentially in reverse order to get form

x = (1,NAQ" O‘U_TbT (1.18)
(1-a)L b

wherea is an arbitrary real number, which can be equal to 0 or 1 for convenience.
and d is given by

QT:Q(O)|:I ?JQ“){' ?1}...@(“‘1){' ?1} (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 Meshes[29,19], Bypass capabili-
ties etc.

An N; X N, x ...x N, PARBS consist of an array of {\x N, x ...x N, processors that is con-

nected to a r-dimensional grid shaped reconfigurable bus system. The processing elements are
connected to a bus through a fixed number of I/O 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 $jzeohsisting 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 1/0O 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 buses irre-
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 algorithm for spd systems works in stages, we first present a pseudocode for the
algorithm and then present the PARBS implementation.

Begin
[1] ReadA,b
[2] for all k, 1<k< nin parallel do

for allj, 1< j<n in parallel do

begin

_ | A /A if j >k
Vi i = K j Kk ) .
0 otherwise

W= v, ifj zk

end;

-1
Ba=° °

0 D

[4] for all k, 1<k< nin parallel do

for allj, 1< j<n in parallel do

begin

end,
[5] forall i, 1<i<2n in parallel do
forallj, 1<j<2n in parallel do

begin
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Q=1 ifi=j elseO

Q=1 ifi=] else0
end

[6] p:=1
while p<ndo
begin

[6.1]E = interchange™®" )

[6.3]if (p<n)then

begin

[6.3. 7 = gmultQ,R
[6.3.R = interchangé¥)

[6.3.3D = gconstruckR)

[6.3.40" =qgmuib)

end;

p=p+1;

tot

end;
[7] in parallel do
begin
[7.1) = vmultE, (bb = dmult@d b)))
[7.2F = emultH= (umult((,!), A)),E")

end;

[8] x=vmulz, 5 % Br)

End.

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

Lemma 3.1 A semi group computation of,&a+...+8, where ‘+’ denotes an associative oper-

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

Lemma 3.20n a 2-D,n x n mesh, n data itemsg,dl, ..., 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 matrix4can be obtained in constant time on
nxnxn PARBS. Initially P(i,j,1) owns the valuegjal<i<n,1<j<n after the computa-
tion is over P(i,j,1) contains the transpose of A.

Proof:

Stepl.Establish straight bus ik-direction. Each processor connects port F to B. After this step
n? straight buses are established, each oneBARBS, 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@,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 jidirection, i.e. connect port L to R.

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

3(b)).

Step 6.Disconnect port L to R and establish new sub buseisdimection and transmit data
items of A from processor P(i,i,k) to processor P(k,i,k)xi<n,1<k<n , (figure
3(c)).

Step 7.Disconnect established sub buses and establish new sub blsgisantion and broad-
cast values back to P(i,j,1), (figure 3(d)).
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| a 32 a3 4
a3 a2 a3 a4
a1 a2 a3 24
k=1 k=2 k=3 k=4
J Figure 3(a): After steps 1-3
i 2 &2 a3 %4
a1 [=<F] 33 a4
a1 a2 3 4
k=1 k=2 k=3 k=4
J Figure 3(b): After steps 4-5

a3 | %1 | 881 | 1

2 [ @2 | 32 | &2

&3 | &3 | ag3 | A3

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

a1

a2

g g
g |e
& &
R =3

&3 | %3 | 3 | W3

4 | 4 | %4 | g

Figure 3(d): After step 7

It is not difficult to see that the transpose of a matrix.Acan be obtained in O(1) time with
NX NX N processors.

3.2 PARBS implementation of SPD solver.

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

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

formed.We assume that the valuesfotb and Q™! are initially stored at thdirst layer of a
2n x 2n x 5n PARBS.A[i,j] is stored at processor P[i,j,1] and P[i+n,j,1]si<n,1<j<n
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b is stored at processors P[i+n,n+1,1]<i<n . We assume that the identity matrix is stored
at the processors P[i,j+n,]<i<n,1<j<n , asinitial valueBor

Step 1:Establish sub buses jrdirection i.e. connect port L to R, broadcast value&\pfi] to

P[i,j,1] on the established buses for the finst  rows Afietn,i] on the remainingn
rows.

