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Abstract

In this paper, we use the tensor product notation as the
framework of a programming methodology for designing
block recursive algorithms on various computer networks.
In our previous works, we propose a programming method-
ology for designing block recursive algorithms on shared-
memory and distributed-memory multiprocessors without
considering the interconnection of processors. We extend
the work to consider the block recursive algorithms on di-
rect networks and multistage interconnection networks. We
use parallel prefix computation as an example to illustrate
the methodology. First, we represent the prefix computation
problem as a computational matrix which may not be suit-
able for deriving algorithms on specific computer network-
s. In this methodology, we add two steps to derive tensor
product formulas of parallel prefix algorithms on computer
networks: (1) decompose the computational matrix into two
submatrices, and (2) construct an augmented matrix. The
augmented matrix can be factorized so that each term is a
tensor product formula and can fit into a specified network
topology. With the augmented matrix, the input data is also
extended. It means, in addition to the input data, an aux-
iliary vector as temporary storage is used. The content of
temporary storage is relevant to the decomposition of the o-
riginal computational matrix. We present the methodology
to derive various parallel prefix algorithms on hypercube,
omega, and baseline networks and verify correctness of the
resulting tensor product formulas using induction.

Keywords: programming methodology, tensor product,
block recursive algorithm, parallel processing, parallel pre-
fix, hypercube network, omega network, baseline network.
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1 Introduction

Tensor products, also known as Kronecker products [4],
have been successfully used to express and implement par-
allel block recursive algorithms such as fast Fourier trans-
forms [7, 8] and Strassen’s matrix multiplication [6, 11].
The tensor product notation is also suitable for expressing
data distribution and modeling interconnection networks
[9, 10]. The tensor product operations can be mapped to
corresponding programming constructs. Therefore, the ten-
sor product notation provides a framework of designing and
implementing parallel programs [2, 5].

In our previous works, we propose a programming
methodology for designing block recursive algorithms on
shared-memory and distributed-memory multiprocessors
without considering the interconnection of processors [3].
We extend the work to consider the block recursive algo-
rithms on direct networks and multistage interconnection
networks. In this paper, we present a systematic methodol-
ogy by which tensor product formulas of a given computa-
tional problem on specified networks will be derived step-
wise. The parallel prefix problem will be used to illustrate
the programming methodology. Various parallel prefix al-
gorithms on hypercube, omega, and baseline networks are
presented in this paper [14, 15].

The programming methodology is divided into five step-
s. First, expresses a computational problem in its matrix
form. Second, represent the specified network by a network
connection matrix. Third, decompose the problem compu-
tational matrix into two partial computational matrix and
build an augmented problem matrix for the given problem
with original input vector and auxiliary input vector. Fourth,
try to factorize the augmented matrix of the computation-
al problem into product of tensor product formulas so that
each term can fit into the network connection matrix. Fi-
nally, we obtain a tensor product formula that represent an
algorithm for the parallel prefix problem on the specified
network.

In this paper, we use parallel prefix problem as an ex-
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ample. The parallel prefix computation is used by many
applications such as evaluation of polynomials, solution of
linear recurrence equations, carry-look-ahead circuits, radix
sorting, quick sorting, and scheduling problems [1].

The organization of this paper is as the following. Sec-
tion 2 defines the tensor product notation and gives a brief
summary of the properties that we will use through this pa-
per. Section 3 presents a programming methodology for a
general block recursive algorithm on a specified network
and explains the programming methodology using the par-
allel prefix problem. Section 4 illustrates the generation
of parallel prefix algorithms on hypercube network, omega
network, and baseline network. The conclusions and future
works are given in Section 5.

2 The Tensor Product Notation

In this section, we give a brief overview of the tensor
product definition and relevant properties. Tensor product
operation is a bilinear form that constructs a block matrix
from two matrices.

