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12 THEOREMS reaches the target processor. An accumulation based on the vecursi

) . ) e . doubling technique [9, pp. 56—61], would require the same number
The text of a theorem is set in 9 point (3.15 mm) italic on a leading ¢ g g a5 the RCB requires. If either the row or column of the origi-
of 11 point (3.85 mm). The word Theorem and its number are set in4¢or and target processors are the same then the message will travel

9 point (3.15 mm) bold. , only in a horizontal or vertical direction, respectively (see [12]).
A one line space separates the theorem from surrounding text.

Theorem 1 Let us assume this is a valid theorem. In reality itisa 17 DATA PARTITIONING

piece of text set in the theorem environment.

We usedata partitioning by contiguitydefined in the following way.

To partition the data (i.e. vectors and matrices) among the processors,
13 FOOTNOTES we divide the set of variablés = {i }/, into P subsetd W, })_,
Footnotes are set in 8 point (2.8 mm) medium with leading of 8.60f s = N/P elements each. We assume without loss of generality
point (3.1 mm), with a 1 point (0.35 mm) footnote rule to column thatN is an integer multiple of?. We define each subset Hg, =
width? . {(p—1)s + j};=: (see[11], [4] and [2] for details).

Each processar is responsible for performing the computations
over the variables contained i#,. In the case of vector operations,
14 REFERENCES each processor will hold segmentssofariables. The data partition-
The reference identifier in the text is set as a sequential number itig for operations involving matrices is discussed in Section 18.3.
square brackets. The reference entry itself is set in 8 point (2.8 mm)

with a leading of 10 point (3.5 mm), and appears in the sequence i
which it is cited in the paper. 18 LINEAR ALGEBRA OPERATIONS
18.1 Saxpy

15 SAMPLE CODING .
. _ . _ The saxpyw = u + av operation, where:, v andw are vectors
The remainder of this paper contains examples of the specificationgnd« is a scalar value, has the characteristic that its computation is

detailed above and can be used for reference if required. disjoint elementwiseith respect tas, v andw. This means that we
can compute a saxpy without any communication between proces-
16 PROGRAMMING MODEL sors; the resulting vectar does not need to be distributed among

the processors. Parallelism is exploited in the saxpy by the fact that
Our algorithms were implemented using tiagle program, multi- P processors will compute the same operation with a substantially
ple datamodel (SPMD). SPMD involves writing a single code that smaller amount of data. The saxpy is computed as
will run on all the processors co-operating on a task. The data are
partitioned among the processors which know what portions of the w; = u; + av;, Vi€ {Wp},’;1 4)
data they will work on [7].

18.2 Inner-product and vector 2-norm
16.1 Structure of processes and processors
The inner-producty = u’v = Zf’zl u;v; IS an operation that in-
volves accumulation of data, implying a high level of communication
between all processors. The mesh topology and the processes archi-
tecture used allowed a more efficient use of the processors than, for
16.1.1 Routing information on the grid instance, a ring topology, reducing the time that processors are idle

: s waiting for the computed inner-product value to arrive, but the prob-
A message may be eithbroadcasbr specific A broadcast message X . . o
g y P g Jfam still remains. The use of the SPMD paradigm also implies the

originates on a processor and is relayed through the network until i lobal broadcast of the final comouted value to all Processors
reaches all other processors. A specific message is one that isdlirec ) . P - P ) .
The inner-product is computed in three distinct phases. Phase 1 is

to a particular target processor. th mputation of partial sums of the form
Broadcast messages originate from a processor cakedral € computation of partial sums of the fo

which is situated in the ‘middle’ of the grid. This processor has co-
ordinates(| P/2], | P./2]). Messages are broadcast usingrhe— Qp = Z ui Xvi, p=1...,P ®)
column broadcasalgorithm (RCB), which uses the following strat- vie{Wp}

egy. The number of steps required to complete the RCB algorithm . . .
(i.e. until all processors have received the broadcast value) éngiv . Thg accumulathn phase of the inner-product using the RCA a!go-
by | P./2] + | Po/2] rithm is completed in the same number of steps as the RCB algorithm

(Section 16.1.1). This is because of the need to relay partial values
between processors without any accumulation taking place, owing to

The grid hasP = P, x P. processors, wherg, is the number of
rows of processors ankt. is the number of columns of processors.

A specific message is routed through the processors usirfigithe
row—find-columralgorithm (FRFC) detailed in [5]. The message is th tivity of the arid toool
sent from theoriginator processor vertically until it reaches a pro- ?r;:]onnect 'V'tg orthe grl_ opo ogy_. JaTu | ted Usi
cessor sitting in the same row as tiagget processor. The message hei € vec O; -;lolrmx_th— lc‘iu ||2'b_d l:? “ 'é comtﬁu_e usmgd
is then moved horizontally across the processors in that row until iihe Inner-product algonthm described above. Unce the Inner-produc

value is received by a processor during the final broadcast pitase,
2 This is an example of a footnote that occurs in the text. If thet tuns to ~ computes the square root of that value giving the required 2-norm
two lines the second line aligns with the start of text in thstfine. value.




18.3 Matrix—vector product

For the matrix—vector product= A, we use a&olumn partitioning
of A. Each processor holds a 3&1, (see Section 17) of columns
each of N elements ofd ands elements ofu. The s elements ot
stored locally have a one-to-one correspondence te twdumns of
A (e.g. a processor holding elementalso holds thg-th column of
A). Note that whereas we havepartitioned by columns among the
processors, the matrix—vector product is to be computedws

The algorithm for computing the matrix—vector product using col-
umn partitioning is a generalization of the inner-product algorithm