Step 2: For the firstn rows on the established sub buses, divide valuégigf, DJi,j] at
P[i,j,1] by the value received in step 1, i.e. Bjj,i] if the index j =i , otherwise con-
vertAfi,j] =0,1<i<n,1<j<n.

Step 3:For the remainingh  rows on the established sub buses, perform the same operation as
in step 2, if the indexXj+n) > i. After completion of this step we get initial values of
Rnxn at the position P[i,j,1]l <i<2n,1< j<n and a diagonal matbxat P[i,j+n,1],
l<i<gn,1l<j<n.

Phase II: The processes involved in this phase are repeated n times.

In step6.1 of the algorithm we multiply &n x 2n  matrix with anoth@n x 2n matrF( O} ,
oOP

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

sequence of row interchange operations. THB2mv of the second matrix becomes ftbw,

n+15tbecomes n+¥ and so on. 2nfrow becomes 2A row. P-RAM based algorithm for the
procedure computation is given as a procedure 3.1.

fori:= 1 to nin parallel do
for j:= 1 to g in parallel do
E[i,j] .= mat[i,j] ;

for j:=1to g do in parallel do
E[n+1,j] := mat[2*n,j];

for i:= (n+1) to §-1 in parallel do
for j:= 1 to g do in parallel do
E[i+1,j]:= mat[i,j];

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

Procedure 3.1 Row interchange procedure

This operation can be performed o2ax 2n x n PARBS in constant time. We establish a sub

bus ink-direction and send values gf°! to the processors PJi,j,1] of working space | in con-
stant time.

Step 1: Establish sub buses kadirection and send the row vectors@¥! from the n+£trow
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to the 21" row to processor P[i+n,j,kLl<i<n,1<j<n 1<ks<n

Step 2:Establish sub buses irdirection. Processors P[i+n,j,il<i<n , broadcast values of

Q™Yi+n,j] on the established sub buses. After the process is@9§i+n,j] is stored
on processors P[i+n,},i].

Step 3: Disconnect established connections and establish new sub bukeliraction and
broadcast values of these row vectors from P[i+n,jRki<n 1sk<n-1 to
P[i+n,},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 buseskidirection and broadcast values back tofits layer.

In step6.3.10f the algorithm, the matrix) which is initially an identity matrix and stored at
thefirst layer, is multiplied byR, obtained in the step. We establish sub buseskrdirection

and broadcast the values@fandR to the working space I. Initially we assume that the values
are stored at PJi,j,1] of this working space. Due to the special structure of ngatwe design

a procedure which takes constant time to multiply t@mox 2n matrices @n a2n x 2n
PARBS. We first present P-RAM based algorithm for the procedure, followed by a PARBS
mapping of it. Here y denotes row index of the first matrix angl@enote column index of the

second matrix as given in procedure 3.2.

for i:= 1 to (r, div 2) in parallel do
for ;=1 to ¢ in parallel do
begin
F[i.jl:= Q[i.i] * RIi,j] + Q[i,i+n] * R[i+n,j];
F[i+n,j] := Q[i+n,i] * R[i,j]] + Q[i+n,i+n]*R[i+n,j];
end

Procedure 3.2 Multiplication by Q

Sub phase I:
Step 1:Establish the straight sub buskidirection. Each processor connects port F to B.

Step 2: Processor PJi,j,1] broadcast valu@§,j] on the connected sub buses. After this step,
processor P[i,j,k] owns the value @fi,j] , (Figure 4(a)).

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

Step 5: Processors P[i,k,k] broadcast the valu@g,k] on the bus which is connected to
1<i<n,1l<k<n. After step 5 processor P[i,j,kIL< j<n owns the valueQf K],
(Figure 4(b)).
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Sub phase Il

Step 6: Establish sub buses kdirection. Processors PJi,j,1], of working space |, broadcast
values ofR[i,j] on the established sub buses.