Definition 2.1 (Tensor product of matrices) Ler A,,xn
be an m x n matrix and By, be a p x q matrix. The
tensor product of A and B is the block matrix obtained by
replacing each element a; ; by the matrix a; ;jB,xq, i.e.,
the result is an mp X nq matrix, defined as

Amxn & Bp><q

afO,OBqu aO,n—prXq

an—l,OBqu an—l,n—prxq

mpXng

Two important forms of tensor product formulas are
when one of the operands is the identity matrix. If the first
operand is the identity matrix, i.e., Y = (I, ® A)X, it can
be interpreted as parallel operations on segments of X and
is called the parallel form. If the second operand is the iden-
tity matrix, i.e., ¥ = (A ® [,) X, it can be interpreted as
vector operations on elements of X and is called the vector
form.

Another important operation is a stride permutation.

Definition 2.2 (Stride permutation) L;'"(e]® ® e}) =
e} ® e

L™ is the stride permutation of size mn stride with dis-
tance n. When a matrix is stored by rows, the tensor basis
ef* ® eff is isomorphic to El”";" In addition, tensor basis
e} ® e} is isomorphic to ;" when a matrix is stored by
columns.

The followings are some properties of the tensor prod-
ucts and stride permutations:

. A B®C=(A®B)®C=A® (B®C)
2. (Ai® @A) (B1®--®By) = (A1 B1®- - @Ay By,)

. (A1®B1)(A20DBs) - (A ®@By) = (A1ds - Ak ®
BiBs - By)

S (L@ A) = I o T[22 A
. H?:_()I(Ai ®I,) = H?:_ol A I,
(LTt =L Lr =1,

w

N

rst _ yrstyrst
Lrs _Lr Ls

. L?t = (Lgt ® IS)(Ir ® Ligt)

© o =N o W

L = (Lo L)Ly © 1)
3 The Programming Methodology

In this section, we propose a programming methodology
for deriving block recursive algorithms on various intercon-
nection networks based on the tensor product notation. The
programming methodology contains five steps. We explain
them as following:

Step 1. Represent the computational problem as a computa-
tional matrix @) 5. For example, the parallel prefix compu-
tation problem can be represented by Yy = Q v X, where
X is an ordered column vector as the input data, Yy is the
prefix result column vector as the output data, and @)  is an
N x N computational matrix, where all the lower triangu-
lar and diagonal elements of () are 1’s, and all the upper
triangular elements of Q5 are 0’s.

Step 2. Represent the specified interconnection network of
N nodes as an N x N network connection matrix Hy. If
node ¢ has a link to node j, then the value of matrix element
h;,; is one, otherwise the value of h; ; is zero. Suppose
Pyx is an N x N matrix and each element of Py is one or
zero. We call a computational matrix Py fits into a network
connection matrix Hy if element p; ; in Py is one, then
h;,; in Hy should also be one, for all 4, j from0to N — 1.

. 1
For example, if S = [ (1) 0 } , the hypercube network
connection matrix is represented as

o — 1, forn = 0.
T I + N i ® S® Ly, forn > 0.

In this network connection matrix, the identity matrix Ion»
represents the self-connected links, and Ion-i—1 @ S ® Iy
represents the links along dimension ¢ of the hypercube.

Step 3. Given a network connection matrix as in Step 2,
if we use the methodology in our previous paper, it is not
possible to factorize the original prefix computational ma-
trix such that each factor fits into the specified network con-
nection matrix. In this step, we try to solve the problem
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by decomposing the original computational matrix into t-
wo partial problem matrices and then augmenting the par-
tial problem matrices so their factorization can fit into the
specified network connection matrix. The augmentation is
intent to add an auxiliary vector representing temporary s-
torage to the input data. The content of the input vector
and the auxiliary vector may affect the decomposition of
the computational matrix and the construction of the aug-
mented matrix.

The purpose of the construction of augmented problem
matrix is to find a factorization so that each term can fit in-
to the specified network connection matrix. There are two
disadvantages of the augmentation. One is more data stor-
age. The other is more communication and computation.
The advantage of the augmentation is that we can solve the
computation problem in a specified computer network. As
a total gain, the result is a more efficient algorithm for the
specific interconnection network.

