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Chapter 1 

Introduction 

Distributed memory multiprocessor have a clear advantage over uniproee or machines -

more than one processor allows mul 'ple tasks to be performed. simultaneous] . However 

distributed memory multiproces· ors also have several advantages o,ver sha:red memory 

machines. For example scalabi]ity allow a network to be constructed proportional to a 

specific problem siz-e and nonuniform acce s time allows ret'eren · al locality o minimize 

latencies of memory accesses. However the distributed memory of the machine. introduces 

drawbacks as well1, such as the problems of finding and exploiting locality; distributing task 

and data of a. program, .and addressing data. 

The add.re ing complications are manifested in he involved expressions associated 

with a.ITay referencing. To reference a particular array cell the expre ion mus ca culate 

not only the memory location of the cell but also which processor's memory con ains the 

cell. These two address specifications are functions of the array distribu ion and the 

network oonfig,:u-ation. 

ort:unately; pos-sibilities exi t for implifying the array re£erence express·ons in loops. 

When the data needed by a processor i located on only one processor parts of thee 

reference expressions are loop invariant (i.e. have a constan value for the duration of the 

loop). 'Tio avo · d recomputing these i variant p,arls of the addl-,e on e ery access. a 

compiler can perform code transforma.tions o simplify he expressions. Once performed, 

hese transformati,ons allow even further cod,e improvements by an optimizing compiler. 

The end resu t i a le ,computationally ,expensive loop body that reduces he ex.ecut" on 
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tim.e of he loop. 

Unfortunately the data needed b a processor is often locat,ed on more han one 

processing element o that no loop in ariants exis for optimization. However1 be,cause 

arrays are often both accessed and di tributed in egments of contiguous array cell , 

interuals of a loop acce s data from a ingle proces or and ha e their own invariants. 

Thus each such interval ha its own invariants. By dividing the loop into hese in ervals, 

the code ransfoTmations can still be perlormed, albeit on a smaller cale. 

A compil,er can isolate these interval by performing a loop transformation called loop 

splitting. Loop spli ing divides a loop fato ubloops which in entirety have the same effect 

as the single loop. The e ubloops can then be reduced in computation. 

In the context of distributed memory multiproce sor-s this thesis e>..-plores the 

impro,vemen of array reference a]]owed by the loop plitting transformation. 1 ore 

specifically this paper ,e:x,amines program peedup resulting from loop splitting he code 

transformations code. hoisting and strength reduction; and the ub equent compiler 

optimizations. 

1.1 Overview 

· ection 2 de cribe array management in distributed memory multiproce o:r-s. This topic 

includes partitioning of task and data as weU as alignment for minimal execution time. 

Then. the method and oomple,xity of array reference expression are pre ented , o illu trate 

the problem this thesi attempts to ameliorate. 

ec ·on 3 provide an overview of loop splitting. Fir t, the rel ant loop 

transformations (general loop splitting and peeling) and compiler op imizati.ons (oode 

hoisting and strength reductinn.) are presented. ext these elemen. s are bro ugh · ogethe•r 

by describing the loop splitting transformation for compiler optimizations. Then, to 

prepare for ec · on thi · ection presents the loop spl:i ting framework for op imizing 

arra reference expre sions on a distributed memory multiproces or. 

ection 4 the crux of thi thesis describes in detail the loop splitting study. This 

includes the methodology and performance results of everal experiments. The results are 
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hen in e:rpreted. 

Section 5 conclude by swnmarizing both the interpretations of the study and the 

contributions of his "thesis. 

1.2 Previous Application 

Loop splitting has been used in other contexts beside simplification of array references for 

distributed memory multiprocessors. One previous area of application i improvement of 

register ·use in vector processors. 

· ector processors such as the Cray-1 ([Rus7 ]) are specialized for vector operations. 

Vectorization of a ]oop .remove the loop code and. replaces the scalar operations of the loop 

body with stand-alone ector operations. Though the operations are consequently faster if 

any of the o:perations . hare da.ta, multiple memory reference must be made for uch data 

beca nse the values were ovel'wri tten by previous vector com pu ta tion. To increase register 

reuse (reduce the redundant memory traffic) · he original loop is parti "oned into 

vector~length strips to produce a loop with maller vector operations appropriate for e 

size ,of the regi ter set. The operation ar,e small enough to avoid fiu bing the common 

data from the vector register set before it is needed again by a subsequent operation. 

11 



Ch - ·t -- 2· aper 

Array Manag•enient in 

Before desc-ribing the details of loop splitting, thi , the is presents some background 

information on multipr-0cessor array management. peci:fically; the multiprocessors 

discussed here are di tributed memory machine . This section helps to give perspective on 

both the ,complexities of array references and ·the benefi of loop splitting in reducing 

these e pre ion . 

2.1 Introduction 

Multiprocessor are designed · h the hope that :many computers can perform the job of 

one computer in less time .. Ideally hidden from the user a program is run on a 

,com__municatfon ne ork of prncessor-memory pairs as seen in Figure 2-1. However to 

utilize more than one processor a system of distributing the job among the processing 

elements must fi:r: t be devised. In he most ideal case a load-balanced partition - an 

equitable divi ion ofwo,rk among all processors -is found; and a multiproces or terminate 

a p1-ogram in 1/ P th the time of .a uniprocessor where P ]S the number of processors. 

How er: partitioning problem data dependencie , proce sor communication. and 
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NETWORK 

M M M 

Figure 2-1: The di tribu ed memory multiprocessor model: each node is a processor-memory 
pair. 

inher,ently sequential code1 inhibit such a speedup by incurring un-equal ork distribution 

and oommunicati,on ,overhead. Even o the decrease in execution time can. still he 

remarkable par "cularly in loop- and array-orien ed cientific: codes. 

As in any algorithm a paralleliza.ble algorithm uch as matrn addit--ion, has two 

types of specifications - that -of the task to be performed and that of he data on which to 

perlonu the task .. Unlike a sequential algorithm however the tas and data of · he pa:raHel 

algorithm are divided among the processors with regards to the task partitioning and data 

partitioning. re pectively. Each processor computes a unique ection of he matrix addition, 

and ,contains a unique portion of the matrice-s in its memory. 

Through analy ·.s of a program, a procedure called a k and data parlitiomng 

determine the op imal ask and data partitions. first . , e task partition is obtained by 

dividing the work equally among prooos ors while maximizing the :reuse of data in each 

di vision. This decreases the execution time by .reducing the number of non ~cache 

references. extj the data partition. attempts to choose the size and shape of he data tile 

which when placed in the memory of a p ocessor maximizes the probabili . ha a cache 

miss is satisfied in local memory. This lowers the execu ion time by reducing he number 

-of net ork requests. Finally; an alignment step determines which specific task and data 

p,artitiun is assigned t,o each processor. 

Though the above tep a.re performed with the hope of reducing the execution time 

per proces or accessing array elements on a multiprocessor equires more calculation than 

1 A simple example of nonparal! elizab!e axle :is a sequence of l/O instrnc:tion , , uch a printing the directions 
of a program~s usage. Cn uch a case . only one proce~sor executes while the others stand idle. 
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on a uniprooe:ssor. In r-emoving the uni~ocessor sca1able multiprocessors also remove the 

sin,gle memory address space. Array referencing must not only consider \ he:re in memory 

an array is located but also in which processor1s memory, thu requiring more cakulation. 

Virtual memory can eliminat,e the addition.al addressing calculations by providing the 

abstraction ,of a unifo:rm1 linear addre ;pace .. However this abstraction re u1 in an 

effi,ciency lo · beeause a.n unnecessarily large number of memory re£erences may need to be 

satisfied by a remote no de. 

The remainder of thi section describes in more detail what ba been outlined above. 

First~ ectfon 2.2 presents task and data partitioning, while introducing • erms r,elevan • o 

loop splitting. Then ection 2.8 des,cribes the procedu:r,e for dete "mining the optimal task 

and data partitions. ection 2.4 describes the problem with array referencing on a 

distributed memory multiprocessor F'nally; Section 2.5 examine a method of 

multiprooossor array referencing the complex expressions involve an.d the possibility ,of 

reducing these expres ions. 

2.2 Partitioning 

While a uniprocessor executes an entire program, a processing element (PE) in a 

distributed memory IDultiprocessor eXiecutes ,only a portion of the program .. Dividing a 

program into portions for the PE is called partitioning, of which there are two types -

task parti'tfoning and data partitioning. 

2 2.1 Task Partitioning 

Performed fo both distributed. and shared memory multiprocessor task partitioning 

as igns a portion of work bl each processor such hat the sum of all proce sor tasks is 

equivalent to 'he original single task. Two types of task partitioning exist: dynamic and 

tatic. Dynamic task partitioning i determined at the time of execution where processe 

pawn other processes un.til all processors are busy. This is achieved by fork ope ations. 

which are later joined to merge the results of two proce or onto one processor. The fork 

and join operations are w.e11-sui ed to ~cursive algol"ithms. 
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Figure 2-2: Partitioning a 100-iteration 1-D loop: (a) the iteration sp,a.oe, (b) the partitioned 
iteration space. 