Step 7:Establish straight busesiutlirection. (Figure 4(c)).

Step 8:Processors P[k,j,k] broadcast valugk,j] on the sub buses. After this step processor
P[i,j,k] owns the value oR[k,j], (Figure 4(d)).

Step 9:Break-up established sub buses.

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

Summing Phase:Establish a straight bus kdirection and broadcast values, obtained after
the multiplication phase, from Pl[i,j,i+n] to PJi,j,1] and P[i+n,j,i+n] to P[i+n,j,il,<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 subkbuses in
direction.

du| 0 | ms| O 0 | G2 | O [ Ga Gz1 | O | Gz | O 0 | G2 | O | daa
Gu | 0 [ @3 | O 0 | G2 | O [ Ga G | 0 |am | O 0 [da2 | O [ daa
du| 0 | ms| O 0 | G2 | O [ Ga Gz1 | O | Gz | O 0 | a2 | O | aa
du| 0 | ms| O 0 | G2 | O [ Ga Gz1 | O | Gz | O 0 | a2 | O | aa
=1 i=2 i=3 i=4
]

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

0 0 0 0 Q24 | O24 | Y24 | G24 0 0 0 0 Usas | Qaa | Qas | Qaa
O3 | Gz | s | s 0 0 0 0 O3z | Qa3 | dss | Gss 0 0 0 0
0 0 0 0 Q22 | OG22 | Y22 | O22 0 0 0 0 Qa2 | Ga2 | Y42 | U2
Oz | G2 | G2 | G 0 0 0 0 O31 | Qa1 | Gs2 | a2 0 0 0 0
i=1 =2 i=3 =4
j Figure 4(b): After step 4-5 of sub phase I.
11 | TS12 S21 | S22 S31 | TSs2 Sa1 | TSa2

S12 S21 | S22 S31 | ISs2 Sq1 | TS42

S11

11 | TS12 S21 | S22 S31 | TSs2 Sa1 | TSa2

11 | TS12 S21 | S22 S31 | TSs2 Sa1 | TSa2
i=1 =2 i=3 =4
J

Figure 4(c): After step 6-7 of sub phase II.

A Fast Parallel Algorithm for Special Linear Systems of Equations using Processor Arrays with Reconfigurable Bus Systems 13



Sa1 | S42 Sa1 | TSs2 Sa1 | TSg2 Sa1 | TS42

S31 | IS32 S31 | ISs2 S31 | ISz S31 | ISs2

21 | S22 91 | S22 IS1 | S22 1 | IS2
rS11 | S12 S11 | IS12 S11 | IS12 S11 | IS12
=1 =2 =3 =4

[—

Figure 4(d): After step 8 of sub phase Il

The next step6.3.2 of the algorithm is again an interchange operation which has been
described in step.1. After the process is over we obtain the new valu®aind store it at the
first layer in constant time.

In step6.3.3we construc, we first present P-RAM algorithm (procedure 3.3) for the process
and then PARBS implementation of it.

for i:= 1 to 2*n in parallel do
for j:= 1 to 2*n in parallel do

QIi,j] :=0.0;
for k:= 1 to n in parallel do
begin

gqg:= matl[n+k,K] / matl[k,k];
Qlk,K] := 1/sqrt(1-sqr(qq));
Q[n+k,n+K] := Q[k,K];
Qlk,n+k] := -(qa/sqrt(1-sqr(qq)));
Q[n+k K] := Q[k,n+kK];
end;

Procedure 3.3 Construction o)

Step 1:Establish a sub bus ikdirection, processors P[i,j,1,<i<2n 1<j<n and broad-
cast values oR as the initial value fo@ to working space |I.

Step 2:Establish sub buses irdirection (Connect port U and D). Processors PJi,i,1] broadcast
values ofQ[i,i], 1<i<n on the established sub buses.