The initial content of the auxiliary vector may simply be
zero vector, a copy of the original input vector, or a permu-
tation of the original input vector. The choice of the initial
content of the auxiliary vector may affect the construction
of the augmented matrix.

An augmented problem matrix of the original prefix
computation matrix () 5 can be defined as the following ma-

trix:
11 12
N N
[ 21 22 ] )
N N
where the size of Q&, QN, Q3A, and Q37 are N x N. The
size of input vector of the augmented problem matrix is
2N. We will obtain the resulting vector Yy, in the form
Y, . .
of [ ng , from the augmented computational matrix ap-
N
plying on the original input vector X x with auxiliary vector

ZN, i.e.,
1 11 12
bal=la &l
Yy QN N ZN
For example, if we initialize the auxiliary vector Zy to
be X, we may decompose the original matrix Q n to Q4

and Q%2 such that Q is equal to QX! + QL2. Therefore,
we obtain the equation below:

[ Qy Qx| ] X~
QN QF | | Xn
(QN + Q) XN
(QF + Q) XN
QONXnN
L (QF + QR XN

Yy
| (QF +QF) XN

In this case, YI%, = Yx, which is the computational result,
and Y2 = (Q% + Q%)X n, which may be ignored at the

end of computation. Therefore, the definition of Q%Vl and

22 does not affect the computing result. But they may
determine whether the augmented matrix can fit into a given
network connection. If the specific network is hypercube,
we may assign Q& = Iy and Q¥ = Qn — In.

For another example, if we initialize the auxiliary vector
Zn to be the zero vector, we may decompose the original
matrix Qv to Q4 and Q% such that Qn = QL + Q% We
have

EEIIEINE Y
doer o [T ey |
We can get the result vector Y from the summation of the
first half of the output vector and the second half of the
output vector, i.e., Yy = QM Xy + Q¥ Xy = (QF +

XN = QnXn. The definition of Q17 and Q% does
not affect the computing result. But they may determine
whether the augmented matrix can fit into a given network
connection. If the specific network is hypercube, we may
assign Q& = Iy and Q% = Qn — In.
Step 4. In Step 3, we construct an augmented matrix based
on the initial value of the input data and the original prob-
lem matrix. In this step, we begin to factorize the augment-
ed matrix such that each term should fit into the specified
network matrix. In the direct network case, we may use
a methodology similar to the methodology in our previous
paper.

Considering the hypercube network, we may formu-

11 l2
late a matrix equation of { NoxN } to factorize
N N

the augmented problem matrix into a smaller size of

augmented problem matrix with additional pre-operation
Ry Ry Py Py

quation (1):

} and post-operation [

11 Q12 Pll P12
XNV

[ N Qv Py Py
In, @ Qy, @ Iy Iny ® Q, ® Ing [R;VI Rg]
INl ® Q?Vlz ® IN3 INl ® Q?Vz ®IN3 RN1 RN2

@
11 12
where N = Ny N5N3. { Q% Q%Z } is the same aug-
N> N>
mented problem matrix with smaller size 2N». Iy, and
I, are identity matrices with size N; and N3, respectively.
This equation is called the recursive form of the augmented
problem matrix.

Then, we need to find a solution for the Equation (1) such
that P!, PA?, PR, P32, R\, Ry, R4, and R%? are all fit
into the assigned network connection matrix.

For example, if the augmented parallel prefix problem
matrix of size N = 2™ with N; = 2 and N3 = 1. The
network is the hypercube network. The augmented parallel
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prefix problem matrix can be formulated as the following
matrix equation:

[ i ;z}_ Pt Py

Q% Pil P
L, L® QQn 1 Rl RL2
Ly, L, R3l RZ

Let Q%% = IQn an - QQTL —IQn an = [0]2n 2n =
[1]2n, R = I, RY2 = 0, R3% = 0, and R32 = Izn.
There are four matrlx equations to be solved as following.