Static task p,artitioningt on the other hand is determined at compilation time, where 

beforehand. the total task is divided among pr-0ce,ssors as equitably as possible. This type of 

task distribution is · uitable for iterati,;,e algorithms and is attained by using a 

para.llelizable loop construct, such as the FORA.U.2 instruction. Becaus,e the task 

partitioning is a distribution of the loop's iterations across processors, it is often termed the 

iteration space partitioning. This thesis is concerned \vi h only static task partitioningt and 

further mention of task parti tiouing will be done wi hou t ambiguity of type. 

After some definitions, task partitioning is examined through two examples. A loop 

construct, such a FORAU~ is often u ed in clus ers; a group of associated FORALL 

instructions is called a loop Mst since the cluster represents one or more nested loops. An 

N-dimensional loop nest con airu! r nested ORALL instructions .. 1\vo loops are perfectly 

nested if both hare exactly the same loop body .. Two loops ar~ imperf-ectly nested if one 

contains the common body as well as: other code. 

E:x:amp,le l· A l~D Loop Ne t As a simple example of task partitioning consider a l~D 

loop nest of 100 iterations performed on a four-proce.ssor machine. Figure 2-2 shows the 

iteration space and a possible. partitioning among the processors. Processor Zero oomputes 

iterations O through 24, !Processor One computes iterations 25 through 49 and so on. Each 

processor calculates 25 iterations; this is an ·deal ta k partition because it distributes the 

task equitably. 

The code written by the programmer is shown on the left of Table 2.1 in C syntax a_nd 

the task-partitioned code of a parallel compiler is depicted on the right. To simplify . he 

codej this thesi uses the (noninclusiv,e) expression for(var, init. lunit step) in place of the 

:iThe DOALL instruction ts another example. 
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Original Partitioned 
forall(i 0 100 1){ low = pid ;a; 25; 

... body ... } high= ]ow 2-5· 
for i> low high 1 { 

... body ... } 

Table 2.1: A 1-D loop nest before. and after partitioning. The processor identifier ranging 
from O to .s, is denoted by pid. 

normal C syntax expres ion for var==init· var < limit: var+~tep). 

The code on he rigb..t is generalized code· :regardless of what processor executes the 

code the processor will perform only it assigned portion of he task. This enables a 

compiler to genera e one C•ode sequence to be executed by all processors. However other 

metho . exist to generalize the code. an example instead of computing hlgh and low 

interval boundaries the ,code could use a CASE statement to .assign intervals based on the 

prncessor In. This is particularly useful when the intervals are irregular and bard to 

generalize into equation_s·, of course the CASE statemen may be _ong if he:re are many 

processors. These and other :i sues lead to the different me hod . of loop splitting and will 

be discussed later. 

Figure 2-2 and Table 2.1 he]p to introduce · · one rv terms. The length of the interval 

in ,each dimension i called the .ta.sk spread of that dimension. In the oonte t of he 1.:n 

oop nest above, the dimension I has a. ask spread of 25 i te:r:a tions. Furthermore~ tb.e tile 

size; the pr-od ct of the task spreads is the total number of iterations ea,ch processor must 

perform for the loop nest. In tbe 1-D example. the tile size3 • 25 iterations. This thesis 

focuses on rectangular tiles· however· the :resul g,eneralize ·to parallelograms as well. 

Example 2; A 2-D Loop Nest A more complex example is a pair of perfectly nested 

oops with iteration :intervals of Oto 99 for both dimensions. Pictorial repre enta ·ons of 

his loop nest are con:tained in Figure 2-3, which shows blocking and striping of he 

iteration space. 

Table 2.2 displays. the code4 of hese t\vo possible partitions. The c,ode .~th blocking 

3 ln this thesis. the size of a proce o ' . tas will be called the tile ize (implyjng two dimensions), rltgardle 
of dimension. 

~ All code example · this tbe:si uses a C syntax; thus ' asterisk) represents mult' plication f integer 
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·gu-re 2-3: Partitioning a l00xlO0 2-D loop: (a), the 1 ration space (b~ the partitioned 
i era:tion pace wi h bocking, and (c the partitioned i er-ation :pace ·with striping. 

Ongmal 
forall(i O 100 1 '{ 

foraU(j 0, 100, l ){ 
... body .. . } } 

With Blocking 
iJow;;; (pid % 2) 50· 
i .high = iJow + 50· 
jJow = (pid / 2) • 50· 
j..high = jJow 50; 
f or (i iJow i..high,, 1) { 

fo - _'. jJow, j..high, 1) { 
... body ... }} 

With Strj,,ing 
iJow = pid * 25· 
i_.bigh = iJow + 25; 
for(i Uow, Lh igh 1) { 

for(j O 100, 1) { 
.. . body ... }} 

Table 2.2: 'I\vo examples of task part'tioning for a .2~D loop ne t: the program.mer1 original 
code, the ,code after blocking- and the code after triping. 

divides both dimensions into two interva].s while he code withs riping divide one 

dimension into four intervals. The first partitioned loop nest bas a task spread of 50 for 

both the land J dimensions; and the second partitioned loop nest bas an I-dimension task 

spread of 25 and a J-dimension tas spread of 100. In both me hods of partitioning he 

til,e size is 2500 1tera.tious. 

Because every processor in each example ha the same tile size {total ta k divided b 

the number of processo - ), these ar,e ideal partitions and ensure load-balancing. However 

where m.ultiple partitions are possible (in loop nests of dimension. > 1), commumcati.on cost 

becomes a major criterion in determining he optimal ta k partitioning - tha _ leading to 

the shortest execution time. ection 2.3 discusses this issue i more detail. 

division, and '%' the modulo or nimainder function. 
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Figure 2-4: Three examples of data partitioning for a 100 100 array on four processor.s: 
(a) blocking. (b) strip:ing by rows, and (c) striping by columns. The numbers designate 
assignment of the array portions to the virtual processors. 

2 2.2 Data Partitioning 

While the task is divided am.ong processors for all parallel machines. the data of a program 

is divided only on a distributed memory multiprocessor. In a distributed memory system.; 

,ev,ery memory address is local to some processor node· and. every processor node has its 

own piece of memory, from which all nodes may read and to which all may wri e. The data 

structure relevant to data partitioning is the a:rray and i: distributed among the memories 

without duplication. Figure 2~4 shows several data dismbu tions for a 2-D array; ea.ch with 

a different mapping of the array onto the processor memories. 

Figure 2-4 helps to define more terms. Firstj the data spread is the dimension length 

of the data portion located in a prooessOT"s memory. In Figure 2-4a both the i..spread and 

i- pread 8.l"e 50 array elements each; in Figure 2-4b, Lspread is 100 elements and j _spread 

is 25; and in Figure 2-4c i...spread is 25 elements and. j..,spread is 100. eoond. the uirtual 

network is the arrang·ement of the virtual process.ors on which alignment maps the data. 

This virtual network is then mapped onto the {possibly different) real network •of physical 

processors by a procedure called placeme.nt. The dimensions of the virtual ne -ork play an 

important roe in array referencing (explained in. Section 2.5) and are called. .:proc, where 

z is the dimension name. In Figure 2-4a~ both the i..proc and j _proc. are 2 virtual 

processors; in Figure 24b i ..pr oc is l and j _proc is 4, and in Figure 2-4c i..proc is 4 

processors and j _proc is 1. 

Like task partitioning the ideal data. partitioning distributes equal amounts of data 
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to the prnce.sso:rs, and the optimal data part.i tioning leads to the shortest execution time. 

Also like task parti tioningJ many ideal data partitions may exist but v,ery few optimal 

partitions do and ma.y be difficult to obtain. The n,ext section outlines the process of 

obtaining optimal task and data partitions 

2 .. 3 Optimal Partitioning 

As o bserve.d in tbe previous section, many possible methods of task and data partitioning 

e.xist for a specific loop nest. This section describes the process of obt-aining the optimal 

task and data partitions, those leading to the minimal execution time, while introducing 

more terms relevant to array referencing and loop splittmg. 

2.3.1 Optimal Task Partitioning 

As a whole. the array cells needed by a particular processor is ermed the processorjs data 

footprint. This represents the data required for the processor;s task and aids in 

dete:nnining the op imal task partition. An example data footprint on a 2 9 D array A is 

depicted in Figure 2--5 for the expression A(i][j] = A[i+l][j ' 1J+ A[i ' l ][j+2]. Here. the white 

region in he center represents the array ,cel]s for whieh Processor 12 compute:s values· this 

corresponds to Processor 12's task. The shaded regions represent additional data, for w hlch 

Processors 4, 5, and 13 a:re responsible . needed to perform Processor , 2's task. 