Step 3: Divide the values ofQ by the value ofQ]i,i] , received in the last phase i.p, =
Q[n+k,kl/Q[k,K], L< k< n.

Step 4:Processors P[i+n,i,1]L<i<n broadcastthe valuegof  on the established sub buses.

Step 5:Disconnect port U to D

Step 6:Connect port L to R. Processors P[i,i,1] and P[i+n,illki<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,ntk1k k<n  perform the oper&idg k] =
Q[n+k n+ K = 1/(,/1-p,) and Processors P[k,n+k,1] and P[n+k ki k<n

performQ[k n+ K = Q[n+ k K = —p,/( 1—pi) .

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

The step®.3.4is a multiplication of matrixQ with the matrixE obtained in the stef.1.As we
described in ste®.3.1, the procedureggmult multiplies two matrices in constant time. The

resultant matrixQ°t is stored afirst layer.

Once the values are received after dbegf pseudocode, we can use them to avoid the forward
elimination and back substitution process. The two proce&gdemd7.2, given below are exe-
cutedparallely. We broadcast values bfto the working space I, arid to working space | and
Il both, by establishing the sub buseskudlirection. The two stepg.1 and7.2 are described

separately. The step.1 consists of two stepdmult( A ,b) and vmult(E, result of procedure
dmult). We first describdmult.

Phase IlI.

Step 1: The broadcastedh x n  diagonal matrix at the processor P[i,j+n,1]1<i<n ,
1< j <n of working space | anth at P[i+n,n+1,1],1<i<n . We establish sub buses

in j-direction so there ara  sub buses which are connected to the ports L and R of the
processors.

Step 2:Broadcast the values bffrom the processors P[i+n,n+1,1] to processors P[i+n,i+n,1],
1<i<n on the established sub buses.

Step 3:Disconnect the established sub buses and connect new sub bus@gation. Proces-
sors P[i+n,i+n,1]1<i<n send valuesloto processors P[i,i+n,1L <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 PJi,i+n,1] to
Pli+n,i+n,1],1<i<n

Step 6: Disconnect ports U and D and establish sub busgslirection i.e. connect port L to
R, broadcast values from PJi,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 @flis a proceduremult(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
2n x 2n x 2n PARBS using a standard procedure described in [10]. The resutantl
matrix Y is stored at processors P[i,1,1]< i1 <2n of working space |I.

The step7.2 consists of two multiplication steps. First tde , obtained in the for® éfom

the first layer, is multiplied byn x 2n  matrixl, 1), made up ofn x n identity matrix, fol-

lowed by a proceduremult. It can be observed from the property of such matrix that the
resultant matrix is a matrix with it's rows 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: The values oD are available in P[i,i+n,1]1<i<n of working space Il. We establish
a sun bus in-direction by connecting port L to R, broadcast the valu® dfom proc-
essor P[i,i+n,1] to processors PJi,i,l]gi<n

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

usingn x nxn PARBS, the second procedemult is a simple vector matrix multiplication
and it can be executed on PARBS of S2rex 2n x 2n in O(log n) time [10].

In step8 of the algorithm the resultant matrix of the last st&pis multiplied byY by taking
appropriate value ot as 0 or 1. This is a vector matrix multiplication which can be executed
on PARBS of siz&n x 2nx 2n in O(log n) time [10].

It can be observed that all steps in the loop of fi¢akes constant time and repeatetimes,
the algorithm presented above can obtain the solution of spd system in O(n) time using

2nx 2nx 5n processors, wher@nx 2nx4n  processors are required for working space.

Concluding Remarks: For the solution of linear systems of equatiohs = b with symmet-
ric positive definite matrixA,, , ,, 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) parallel 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, take@(logN)lJ’{> parallel time with

4 ,8fleaN)’g _ . .
OH\I / 5 [ Processors, wher@<d<1 [19]. The algorithm presented in section 3 has

parallel time complexity of O(n). It can be considered as a fast algorithm from the practical
point of view but not the efficient parallel 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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