Ipn = Poa(Iy @ Iyn1) + Py (L @ Qon—1)  (2)

Qon —Ion = Po (L ®(Qan—1—Ipn-1))+ Py (1 ®Q57 1)
©)

Q2n _P2n1(12®12n 1)+P (I2®Q2n 1) 4

Q3 = PE (Lo (Qan1— 1))+ P (L 0QF-1) (5)

We solve Equations (2) to (5) and obtain a possible so-

. On—1 Ogn-1
1 _ 12 _ 2 2 21 _
lution Py, = Isn, Pyi' = Lyt Ogoos | Py, =0,
22 IZn—l Izn—l . .
and P57 = I I which all fit into the hyper-
on—1 on—1

cube network connection matrix. As a result, the solution
P’ZL , and RQn ., fori,7 = 1,2, all fit into the hyper-
cube network connection matrix. However, Equation (1) is
a recursive tensor product formula which is not suitable for
program generation.

Step 5. Find the iteration form of the augmented problem
matrix. This step is to recursively factorize the augmented
QQn 1 QQn 1

Zn 1 Zn 1
ization in Step 4 until IV is small enough such that @,
can fit into the network connection matrix. The final factor-
ization is a product of some matrices that each term can fit
into the network connection matrix. This equation is called
the iteration form of the given computational problem.

problem matrix with the same factor-

Following the example in Step 4, the augmented parallel
prefix problem matrix can be expanded as below:

|: 11 12 :|

2n 2n
21 22
2’n 271,

_ P}J p)? I ®Q2n 1 I ®Q2n 1
PZ P} LM, L®Q3Z_,
Pya Py

~| P2 p2

(L3 @ In—1)(I2 ® [

|: Pll PIZ

P21 Pzz
Pn P2
(L3R Iy—1)(L® | B 37 NI ® L3 @ Ihno2)
Py Pjl,
(It ® [ 82" z 82" z ])(Iz®L2®Iznz)(L%®Izn1)
2n— 2n—
Pya Py Pzn 1 Pzn 1
P2l p22 (L2®12"—1)(I2® Pzn L Pzn L )
(L3 @ Iyn—1)(Ly @ Ipn—1)(I2 ® L3 @ Iyn—2)
I+ ® gz"z gz"z Y(I> ® L3 @ Ipn—2)(L3 @ Iyn-1)
Py Py L®P), LRPY?
P p2 L® P, Iz®P2n 1

(L5 @ Iyn—1) (I © Ly ® In-2)

Qon—>  Qyn_s 4 1
(Is ® Q2 ) Q2 ) JI2 @ Ly ® Ipn—2)(La ® Iyn-1)
2n— 2n—2 |

I i ® Py}

=1Ii- [ Tpni @ P2

IQn—i ® 1)2112
IQn—i ®P2212 ’

0 i—1 0 i—1
11 _ 7. pl2 _ 2 2 21 _ .
where P,; = I, P,; { Ty O ], F;; [0]2:,
I i—1 I i—1
22 _ 2 2 - _
and PQZ- = { Lps Ly | fori =1ton.

Suppose each element x; and z; of the original input
vector Xy and the auxiliary input vector Z are allocat-
ed in processor j of hypercube network. The final tensor
product formula

ﬁ { Ipn—i @ P}
1 Izn—i ® .F)zzl1

i=

Izn—i ® P21l2
Izn—i ® P2212

can be interpreted as following. The matrix product no-
tation represents a sequence of the operation steps. Right
most matrix will apply to the input data first. The prod-
uct of n matrices means n sequential steps will be per-
Lyni @ P}l Ipn-i @ P)?
IZn i ® P21 I2n i ® P22
2"~ copies of Py, Py?, PZt, and P3? are performed in
parallel.

Operations Ipn-i ® Py and Irn-: ® P apply to Xy.
Since P21i1 = I5:, operation Ipn-i ® P21,-1 is interpreted as
each processor reading the local element of X . Since
P2 = [0], Iyn-: ® P;! is interpreted as no-operation on
the local element of X .