Justifica ·ou for the additional da a i seen by studying the reference expression. 

Consider the single array cell in the eenter of Figure 2~5a. If this cell is A[2][5} then A[2][6] 

and A[2][7] are added to assign its ne, alue. These tw·o cells are the pair next to the 

single cell. Of course, in general ,ceJl A[ i] [j] needs cells A[ i + 1] [J 1] and Ali 1] [j + 2] to 

obtain a new value. From th.is, it is o bvfous that the array ceUs along the border of 

Processor 12,s task require values outside the central white r ,egion namelY: the cells for 

which Processo s 4 5, and 13 compute values. 

The optimal task partition~ represented by the aspect ratio I J J · s found by 

min·mfaing the :i.ncerprocessor communication (the sbaded roegion of Figure 2-5) while 

maintaining the tile size constraint (Ix J = total ta k size + number of processors). Such 
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Figure 2-5: The data footprint of .a processor (a) for the expression A[i1[i] = .4.[i+l][j ' 1] ' 
A~[i+l](j 2] and. ,(b) for 'the more general expression in which di+ and dj+ are he largest 
pos:itive ,offsets for the inducti.on variables i and j, respecti ely· and di- and. dj- are the 
smalles nega.ti ve offsets. The white area repre:Sents data for which a value is calculated, 
w bile he haded areas are the addi.tional data. needed for the calcu1a tfons. 

a partitioning groups closely associated iterations on one processor thereby increasing the 

temporal locality by maximizing da a reuse. When an iteration needs a particular aITay 

cell~ the ceU is cached and available to later ·teration on the same processor. Because a 

network or memory aocess occurs only once per unique array cell and because the 

suggested tile dimens:ioru. mi nimi ie the nmnhel· of ditferen array references· uch a task 

partition minimizes the total access time and is optimal 

The details of optimal task partitioning are contained in [AKN'9·2], bu · determining 

the optimal aspect atio for a 2-D loop .nest 'Wi.11 quickly be presen ed. he:re. 

The derivation of the optimal (to a first approximation) aspect ratio is rather simple. 

Finding the I and J :resulting in minimal communication e compute their ratio IIJ. Thls is 

performed in the following manner. 

The tile s:ize is k;;;;;; Ix J. Communication (to a firs a.pp1·oxima .·on) is the number of 

rows and col mns of nonlocal data. Where a: is the number of rows and is the number of 

columnst the total communication in a multiprocesso,r .vi. h caches is 

To obtain the I and. J that minimiz-e communication, we ca.lcula:te the derivative of 
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communication with respect to the variab]e and find where it has zero value: 

(2.1) 

(2.2) 

The optimal aspect ratio is the ratio of egu a.ti.on 2.1 to eq_ uation 2 .2 w bich becomes 

l /"if. {pi /3 # columns of commtmic.a · o" 
J = H = V ~ = a: = # rows or oomm:unica ion • 

Th u:s. the optima] aspect ratio for Figure 2~5a is I/ J = 1 / 2, and the ratio for Figure 2---5b is 

I _ d4+di-
".J - ~ +'6l-. 

2.3 .. 2 Optimal Data Partitioning 

Vvhen only one loop nest and one array exist, the opti:mal data partition. is exactly the 

optimal task. partition. uch a data partition reduces most of the network. a.cce.s e to focal 

memory accesses by loca · ng directly on a processor the ceUs for which it is responsible to 

compute values. In Figure 2-5a, the white portion wou]d be in Proce.s or 2 s memory, and 

the shaded region would be the remote da a needed from Processors 4~ 5, and 13. 

In general however, the optimal de.ta partition is: bard.er to obtain .. Alignment is the 

process. of attempting to place the data footprint accessed by a task on the same processor 

as the task. Details of obtaining the optimal data partition parameter: can lie found in 

[AKN'92]. 

2 4 The Problem 

Most progl"runs are not of the single loop nest, single array type. Instead multiple loop 

nests with multiple arrays. make alignment difficult. The resulting poor alignment induces 

fraginentation of a. processor's array reforences~ causing accesses acl·oss several memory 

modules over the execution of the loop nest. 
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Fo:r ,example in he cont-ext of the previous 2-D loop nest, a task partition with 

blocldng (Figure 2-3b) and a data partition with striping by rows (Figure 2--4b) have poor 

alignment . Eve:n with optimal placement (virtual processors 0, 1, 2. 3 map to real 

processors 3 2 1, 0 :respectively) only half of a processoes data footprint is in its loea] 

memory. Processor Zero {with virtual PID 3,) would require data in both local memory and. 

the memory of Processor One (with virtual PID 2). For Processor Zero to reference the 

da a, it must not only specify tbe address of an array cell but also the processor~s memory 

in which it is located. 

Thus the very definition of a. distributed memory multiprocessor leads to 

complications in :referencing the program's dispersed data. The ooruplica.tion appears in the 

form of invobied reference exp;ress:ions, which adversely affec th.e execution time of a 

program .. The next ection describe ., these expressions and illustrates the possibilities for 

simplification. 

2.5 Array Referencing 

Methods of array referencing on distributed memory multiprocessors vmy the method. 

described here is used by the Alewife effort ( [Aet al. 91] ) at MIT: This thesis concerns itself 

with >ectangular task and data partitioning and barrier synchronfaatiou of parallel ]oop 

nests both of which a.re provided by the Alewife compiler. 

Array referencing in Alewife is implemented in oftware. The genera] expression to 

a.cooss an array cell i 

a.ref (aref (array, pid) offset) 

whBTe a.ref is the array reference procedure, ar"ray is the name of the array, pid is the 

unique ID of the processor who e memory contains: the ceU, and off et i be offset into tha 

memory. The reference procedure aref has two arguments - a list structure and an offset 

into · e structure, and returns the elemen in the struc ure located at the offset. In the 

general expression above the inner a.ref determines the memory segment in whieh the cell 

re ides fr.om both array's dope vector (a lis of pointers to memory segments) and the 

processor ID. The outer aref uses the memory segment and offset to obtain the actual 
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location of the array element. 

Figm:-e 2~6 illustrates this array reference scheme with a 2-D array distributed over a 

network of processors.. To reference a. particular array cell pid indexes the dope vector to 

determine the memory segment. Offset ·s hen added to the address of the memory 

segment to locate the array cell. This proced.ure is traced by the path :shown in bold. In 

genecral the array cells are mapped to contiguous memory addresses so that regardless of 

'the array dimension1 one offset identifies a ceU's address. The dope vector itself lies in the 

memory of one processor and has potential of becoming a bo tleneck. 

M example reference expressions, the code. fragments of Figure 2-7 are array 

references to cells A[i], B[i]ij], and C[i]U][k]. I and J are loop :index variables so that the 

first expression is contained in at least a 1-D loop nest the second is in at least a 2-D loop 

nest~ and. th.e third is in at leas a 3-D loop nest. Further, the eonstan s i..spread, j..spread 

Lproc~ etc. represent alues described. in the previous sections. 

The validity of the first expres ion shall be justified to gi e a sense of how pid and 

offset w·e calculated. In he 1-D situation the array is d:ivid.ed into P sections ofi . ..spread 

,contiguous elements; where P is the number of proces1;.or . A procedure given I can 

identify the segment with I / i.sp.read and find the offset in to the- section with I% Lspread. 

Beca u.s,e -eacb. section is contained in a unique processor calcufa. ting the section holding an 

element :is tantam.ount to calculating the virtual processor node holding that element. 

Tb us I / :i.......spread is the virtual processor ID t and I % Lspread is the offset into that 

processor's memory segment holding the section of the array. 

The eeond and third exp1·essions (and any N-dimensional reference for reetangularly 

partitioned arrays) have the same t:ructu:re - compute the processor ID and calculate. he 

offse in the processor's memory. Of course, the expression to• find the ID and the offset 

becomes more com.plica -ed with an increase in the dimension of the array. 
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aref (aref (A I Ii-spread) I % i -spread)· 

aref (.aref (B, (I I i-spread) + (i-pro * J I j-spread)) 
(I % i-spread) + i-spread * J '¾ j- pread))· 

aref (aref (C, (I Ii- pread) + i-proc • ((J / j-spread) + (j-proc ··KI k-spread))). 
(I % i-spread) + i-spread * ((J % j-spread) + j-spread * (K % k spread)))· 

Figure 2=7· Array reference exp:re io,ns for one- two- and three~d.i.mensional an·ays . 