Operations Iyn-: ® P)? and Ipn-i ® P2? apply to Zy.
siee P = | 27002
interpreted as partitioning processors into 2"~ groups. In
each group, the processors in the first half of the group move
the local data in Z along dimension ¢ — 1 of the hypercube
network to the processors in the second half of the group,
and then the receiving processors adding the received data
to the local data in X .

formed. Each step [ ] means

}, operation Iyn—: ® P,? is
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rr = ag + ag
7 =ag+a;

T3 =az + a3
z=ay+aj

27 = agt ... +ag
w=at o iar

T3 =apt ... +az
z3 = apt ... a7

-——

Zo = o T3 = ag +ar +ay - vy —
2z = o Fa z9 = ay o a Ty = ag Ty = ap +ay +a
0 =apt .. +ag 2 =gt ... tag DI . +ar 2 = ag+ ... +ar

Step 2 Step 3

Figure 1. Parallel prefix algorithm on hypercube for
N =28

Ipic1 Iyia
Ipicn Iyia
is interpreted as partitioning processors into 2" ~% groups.
In each group, the processors in the first half group and the
second half group exchange the local data in Zx along di-
mension ¢ — 1 of the hypercube network, and then adding
the received data to the local data in Z .

Since P = { } , operation Iyn-: ® P3?

We demonstrate this step by an example of size 8 in Fig-
ure 1. The SPMD program of this parallel prefix algorithm
is given in Figure 2. The SPMD program is suitable for
fine-grained computation. Each processor has only two lo-
cal variables x and z, an output variable y, and a temporary
variable temp. As shown in Figure 1, the final result of Z;
in each processor is the summation of the input data.

From the above five steps, we have derived an algorithm
for a computation problem on a specified network. The al-
gorithm can be represented by a tensor product formula and
translated to program statements directly.

4 More Parallel Prefix Algorithms by The
Methodology

In this section, we use the methodology in the previ-
ous section to derive different algorithms for parallel prefix
problem on the hypercube network, the omega network, and
the baseline network.

z =z

for i = 1 ton

of fset = my_rank - (my_rank mod 2%)
if (my_rank - offset < 227! ) then
send (processor [my-_rank + 2i=11 = 2)

receive (processor [my_rank + 2'7'1, temp)
z = 2z + temp

end if

if (my_rank - offset >= 2*') then

send (processor [my-_rank - 2i=11 = 2)
receive (processor [my_rank - 207'1, temp)

T = x + temp

z = 2z + temp
end if
end for

y =

Figure 2. SPMD program for the parallel prefix al-
gorithm on hypercube

4.1 Another Parallel Prefix Algorithm on Hyper-
cube Network

Based on the methodology in Section 3, the auxiliary
vector Z and the matrices Q3%, Q3%, @12, and Q32 can
be defined in many ways. Alternative definition may result
in different algorithms.

Let the auxiliary vector Z» be 0 and the augment-

11 Hl2
ed problem matrix { 2 ox ] satisfy the condition
o Qan

I+ Q3 = Qan, where Qg is the prefix computation
matrix. Let Q%% = Ion, Q%% = Qan — Ion, Q%% = [O]Qn,
and Q32 = [1]an. We also set P}l = I, P}2 = 0,
P2l = 0, and P}? = I« which all fit into the hypercube
network connection matrix.

The recursive form of the augmented parallel prefix
problem matrix can be formulated as the following matrix
equation:

[ Isn [0]2n
Q2n — Ipn [1]3n

I, ® Ign—1
I ® (Qan-1 — Iyn-1)

There are four matrix equations to be solved as following:

L ®[0]sn-1 | [ RIL RI2
I @ [1]gn-1 R3 R3 |-

I2n = (IQ ® IZn—l)Réi (6)

[0]2n = (Is @ Ipn—1)R3? @)

Qon—Ion = (Ib®(Qan—1—In1)) Ryn + (L @[1]3n 1) B3
(8)

[Uon = (I ® (Qan—1 — Ln-1))Ry% + (I2 @ [1]yn-1)R3%
9)
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zn
Step 0 Step 1

P6) 26 = ag
25 =ag +a)+ay

Figure 3. Parallel prefix algorithm on hypercube for
N =28

Solving Equation (6) to (9), we obtain one feasible solu-
. Ogn-1 Ogn-1
11 _ 12 _ 21 _ 2 2
tion, R3n = Ion, R3% =0, R5n = { Ionet Ognos ],and
I2n—1 [27!.—1

R22 —
2n I2n —1 IQn—l
network connection matrix.

] , which all fit into the hypercube

The iteration form of the augmented prefix computation
problem is as following:

1
[ %}L %?L :| _ H |: Iyn—: ®R;zl Iyn—: ®R%IZ :|

%}L %% B - Izn—i ® R;ll Izn—i ® Rglz
=n
Ogi—1 Ogi-1
where BRI = Lo, R12 — 0, B2 — { Qo o) ang
2i—1 2i—1

Ipi-1 Iyix
22 _ 2 2
R2i o |: IQi—l IQi—l :|

We demonstrate this step by an example of size 8 in Fig-
ure 3.

4.2 Parallel Prefix Algorithm on Omega Network

In a multistage interconnection network, the network
connection matrix between each stage is a permutation ma-
trix. For a multistage interconnection network of N = 2"
input lines, each stage contains 2" ! switching elements.
We use San = Irn-1 ® Sy to represent a switching stage
ail Q12

and operation sy =
a21  a22

] to represent a switching

element, where a;; = O or 1, for 1 < 4,5 < 2, depend-
ing on the computation performed in the switching elemen-
t. A permutation between two switching stages is required
to connect the output lines of a switching stage to the input
lines of its adjacent stage. In addition, a pre-permutation
and a post-permutation may be required to rearrange the in-
put data and output data, respectively. For example, the pre-
permutation and the permutation between switching stages
of the omega network are the stride permutation Lg:,l . The
omega network can be represented in the following tensor
product formula:

n—1

Ay = H([anl &® SQ)L%Z,I.
=0

For the parallel prefix computation on the omega
network, we build an augmented problem matrix

11 12
{ 2 oxz ] and let the auxiliary input vector Zon
o Qan
wooQR Xon 1 Xon
be O, then %1 %2 2 == le 2 .
on on 0 anXQn
If QY + Q3 = Q2n, we may get the result vector

Y5~ from the summation of the first half of the output
vector and the second half of the output vector, i.e.,
Yo = Q3 Xon + Q3 Xon. We set Qi = Ihn and
Q3% = Qan — Ion.

To design the parallel prefix algorithm on the omega net-
work, we will rewrite the augmented matrix to the following
form:

11 12
2m 2mn —
21 22 -
2" 2n

(Iyn—1 ® A5)L%,

! nr (B @ By)LZ,
i=0 (I2n—1 ® CQ)L%H,I

(Iyn—r ® Do)L2,

(10)
where A,, B, Cs, and D, are computations to be per-
formed in the switching elements. We need to derive A,
Bs, Cs, and D5. The definition of Q32 and Q32 does not
affect the computation result. Their definition is determined
by the values of Ay, By, Co, and D-.

Considering the omega network of size 2,i.e.,n = 1, we
rewrite the augmented matrix as following:

11 12 A B
& @l-lan] o

Since Q2 = Q' + Q3! weset Ay = Qi =1, =
1 0 . 0 O
{0 1]andobtamCQZQ%l:Qg—Qélz[1 0}

Next, considering the omega network of size 4, we again
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rewrite the augmented matrix as following:

{ Qi Q }

Qi QF
T (e CQ)L% (I ® Dz)Lé
(I ® A3) Ly (I ® Bs)Lj
(I, ® CQ)L% (I ® Dz)L‘Q1

From Equation (12), we have

=L AL ® As)L5 4+ (I, ® B2)La(I. ® C) L3
=14+ (I ® B2)(C2 ® I>)
= I, + (C2 ® B2).