. 2.6 Simple Optimization of .Array Calculation 

When. the interval of a loop :is. ufficiently5 mall (one iteration if ne-ces ary) ome 

reductions in calculation are possible. First, an divisions with an induction ariable as the

dividend have a c,onstant value for the duration of tbe oop. This allow the cons tan to be 

computed once outside the foop so that all iterations require no compu ation for the value. 

econd, any modulo functions with an index variable a the first argument can be replaced 

with a new variable whose value increments or decr,ements on successive iterations. This 

i allo ed by the non periodicity of the modu o expre ion (i.e., it does not flip back to zero), 

guarantee if he interval is sufficien ly small ection 3 explains these eductions m 

calcnla tio:n in greater detail. 

In s ch a loop ,'vi· h a ufficiently small number of itera · ons the hree prin'ious array 

references become those, in Figure 2-- in which the d i ~ and rem- variables have 

replaced the division and modulo function 1 re pectively. 

However a:n op "mizin.g compiler can reduce the calcula ·on further. The newly 

introduced constants from the division reduction ean propag.a e to form. mor,e constants. 

Fore :amp e1 the in the 2~D referenoe, (i~n * JI j-spread) becomes a product nf two 

constants (i~n * div-b~j) which itself i an in e:rval in ariant. Thus the entire expi·ession 

can. be removed from the loop body. With furthe•r .propagation of constants. the second and 

third expr,essions become those in Figure 2-9' so tha, all 3lTay reference have a loop 

invariant as the processor ID. Table 2.3 summarizes the otal reduction in operations for 

~ To be pecitied later. 
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Figure 2-6: Referencing a single array cell on a distributed memory multipr,oeessor. 
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aref (aref (A, div-a -i) rem-u.i)· 

aref (a.ref (B, div~b~i + (i-n 3 div-bj )) 
rem~b-i + (i~spread "'rem•b-j))' 

uef (aref (C d.iv-c-i + i-proc * (di -c-j + (j-p:roc :a. div-c-k))) , 
rem-c-i + 1-spread * (rem-c-j + j-sprea.d * rem-c-k)); 

Figure 2-8: The same references with all the di visions replaced by interval invariant and 
aU modulos replaced by an incrementing ,counter. 

aref (aref (B, pid-B-ij)~ rem-b-i + (i-spread * rem-b-j))· 

a.ref (aref (C, pid-C-:if.k), rem·c-i + i-sptead * (rem-c._j + j-spread * rem-c-k); 

Figure .2-9: The 2~ D and 3-D reference expressions after further compiler optimization. 

each reference. 

An opti mi ~n g compiler could even further reduce the calculation by replacing the 

multiplication by i..spread in the second r,efe1·ence (j pread in the third tefer.enoo.) 'With an 

addition of i...spread (j..spread) on each iteration. This type of optimization called strength 

reduction., is described in Section 3.3.2. 

In the oontext of rectangular partitioning, 11sufficiently small'' interval values are 

those that keep he loop nest occupied with a single processor. If this condition. is met~ the 

processor ID is constant and the. offset into the p:rocessor;s memory can be determined 

with monotonically in.Cl'f!a.sing or decreasing counters. Thus, appropria:te in ervals can 

Number of Operations Per Array Refer-ence 

Reference Before Optimization After Optimization 
mod -. X + mod -. X + 

1-D l 1 0 0 0 0 0 0 
2D 2 2 2 2 0 0 1 1 
3-D s 3 4 4 0 0 2 2 

Table 2.3; Reduction in operations for array references by an optinrizing compiler. 
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reduoe the array referencing com.putation to off: et calculation alone, whfob is less trucing 

han before. The key; then, i to determine a loop partition such that the above ,conditions 

ar,e met. 

2.7 Sum,mary 

The ta k and d.ata of a parallel loop ne tare divided on a distributed. memory 

multiprocessor. The task is divided among proce o while minimizing ,he communication 

between task (thus maximizing the reuse of data wi hin a task). The da a is then 

distributed by assigning to each processor the data its task r,equires while minimizing 

,oommunica ·on among processors; this crea es a virtual network of processors. Placemen 

then maps the virtua] network ,onto the rea1 proces or: of the phy ·cal m:u]tiprocesso1·. In 

his way; alignment and placement attempt to minimize the proces or communication in 

tum minimizing execution time. 

However, array efer,ence e,},.rpression require comple calculations which inc:rea e 

dramatically wi b array dimensi.on. If t'he intervals of a loop nest are chosen sufficiently 

mall however the. e complex calcu a ·ons can be reduced in execution cost- the division 

can be removed from inside the loop and the modulos can be replaced by counters. 

The ne. section describes ]oop plitting - a technique to obtain a loop ne t with 

" ufficiently small in erva ,hat stiL computes he original calculations .. 
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Chapter 3 

Overview of L ,o,op Splitting 

Now that array referencing on multiprocessors has been presented~ this section continues 

the background presentation by defining he term loop plitti:ng. This includes describing 

he loop and code transformations comprising loop splitting as well as its application o 

simplifying array reference expre ions. 

3.1 Introduction 

As supported by Sect.ion 2. 5, array references can require involved. calcula · ans. For 

example, in a simple matrix transpose (2,.D loop with body Mi] ij] = Bij] [i]J, he as ignmen 

requires 4 each ,of ruodu.los~ divisions multiplications and additions. In matri:.,'{ addition 

(A~i]ij] = Bfi]ij] + C[1J[jD; of the 6 modulos1 6 divisions 6 n1ultiplications, and addi ·ans, 

only one addi ti.on was specified by the progra:mm.e·r . All of this array reference ove1·head 

significantly inhibits a loop nes execution performance. 

Howe er:1 loop splitting is an attempt to nnnimize this o erhead by altering the loop 

structure. By modifying the :intervals of the loop nest and introducing another nesting 

level~ not only are the array reference operations fewe:r in number, but they are also no 

longer perl'onned on every iteration .. This reduction in calculation leads to fast er program 

exec.'Ution time. 

This se,ction presents sufficien descriptions of the components of loop splitting. 

ection 3.2 describes the two loop transformations com.posing loop splitting, and Section 
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Original 
for i 0,100 1) 
{body(i)·} 

After Arbitrary Loop, Spli.tting 
for(i O 50 1) ior i O 10 1) 

{body(i);} {body(i)·} 
for(i 50 100,1) for(i 10 30>1) 

{body(i);} {body(i);} 
:fur(i>30 100, 1) 

{body(i);}_ 

· able 3.1: Transformation of a 1-D loop ne t into two different code sequences illustrating 
arbitracy loop spli ting. The loop body i a func ·on of the inde variable i. 

3.3 de.s•cribe he two compiJ.er optimizations allowed. by loop splitting. ection 3.4 then 

pre •ents ,he e o transfm:ma.tio.ns an two ,optimizations together as the one 

transformation loop splitting. Finan Sectfon 3.5 explains the app ·cation of loop splitting 

to improve.men of the at'. ay refer;en.ce de cribed in . ection 2.5. 

3..2 Two Loop Transformations 

Thi section introduces the two loop transformations performed in comp'le-time loop 

spl'tting for di tributed memory multiprocessors. The first transformation i g,eneral loop 

splittin,g - the ;plitting of a loop into more than one subloop. The second is peeling 

duplic.a. ·ng a loop body to remove itera.tions from a loop a:t the beginning or end of the 

iteration interval. 

3.2.1 General Loop Splitting 

The general loop split ·ng transformation :is weakly defined as dividing one loop into 

several oops. The e ]oops as a whol,e accomplish the ame task as the ingle loop. 

D:ividing the loop in ,o subloops ,can be arb'trary, a ' able 3.1 shows. Here one loop h 

been separa ed into two equal-length loops and into tb.ilee unequal ones. Obviously; tlris 

arbitracy st 1 of loop splitting replicates the loop body for each div:is·on, endangering a. 

p ogram 'th code gi-owt.h. 

This thesis however: define loop plitting so tha i mu.st cnate ubloops of ,equal 

length. These equal-length loops avoid the code e pansion by allowing a generalization of 

each loop. A generalized loop. a the body of an. approprta. e outer 100,p.1 ,can repr-esent the 



Ten 1-D L-oop ests 
fol'(i 0,10 1) {body{i)·} 
for(i~l0,20 1) {body(i)·} 
for{i 20 30 1) {body(O;} 

fo,r(i,90,100,1) {body(i);} 

One 2-D Loop - est 
for{Lstep 0,100,10) { 
fora(i I...step, I.step+ 10 l) 

{body(i)·}} 

Table 3.2: Ten separate loops of equal iteration length can be reduced in code to two nested 
]oops. 

Peeled Iterations 
body{i ::;;:Q); 
bo-dy(i;;;l ; 
for(i,2,,97, 1) {body{i);} 
body{i=97)· 
body(i;;;98)· 
body(i=99 )· 

Grol!lped Into Loop 

for i,0~2 l ) {body i )·} 
for(i 2 97.1) {body(i);} 
for(i 97,100 1) {body{i)·} 

Table 3.3: The original loop with a prologue and epilogue both peeled away and grouped into 
loops tbemsel ves. 

suhloops in entirety. For example the code on the left of Table 3.2 com.prised of ten 

subloops of equal 1engtb (10 iterations), can be represented by the much smaller code on 

the right. With this definition of loop plitting, oode expansion i no fo.nger a con.cern, and 

thee tra loop overhead is negligible provided the ubloops hav,e a moder.ate iteration size. 