Since Qi' = I, we obtain a trivial solution of By =

{ g g } . From Equation (12), we also have
i = (I ®Cy)Ly(I> ® As)Ly + (I @ D2)Ly(I> © Ca) Ly
=T ®C2) + (I> ® D2)(Ce ® I2)
= (I ® C2) + (C2 ® D»)
. 21 . 11
Since Q7 = Q4 — I, we obtain Dy = 11| Fur-
thermore, from the solution of As, Bs, Cs, and D», we can
obtain Q3% = [0],., and Q32 = [1],.. The correctness of
Equation (10) can be verified by induction.
We demonstrate this algorithm by an example of size 8
in Figure 4.

Step 0 Step 1 Step 2 Step 3

To=q Ty = Ty =
0 0 ,:‘[()‘ = 60 Zé‘ = 6’0

2=

T = ay
21 =ao

et

T

ay
ap

Ty = ay
2y =ap+ay

Ty =ay
2 = ap + @

T3 = ag
23 =ag+a; +ay

Ty = a4
Zy = apt ... +ag

2R
C

as
a

L] L] [ [ <

(<] <) [X][X]
(<] [X] XX

a 25 o+ ... tag
Zg = 6 T6 = (3 ay T = a6
:G:g 4,*61 2 = a1 + 26 = apt ... +as
1T =gz T7=ar 7 =ag T7 =ay
= i =as 27 = ai FagFas ] 27 = apt ... +ag

Figure 4. Parallel prefix algorithm on omega net-
work for N = 8

4.3 Parallel Prefix Algorithm on Baseline Net-
work

The baseline network is defined as the following tensor
product formula:

n—1 .

By = [[ T @ L3 ) (Lonr @ 52).

i=0

We choose the auxiliary vector Zs» to be 0. The aug-

1 12
mented matrix { NP } must satisfy the condition
o Wan

IV 4+ Q2L = Qan, where Qun is the prefix computation
matrix. We omit the detailed steps and show the factoriza-
tion of the augmented matrix as the following:

. —1
Qb | _ nH Ion 0 ][ 42 B
o Q3 | 0 Iy®L3 || Cin Don

=0
13)
where
Apm = Iy 1 QI
Byn = Iyn-1®02
0 0
o (e 0 0])e
i 0 0 . _
Cin = <I2n—z—2®|:0 0] ) fori=0ton —2
0 0 .
Izn1®{1 0} fori=n-—1
1 1
Doyn = I2n1®|:1 1:|

The correctness of Equation (13) can be verified using in-

duction. The final tensor product formula (13) represents
a parallel prefix algorithm implemented on a baseline net-
work. If we expand the product of Equation (13), the origi-
nal input vector is applied on I~ in each stage, i.e., the in-
put vector remains unchanged. In the baseline network, this
fact can be implemented as each switching element con-
taining two local registers and storing the input data X
statically.

The auxiliary vector Z is manipulated according to the
application of an on X and Ds» on Zp and its elements
are transmitted according to the stride permutation of the
baseline network. An example of the this algorithm for
N = 8 is demonstrated in Figure 5.

5 Conclusions

In this paper, we present a programming methodology
for designing block recursive algorithms on various com-
puter networks. We employ the tensor product notation to
formulate computational problems and derive different al-
gorithms on various computer networks.

The key idea of the programming methodology is to
augment the problem computation matrix and accompanied
with an auxiliary vector. Then factorize the augmented ma-
trix such that each term should fit into a specified network
connection matrix. The factorization steps require solving
of matrix equations. Since there are more matrix variables
than the number of matrix equations, the solutions of the
matrix variables are not unique. A key issue of deriving
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Figure 5. Parallel prefix algorithm on baseline net-
work for N = 8

proper algorithms for a specific network is to find solutions
that fit into interconnection of the network.

The programming methodology does not only provide a
formal approach for designing parallel algorithms on spe-
cific interconnection networks, both direct and multistage
networks, but it can also be used for designing VLSI circuit-
s. In the future, we will extend the methodology to gener-
ate VHDL programs and thus to design circuits for special
purpose applications such as digital signal processing and
image processing [12, 13].
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