8 2.2 Pe,eling 

This thesis defines peeling a the removal of a small number of iterations from either end 

•of a loop's iteration interval These peeled iterations result in a prologue {the first few 

iterations) and an epilogue {the last few iteration ) around the modified _, oop. Table 3.3 

shows the original loop of Table 3. with two ·temticm.s pseled into a prologue and three 

peeled into an epilogue. Of course, if the number of peeled iterations is large enough, loop 

overhead may be favored over code expansion so that the prologue and epilogue become 

loop thems:el ves. as Table 3.3 also illustrates. 

For the remainder -of this thesis the term loop splitting will refer not to he general 

transformation of Section 3.2 .1 bu specifically to the combination of general loop splitting 

and. peeling to allow for parallel compiler optimizations, which Section 3.4 describes. 
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Original After Code Hoisting 
C ~ .,.· C = ... · 
for(i >40~60t 1) temp= 6*c· 

{A[i] = 6*c + 10;,i\"i + i%3fr} forti 40 60 1) 
{A[il =temp+ lO*i + i%35;} 

Table 3.4: A loop before and after code hoisting. 

3~3 Two Compiler Opiti.1ni.zations 

Before continuing the discussion of loop splitting this section introduces two compiler 

optimizations - code hoisting and strength reduction . These two code impro ements are 

precisely the ones allowed by loop splitting and are the motivation for performing this loop 

transformation. 

3.3 1 Code Hoisting 

The code hoisting compiler optimization for loops, also known as factoring loop•in..uariants, 

a oids redundan computatfons by pulling an expression out of a loop body to precede the 

loop eode. This expression must have a constant value for the entire duration of the ]oop. 

After code hoistingt the expression's value i:s computed only once and is used by every 

iteration of , be loop. 

Table 3..4 show a simple ex.am p]e of code hoisting for loops. The original co de, on the 

left, ,computes the v.alue 6*c one: hundred times, while the optiroi~ed code on the right 

computes it once and assigns tbe value to a temporary variable. This variable is then used 

in plaoe of the expression in the loop, body. 

Obviously~ as the number of iterations in a loop nest increases and as the exptession 

removed grows in calculation complexit , code hoisting significantly reduces the ex:ecution 

time of a loop. 

3.3.2 Strength Reduetion 

The strength reduction compiler op imization replaces an expensive (with :regaxd.s o time) 

operation with a less expensive one. For example, in foops multiplications with a oonstant 

can be replaced by additions with the constant. Because multiplication on a processor is 
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Reduetion of Multiplication Reduction of Modulo 
C = .. ." C = ... ; 
l~nlt--10=40 0· ...rem_35 ;;; 5· 
for(i,4O 60, 1) £ol'(i 40 60. · l 

{A[i] == 6*c + I..:mulL.10 + i%35; {A[i] = 6*c + lO*i +!Jem_35-
Lmult_l0+=lO;} Lrem-35++; } 

Table 3.5: The same code after sti-ength reduction. on the multiplication and the modulo 
function .. 

typically three to ten ti.mes slower than addition~ such a sb:e.ngth :reduction can lead to 

noticeable speedups in loop execution time. 

The left of Table 3.5 displays the origmal code of Table 3.4 after strength reduction on 

the multiplication. The expression lO*i in the loop has been replaced by the variable 

LmulLl0 whose value is increased by ten on every iteration. Thu by modifying the loop 

variables an expensive multiplication bas been :reduced to a faster addition. 

Figure 3,.5 also hows trengtb r-eduction in the much more complex mod.u]o function~ 

which requires epeated divisions until a r,emainder is found. Here the modulo is replaced 

by a faster variable increment. Because divisions are lower than additions and modulos: 

require multiple divisions. this r-eductfon is a significant improvement one ecution. time. 

However there is one vel-y important condition for performing this optimization; the 

modulo function must never reset back to zero. HereJ the modulo,s range of values is 5 to 

24. If the initial i value were O however, the modulo expression would. have values from 0 

t o 34 and then from Oto 24. In such a ease, this strength I1eduction cannot be perfonned 

because incrementing a variable can never lead to cyclic values. 

Though the acyclic requirement may seem stringen s r-ength reduc ·on on modulo 

functions will always be available in loop splitting for parallel compilers of distributed 

memory mul tiproces&ors as explained in the next section. 

3.4 Loop Splitting for Compiler Optimizations 

ow that the relevan loop transformations and code optimizations have been introduce~ 

loop splitting for compile optimizations is exammed. pecifically loop splitting allows the 

code ho· ting and strength reduction optimization of the previous section. This ection 

32 



roptinrlzation 11 Exam.pie Generalization 
None fo:r(i,O 10011) for(i,LL,UL, 1) 

{A[i] = i/20 + i%30;} {A[i] = i/a + i%b;} 
Code Hoisting for(Lstep,0,100,20){ for(Lstep ll1UL,a){ 

of the l.div~O = ,_step/20; Ldi ..a =:: Lstep/a; 
Division for(i,l...step l...step+20 1) for(i I.step I ..step+a, ) 

Expraession { A[i] == Ldiv ..20 + i%30;}} {A[i] = Ldiv ..a + i%b;}} 
Strength for(I..sbep,O 100,30){ for(Lstep LL UL,b){ 

Reduction Lrem...3O = 0· LremJJ=O· 
of the for{i,I ..step,l..step+30,l) for(i, I..step,Lstep+b, 1 

Modulo {A[i] = i/2O + JJ:-em_3Q·} {A[iJ = ila + l..r-em_b;} 
Expr-es :ion L'.-em..30++;} l.xem-h++~} 

Both fo1·(Lstep,O~lOO 10){ for(I..step,LL, UL,gcd{a, b)) { 
Ldiv ...20 =;; L5tep/20; Ldiv..a = !..step/a; 
Lrem._30 = l.step%30; l...rem_b = I..step%b; 
for{i,Lstep,Lstep+lO 1) for(i , Lstep,Ls ep+gcd(a~ b), 1) 

{ A[i] = Ldiv-20 + LJ·em..30;} {A[i]I = Ldiv_a + Lrem__b;} 
LiemJ30++;} l~_b++~} 

Table 3.6: Eight code sequences showing various forms of op , "mization; · he right column is 
generalization of ·the example on the. left, where a and b a.re positive integer constants. 

de-scribes the realization of these optimizations with loop splitting and presents a method 

of allowing induction variables with cons ant offsets. 

3.4.1 Optimizing Code 

Ta clearly explain how loop splitting can help impro e. code this section folly analyzes a 

detailed loop splitting e~ample. 

The top of Table 3.6 shows code segments fot a one-dimensfona1 loop that as igns 

array cells with an ex.press.ion composed of a div1Sion and a modulo function . Both terms in 

the expression are functions of i, the induction variable of the loop, which is monotonically 

increasing. his thesis restricts its focus to induction variable with step size +1 typical of 

array-modifying loop nests. 

ff a compiler we:re to perlonu loop splitting with an interval length ,of 20~ as in the 

code sequence second from the top, the division expression becomes a foop-invariant of the 

inner loop and can be hoisted to the outer loop. The division i then reduced from 10 0 'to 5 

exeeu tions. The :in erval length can be-any factor of 20 · however, an increase in in terva 1 
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size leads to a decrease in calculation so hat 20 iterations is the optimal interval size. 

If. instead a compiler were to simplify only the modulo function, the largest loop 

splitting :interval would be 30. The thb.·d code sequence of Tabl,e 3.6 shows the resuJting 

code after strength reduction, where the module function has been replaced with addition 

by one. 

In order to optimi2:e both e~:ressions with loop splitting, the loop pli ting interval in 

the e ·ample must be yet a different length. Upon inspection of the original code one can 

see tbe largest ::interval length is 10 iterations .. The bottom left code equence of Table 3.,s 

depicts this fully op~d case. 

In general in order to p erfor.m code hoisting on all divisions and strength :veduction 

on all modulos in a loop the loop splitting interval must be .a common divisor of all the 

di visors and .mo d.u]o bases, thereb~,t guaranteeing the requirements of code hoisting and 

strength reduction. Of course~ the greatest common divisor (god) would remove the most 

computation.. The bottom right of Table 3.6 illustrates this. 

Before continuing this sec ion,. 't :i.s helpfu} to ·ealize the consequences of the loop 

splitting interval length. The second and third code :sequences of Table 3.6 are optimally 

split for the division and modulo expressions, res.pectively; because they minimize the 

number of cakula tions for each. However, to allow optimization of both expressions the 

fourth co de sequence re-introduces redundant computations. Here~ ten divisions and 

modulos ai·e performed though he minimwn oomputations are five divisions and three 

modulos. 

The additional five divisions and seven modulos represent the trade-offs associated 

with choosing which. expressions to optimize. In the best case all ex.pressions o be 

optimized lead to the same loop spli tt-ing interval length and all are optimized to the 

minimal computation needed. However, :in the wor t ca e they lead to a greatest common 

divisor of 1 where , he resulting code is "fully optirni~d"' but performs the same nmnber of 

divisions and modulos as the original code. Indeed; thi extreme case · s ac ually worse 

than the original code due to the exh·a loop overhead of -he outer loop Deciding the 

interval length and w bi.ch expressions to optimize lead to different loop pli tting methods 

of which two are presented in ection 4. 



Original After Loop Splitting 
for(i,0,100,1) fol"'(l..step,0 100, 10){ 

{A[i] = {i+l)/ 0 + (i~2)%10 } Ldiv _10 = Lstep/1O; 
I..rem_l0 = 1..step%10; 
for(i Lstep Lstep+l0,.1) 

{A[i] ; Ldiv_lO + Lrnm__lO;}} 

Table 3.7: A one~dimensiona.l loop erroneously transformed by loop sp,Iitting. 

3.4 2 Accounting for Integer Offsets 

The p evious section showed the problem of choosing both the loop splitting interval and 

which divisions {of the form i/a) and modulos (of the form i%a) to optimize. Howev,er, loop 

splitting experiences a further c.omplica t:ion. Because integer offsets of in.d uction variable 

are very common, loop splitting must handle the more general expression i+c where c is 

an integer constant. This section :ill ustra e-s the ,code modifk.ation loop splitting requires o 

optimize ex.pressfons of the form ( i + c) / a and ( i + c) % b. 

As noted. earlier expressions of the form. i / a and i% b can be fully optimized by oop 

splitting w:ith an interval length of a and b respectively. In such a case the value of i/a is 

constant through all a. iterations. However, an expression (i+c)/a: would have two diffemmt 

alues: one for c%al i erations and another for a - ic%aJ iterations. More specifically the 

values are val - 1 and val for c < 0, and val and val+ l for c > O, where val= i/a+ cfa,. Of 

course when c = 0 (mod a) the interval has only one value; and \ hen c = O he situation 

is ,exac ly that de cribed in tbe previou seotion. 

The example of Table 3.7 illustrates this claim. The o,rigina.l code on he left bas been 

erroneously transformed :into 'the code on the right by loop splitting. where he interval 

was computed as gcd.(1O1O) == 10. Two errors can be seen, First~ the division ex.pression. 

has the wrong value on the last i eration of an interval. For example, when i = 9 (the last 

iteration of the fh-st inte'!Val) the value used is O· it should be (i ' · )/10 = (9+1)/10 = 
instead. Because the last iteration is: treated the .same as all o he sin the loop, strucb.u•,e, 

he loop code cannot ac.count fo:r this discrepancy between the last iteration and the first 9 

iterations. 

Second, the modulo function has the WJ'long values for euery iteration. The computed 

value is al ay 2 (mod 10 higher than the correct value. Fo:r example, the very first 
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Original Generalization 
for(I..step,.0; 100,10){ OriginalLoop 

i;:::l..step; A[i] = (i+l)/10 + (i-2)%10; {body·} 
i=Lstep+l· A[i] = (i+l)/10 + (i~2)%10; 
Ldiv_lO;; L..step/10; IntervalLoop { 
Lrem_lO = Lstep%10; HeadLoop 
fo,r{i l..step+2 I..step+-9;1) {body·} 

{A[i] = I..div_lO + I..rem_lO; BodyLoop 
!..rem_ 0++·} { optimized body·} 

i=I..st-ep,+9; A(iJ = (i+l}/10 + (i~2)%10;} TailLoop 
{body;}} 

able 3.8~ he previous example with correct loop splitting, showing peeled iterations· the 
general loo]? splitting transformation. 

iteration ( i = 0), uses the value O in place of the modulo function~ w ]1ere - 2% l 0 = 8 is the 

correct -value. Because the range of values for the modulo in he interval is from 8 tog, and 

then from O to 7 t the restriction of Section. 3.3.2 (a modulo cannot flip to z-ero :in a. loop 

splitting interval) bas been violated. Clearly; he loop splitting ·nterval cannot account for 

the offsets correctly. 

One solution is to optimize only expressions without offsets. "When many such division 

and modulo expre:SSions ,exist; this option ll'la.Y be appealing, especially if optimizing the 

expressions with offsets reintroduces redundant oomputa ·ons by veducing · he interval 

length. Of course if all e::tpre:ssions have offsets none are optimized. 

A better more general solution is to divide the interval into segments of continuous 

·teratfons with common values. In the example of Table 8.7,, the ten-iteration interval is. 

di:vid.ed into three segments -iteration 1 and 2 iterations 3 through 9, and iteration 10. 

The first group of peeled iterations accounts for the modulo"s negative offset, and the third 

group aocounts for the division's positive offset. Table 3.8 shows the same loop with the 

first second and last iterations peeled away. All iterations nITT-v have the correct value, 

though only the middle :segment bas been optimized. 

In general many different off-set values may exist, leading to the .appearance of many 

small segments at both ends of the original interval. This thesis groups these little 

segments into two segments one representing the maximum. positive offse an.d the ot:he:r 

repres,enting the minimmn nega ·ve offset. Because they contain different sets cf values 
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a.ref (eref (A, I / i-spread) , I % i-spread) · 

aref {aref (B. (I/ i-spread) + (i-proc al: J / j-spread)), 
(I % i-sprea.d + i~spread * (J % j-spread)) · 

Figure 3~1: The 1-D and 2-D array reference ,examples of ection 2.5. 

these offset segments cannot: be optimized. 

Because offsets. are vetry often sma:11 relative to the interval length the siinplicity of 

loop code outweighs the negligible co,st ofloop overhead; therefore, a loop represents each 

offset segment. ~le the head loop epresents the initial iterations of the loop splitting 

interval and accoun s for he negative offsets of the induc. ion variable the tail loop 

represents the final itwa.tions of the interval and accounts for the positi e offsets. The 

optimized loop represent·n,g all other iter-ations is called the body loop. Table 3.8 also 

depicts this general loop structure. 

3.5 Loop Spltttmg for Array Referencing Optimizations 

ow that sufficien background has been presented regard.mg both array referencing and 

loop spli ting for compiler op,timiza fons. this section explain how the loop plitting 

transfor.mation can be applied o :reduoo he calculation complexity of distributed memory 

array references. 

Section 2.5 described the expressions needed to reforenoe an array~ the two examples 

presented have been duplicated in igure 3-1. In these expressions, the divisors and 

modulo bases are spreads of the data. partition for the array. Flom the claims. of eetion 

3,4; the loop splitting interval required for optimization is the greatest common factor of 

the SJ)Ileads. Table 3.9 shows the original and optimized reference code for a general 1-D 

array refe,rence A[i]. 

Because he data spr-ead · the length of one dimension of a process orts array chunk 

intervals based only on the spl'leads group iterations focused on only one chunk. In other 

worads spread-based intervals group itera· ·ons tha reference the memory of only one 
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Source Code Refer•ence Code After Loop SpUtting 
for(i,LL,UL, l) for(i,LL, UL, 1) for(Ls:tep LL,UL,i..spread){ 

{temp;.;; A[i1;} { temp = aref (rum (A, i/i. . .spread), Ldiv = Lstep/i..spreadj 
i%Lspread)·} [.rem = Lstep%i..sprea.d; 

for(i 1...Btep I...step+i..spread, 1) 
{tem.p = a-ref (aref (At Ldiv), 

I em)· 

Lrem++;}} 

Table 3.9.: The optimized general 1-D array reference. 

processor. As mentioned in Section 3 .. 5 the processor ID becomes oon.stan.t (removing much 

•of the computation) and the offset into that processors memory can be computed with 

increments to variables ra.ther than modulo functions (simplifying the remaining 

computatio,n). 

3~6 Summary 

[n this thesis loop splitting :is a combination of both splitting a. loop into equal-sized 

intervals and peeling iterations from the intervals to account for ind uctio,n v arlable offsets. 

Code hoisting and strength reduction. are the two compiler optimizations allowed. by loop 

splitting. In tbe context of array r,eferencing on a distributed memory· multiprooossorJ the 

loop splitting intervals are determined by the data partitioning of he arrays. uch 

intervals allow a. compiler to :impro e the code redncing he execution time for array 

references. 

Although loop splitting improve array references the exten of the improvement is 

unclear. The next section attempts to clarify this issue by describing two loop splitting 

methods and the me hodology of a loop splitting study. Experimental results .are presen ed. 

and interpreted. 
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Chapter 4 

L 1oop Splitting Analysis 

From the descriptions in the preceding sections. it eems dear that loop splitting can only 

improve program performance; but it is unclear just 'ho much. This section describes two 

loop splitting implementations and provides a quantitative analysis of their improvement 

,on loop performance. 

4.1 Introduction 

When the task and data partitions are identi.ca'i. and. all reference have .no induction 

variable offsets, the optimal code is easy ·to produce. In this case all references in a 

prooossoes ta k ai·e associate,d with. data at a single process,or'. Every iteration of the task 

has · e same reference canstants and all remaind.er operations can. be modeled t'lith 

monotonically increa ing or decreasing counters. o actual loop splitting need to be 

performed, but code hoisting the divisions and reducing the remaind.er.s in strength must 

be done if an optimizing compiler were to improve code q1utlity. 

The optimal code becomes harder to produce however when the task and data 

partitions are differ,ent. Here, a pr-0ces.sor,s task is composed of subtasks, each of which 

corresponds to acces ing data at a particular proce sor and has dimensions equal to the 

data sp ,ead _ Each subtask has d:ifFere:nt division oon.s tan ts and remainder behavior. Now, 

loop splitting is required in order to reduce the number of reference calculations and the 

L With proper placement these two processors are tme and the rune. 



loop splitting interval size fur each dimension of the loop nest has the value of the data 

spread. 

The presence of different data partitions in the same loop nest also complicat-es loop 

splitting. An example of how different data. partitions aI"e possible is adding two matrices 

A and B, of which B was computed previously as a mat :ix pr,oduct. \Vhile As distribution 

is influenced solely by the addition. (a two-dimensional loop n.est), B1s partition is 

influenced by both the addition and the multiplication (a three-dimens:fonal loop nest). In 

such a case, either array reference are selectively optimized or the loop plitting interval 

becomes a function of the different data partitions. 

As des,cribed in Section 3.4.2, induction variable off.sets also complicate loop splitting. 

In su.ch a. situation.~ there is communication between differen, segments. In other words in 

some of the iterations data is located on .more than one processor. In such iterations, array 

refe:rences do not all have di vision constants in con:mwn, and so these :reference values are 

computed on every ·t-eration, as in the original code. This problem i.s addressed by the head 

and tail loops of peeling. 

With the above factors it is hard to predict how well 1oop splitting 1-vill improve code. 

Therefore, to obtain a better unders anding experimen were performed to determine the 

value of loop .splitting. Code quality is a function. of oode size, loop overhead register use 

and number of operations among other contributors. This the is however: use exe.cution 

time as the .sole dete:nninan o:f code quality. From the ,e ecuti:on times, the performance 

:improvement of the loop code was determined. This impro ement was calculated as the 

:ratio of the execution time before loop splitting ·to the execution ti.me after loop splitting. 

The following :subsections determine the qu.an titative benefits of loop splitting :in the 

p11e:sence of the above co.mplica tions. First, two implemented methods of loop splitting are 

in.trod need and the procedure for performance analy · s is described. . hen, the 

experimental r~:su]ts are presented, and the benefits of loop splitting are interpreted from 

the analysis. 
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4.2 Implemented Methods 

Before proceeding o d.escribe the experiments, this section presents the two methods of 

loop splitting used in the study - rational splitting and in terva.l splitting. 

4.291 Rational Spbtting 

Rational splitting is the method outlined in Section 3.4.1 where he first detailed 

explanation of loop splitting was presented. The followfog is a more specific descr·ption. 

Each loop in the original loop ne tis divided into ubloops· however, these subloops 

ha e the same n um her of iterations. In order to optimize all references the Sl!lb1oop size 

must obey all oons aints imposed by the data sprnads in the refer-en.ces. To hav,e such a 

quality, the loop splitting interval mus be a common divisor of the data spreads. The 

trivial common divisor is one, which is the subloop size of the original loop cod.e. Howeve1\ 

to minimize the amount of redundant computation, the number of subloops mus also he 

minimized ( their size maximized). A size equal to the largest common divisor achieves this 

so that the optimal snbloop size for rational loop .spli ·ug ·i be greate t common divisor 

(gcd) of the data spreads. Thus, a .fngle number (the gcd) specifies how the loop is split· 

this minimal information kceep code sfa.e si:naU. 

Unfortunately, as mentioned earlie1· i is likely that the da a spreads •· ·n have a gcd 

of ,one. In such a case~ no reference a:i-.e optimized. and the resulting code is slower than 

the original due o the extra loop o erhead on every iteration. 

4.2.2 In.terval SpUtting 

Interval splitting is a different approach to the problem of multiple data partitions. Where 

rational splitting uses a single number to divide a loop into subloops, interval splitting 

uses a list of nwnbersi explicitly specifying the sU:bloops. With this list~ Ile compiler has 

ahead., decided exactly how to divide the loop for each processor so hat all redundant 

computations are avoided. 

Unfortunately, becall$e ea.ch processor can ha e a unique list of intervals as the 

numb r of processors increases the oode ize al.so increases. With a 25·6 processor network 
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for example, he case statement assigning the interval lists contains 256 lists. On a 

thousand-node network, very simple code can become alarmingly large. 

4.3 Methodology 

To study the effects of loop spli ting on multi processor performancej the preceding 

transformations were added to the Alewife :precompiler. The following describes the 

analysis procedure used to perform. the experimen : s. 

First a statically parallel program was transformed. by the prec-0mpil.er and then 

compiled by the Orbi . optimizing compiler ( [Kra8 ]) so tha full advantage was taken of 

the optimizing opportunities provided by loop :spr tting (as de.scribed in Sec ·on 3. 5). The 

resulti:ng object code was then executed by Asim (INus91]) the simulato:r for tbe Alewife 

mul tipr-0cesso·r architecture which ta.hula ted the otal number of execution cycles for the 

program. To isola e the loop execution time the simulation time when .starting the loop 

was su,btracted from the sun ulation time at completion. 

To keep the results focused on loop splitting Asim. was used with the following 

multiprooessor model. FiJ:st, every memory eference was considered a cache hi. Thi not 

only pre ented the memory latency from affecting loop performance bu also allowed 

comparisons among different program with different references by making memory access 

time constant (subsequ.ent memory accesses are not favored over the fu·st one which would 

normally be a cache miss). Second, all network ~equests were. re.sol ed immediately, 

removing the effec s of communication (network topology, routing, placement) from the 

esults. 

The experimental plots are impro,,..ement of loop performance against he number of 

processors. Improvement was 1C'Qmputed as the ratio of the original loops execu ion time to 

that of the loop after loop splitting. For oomparison and generality~ improvement was 

calculated with he original and transformed codes both optimized by the Orbit c-0mpiler 

and unoptimized The number of processors :vas the variable in th.e ex-perim.en ts because. it 

determined the task and data partitions in turn determining the data spreads th.at affect 

the loo_p splitting intervals. 
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Figure 4-1: The performance improvement in addition on 5000-element eetors and 100x50-
element matrices. 

The pr,ogram. used to analyze loop splitting effects were chosen to be represen ative 

of the various routines found in scientific code. These programs are vector addition. matrix 

addition~ matrix multiplication and matrix transposition. Appendix A contains the source 

code for these programs as well as he obj act code of the preeom piler after the different 

states of transformation. 

4.4 Results 

The simulation results of tbe experiments on vector and ma triJr addition. are sh.own in 

Figure: 4-1, and the results of the matrix multi p]ication and transposition are shown in 

Figur--e 4-2. 

Several interesting phenomena can be discerned from the graphs. Firstr while vector 

and matrix addition show a rather steady decrease in the performance gain due to loop 

splitting ma.trix m u1 ti plication and transpos:i tion exhihi sawtooth behavior as their 

per:formance decreases with an incl"tease in processors. The cause of local n~inima in 

perfo:nnance is the presence of · noongruent data preads, requiring more calculation than 

well-behaved ones. 

Second Figure 4-1 also show hat the two loop pli:tting methods have more 

improvement when an optimizing compiler :is used on tbe oode both before and after loop 

splitting. This makes sense because loop pli tting no only reduces the reference 
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calcula.tions but also allows more opportunities of which an optimizing compiler can take 

adva:n tage. 

Third with or ,vi thou t an optimizing compiler the rational and interval splitting 

methods pr,oduce the same p.erformance gain in the vector and matrix addition. Tb.is is due 

to the fact that all the an-ays have the same partition in these pr,ogran1s. 

In. Figure 4-2 he optimized and unoptimized cases are eparated to how the l'esults 

more clearly. We can see hat the in.terval splitting method behaves a an upper bound on 

loop spli ting performance. U is also apparent that 2~ 8J and 32 processors lead to 

incongruen data spreads because the improvement from loop splitting degrades at those 

po,ints, especially a 8 and 32 p.rocesso:rs where ra ·onal plitting often performs wo1·s.e than 

the original code (improvement is ]es than one). At these numbers of processors interval 

splitting is much mor-e resistant o the incongruency by 1~etaining a higher perlo:rmance 

improvement. 

4.5 Interpretation 

From the plO' sin the previous section, several :interpretations have been made. 

Fir t, in general loop splitting clearly improves loop execu '.on time. However, if 

performed inconectly with incongruent data spreads, the performance gain can actually 

become a performance loss. Therefore it is important to produce. ,eode with partitions that 

are multiples of each other or a:re the same. If this canno be done then interval splitting 

should be perl'ormed since it resists the inoongruencies better by avoiding any red unda.nt 

computations. 

Seoond inc-0ngruent data spreads are not uncommon . . · one of the preceding 

experiments were co.ntri ed to sho hITT badly rational splitting can perform. Therefore~ in 

order to reduce ,he calculation in array referencing a compiler with loop p1itting hould 

take care not to create data partitions that are very similar but not exactly the same. @nee 

those are · he types that require more calculation from interval splitting (proportional to 

the numbe of ,diffaren t partitions) and cause rational splitting to perform worse than the 

original code (by having a gcd of 1). 
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Third~ loop s.plitting of any type should be performed with further compiler 

optimizations following. Since the loop, :splitting produces new constants. the potential for 

additional optimization should be used. 
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Chapter 5 

Co,nclusions 

This section summarize the result and con ributions of this thesis, and suggests a 

possibl,e pa.th for futu~e research. 

5.1 Summary 

Array :referencing on a di tributed memory multiprocessor requires costly calcttlations. An 

array cell :i not only identified by ·ts po ition in memory; but aLso in which proce sor' 

memory. 

To reduce the calculation needed for an-ay referencing in a sta ic parallel program, 

loop splitting ean be employed to divide a single loop into ubloops. Once these subloo,ps 

,expose in.variants ,code hoi .ting and tr.ength reduction inlprove the code quality. These 

,code transformation allo further calculation rnduction by an optimizing compiler. 

We have in oduced two methods ofloop spHtting that "mprove all array r-eference of 

a. oop rational splitting and intenra plitting. Whil,e ra ional splitting creates: subloops 

of ,ength ,equal o the greates common divisor of the data spreads interval plitting 

explicitly define the ubloops in order to remove all redundant computations. 

Implementations of the above methods were created and used to an.a1yze he 

improvement of loop ex,ecution time. The results on four differ,ent benchmark in two 

compiler e -ngs were presented. The foUo,ring ummarizes the in erpre ations of he 

study. 
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Over.all loop splitting is an effe.eti e technique to lower the computation cost of array 

:references on a distributed memory multiprocessor. In. most eases~ it is easy to improve the 

execution time of a loop to 2 to 3 times faster. 

he rational pUtting method has code size independent of the nmnber of processors 

but has good probability of reintroducing much of the array ref.erenoo computa.tions. In 

some casest where data partitions were similar but no "dentica1, rational splitting 

performs worse than the original code. Interval splitting, on the other hand minimizes the 

number of computations but has the potential of large code size with a high number of 

processors .. Howeve:r.· incongruent data pmitions still grea ly diminish its effectiveness. 

Two solu.tions to the problems above seem apparent. First wher,e data partitions are 

similar, they can be forced identical, grea ly improving he gains of loop splitting by 

avoiding data spreads with a gcd of 1. Because the partitions were similar. the change will 

not have a major effect on ,communication, load balancing, etc. Second :interval splitting 

should be used only on a relatively small number of processors. such as 256 and lover 

depending on how large a reasonable- ize program is defined. In a. real multiprocessor 

with more than 2-56 nodes communication would likely be the major c-0ntributor to 

execution time, in which case loop splitting would hal"dly be he1pfu1. 

5.2 Future Work 

The research of this thesis is by no means complete. To extend the study, several 

suggestions ar,e m.ade below. 

Currently, the Alewife compiler does not suppor 3-D arrays. Implementing 

n-dimensional array would help eval ate the growth of array r,eferenoe complexi y with 

array dimension. 

In addition to , he two methods described in this thesist other echnique of loop 

splitting are possible. One such example that has been con ide ·ed is single partiti-On 

splitting. This method selects .a single representa tiv,e ·partition to dictate the loop splitting 

intervals. ,Vmle every reference to arrays with this parti ioning is fully optimiz.ed {no 

redundant compu ati.ons) all other references remain unchanged. 
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This method was not implemented du,e to many difficulties. One problem with this 

me· hod is deciding he rules for choosing tbe "1:-epre en ati e partit· on. It i not bard to 

produce proble:matic prog1;ams in which a, particular heuris , · c either optimizes the minimal 

number of refe:rences, o:r optim:i~es none at all. Also,, the references not optimized become 

slower than they previously were either due to the computation needed to reconstruct 

behavior of the il1duction variables befo e loop plitting or due to the extra registers 

simulating that behavior. 

Though single partition splitting possesses these difficulties an analysis of its 

performance would offer concrete evidence of its effectiveness. Therefore, perhaps an 

implementation of the single partition. method should be created, and the resulting 

performance improvement compared with the two methods analyzed. 

Furth.er, resul s with more aggressive benchmarks uch as Wave or a 3-D relaxation, 

may prove in:teres ting; and the performance ,of loop splitting should be evaluated in a real 

system with communication, caches, etc. 

49 



Bibliography 

[Aet al.911 A. Agarwal et al. The MIT Alewife Machine: A Large-Scale 

Distributed-Memory Multiprocessor. In Proceedings of Workshop on calable 

Shared Memory Multiprocessors. Kluwer Academic Publishers 19'91. An 

extended version of this paper has been submitted for publicationJ and appear: 

as MIT/LGS Memo TM 464i 1991. 

[AKN92] Anant Agarwal Da-vid Kranz and enkat - atarajan. Automatic. Partitioning of 

Parallel Loops for Cache-Cobe1'ent I\ u.ltiprocessors . Techmcal Report MIT!LCS 

TM-481, Massachusetts Institute of Technology December 1992. A version of 

this repor appears in. ICPP 1993. 

tKra88] David A. Kranz .. ORBIT: An Optimizing Compiler for Scheme. PhD thesis~ Yale 

Univendty, February 1988. Te<:hnical Report YALEU/DCS/RR-632. 

[Nus91] Dan ussbaum. A:i- Th:I Reference Manual. ALEWIFE Me.n10 o. 3 aboratory 

for Computer Science fassachusetts Institute of Technology, January 991. 

[Rus78] Richard M. Rus.seL The CRAY~l Computer System. Communications of the 

ACM 21( ):63-72, January -978. 

50 



Appendix A 

Perform.ance B·enchmarks 

Each benchmark is shown as it would look in the four states of the loop pli tting 

experiments on a multiproce sor of 8 PEs. The four tat:es are: the progi-ammer's source 

code, the p:recompiler's object code the object code after rational splitting and the object 

code after interval sp1i ·ng. The code is shown in the language Mul-T a paral1el version of 

T a dialeci. of Lisp). 1n the interest ,of saving space. on.Iy the loop is shown in the object 

code. 

The reference functions jref and lref correspond , o J~structw-es and L-structures~ two 

methods of synchronization. 'They behave the same way as aref in terms ,of referencing an 

array cell. 
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Appendix B 

Loop Splitting Code 

This appe.ndix contains the code implementing the two loop spli ting methods discussed. 

The oode is wri.tten in T, a dialect of Lisp, in which the Alewife precompiler is implemented. 

The first ection holds the code for the normal array referencing expressions.. The 

seoond section is the code that implements the xational splitting method. Vilbile some of 

the procedures replace tho5e in the original code1 most are new. The la.st section contains 

the code implemen ·ng the interval splitting method. hi section is much smaller than 

the previous one because it contains only the procedures different from those in ra.tio.nal 

.splitting, either new or modified. 
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l!o.~£ r • -■• •:,,min 

-Uni 

C fen:a. 'C • -ti)iaoa VJ. ch .nm.arc. c.. ... • J 

, , , '-' t~ c~ 'tab es 
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,~iw-.1 :-N.d•---r.i•c.lOJ,;t ar-o-H.•c 

dca .1 ind""- i■ .I I 
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C.s~lld-li■ t iol';.er,a.l-lil,~ • (1 • 41 iod11x-lbtl 11 t 11 

(ct.UM t-•cc,o-1 C-.11~,IUffiffl~ doall in.i.~-llm~ U.ait-1.i.&'t Jr.)-1-li.Jt~ ■,•H.acc 
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r,,:: ·•l s~-~111; ••n 
l hl~~ CH ~ml•~l.!.■~ I ::-ti=IO'l.'"41-r :• :1m;1.,,.u ■ t:. d=dil:.= .U t •~11.H arr□r- • I t J1 I I 
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