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Split-C is a parallel extension of the C programming language primarily in tended for distributed

memory m ultipro cessors. It is designed around t w o ob jectiv es. The �rst is to capture certain useful

elemen ts of shared memory , message passing, and data parallel programming in a familiar con text,

while eliminating the primary de�ciencies of eac h paradigm. The second is to pro vide e�cien t access

to the underlying mac hine, with no surprises. (This is similar to the original motiv ation for C|to

pro vide a direct and ob vious mapping from high-lev el programming constructs to lo w-lev el mac hine

instructions.) Split-C do es not try to obscure the inheren t p erformance c haracteristics of the

mac hine through sophisticated transformations. This com bination of generalit y and transparency

of the language giv es the algorithm or library designer a concrete optimization target.

This do cumen t describ es the cen tral concepts in Split-C and pro vides a general in tro duction to

programming in the language. Both the language and the do cumen t are undergoing activ e dev el-

opmen t, so please view the do cumen t as w orking notes, rather than the �nal language de�nition.
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1 In tro duction

Split-C is a parallel extension to the C programming language designed for large, distributed

memory m ultipro cessors. F ollo wing the C tradition, Split-C is a general-purp ose language, but not a

\v ery high lev el" language, nor a \big" one. It striv es to pro vide the programmer enough mac hinery

to construct p o w erful parallel data structures and op erate on these in a mac hine indep enden t

fashion with reasonable clarit y . A t the same time, it do es not attempt to hide the fundamen tal

p erformance c haracteristics of the mac hine through elab orate language constructs or visionary

compilation. Whereas C \deals with the sort of ob jects that most sequen tial computers do,"[1 ]

the extensions in Split-C deal with the additional op erations that most collections of computers

supp ort. In either case, w e exp ect the compiler to b e reasonably go o d at address calculations,

instruction sc heduling, and lo cal storage managemen t, with the usual optimizations that p ertain

to these issues.

Large-scale m ultipro cessors in tro duce t w o fundamen tal concerns: there is an activ e thread of

con trol on eac h pro cessor and there is a new lev el of the storage hierarc h y whic h in v olv es access to

remote memory mo dules via an in terconnection net w ork. The Split-C extensions address these t w o

concerns under the assumption that the programmer m ust think ab out these issues in designing

e�ectiv e data structures and algorithms and desires a reasonable means of expressing the results

of the design e�ort. The presence of parallelism and remote access should not unduly obscure

the resulting program. The underlying mac hine mo del is a collection of pro cessors op erating in

a common global address space, whic h is exp ected to b e implemen ted as a ph ysically distributed

collection of memories. The global address space is t w o dimensional from the viewp oin t of address

arithmetic on global data structures and from a p erformance viewp oin t, in that eac h pro cessor has

e�cien t access to a p ortion of the address space. W e ma y call this the lo c al p ortion of the global

space. Split-C pro vides access to global ob jects in a manner that re
ects the access c haracteristics

of the in terpro cessor lev el of the storage hierarc h y .

Split-C attempts to com bine the most v aluable asp ects of shared memory programming with the

most v aluable asp ects message passing and data parallel programming within a coheren t framew ork.

The abilit y to dereference global p oin ters pro vides access to data without prearranged co-ordination

b et w een pro cessors on whic h the data happ ens to reside. This allo ws sophisticated, link ed data

structures to b e constructed and used. Split-phase access, e.g. , prefetc h, allo ws global p oin ters to

b e dereferenced without causing the pro cessor to stall during access. The global address space and

the syn tactic supp ort for distributed data structures pro vides a means of do cumen ting the global

data structures in the program. This global structure is usually lost with traditional message

passing, b ecause it is implicit in the comm unication patterns. Algorithms that are natural to

state in terms of message passing are more e�cien t within a global address framew ork with bulk

transfer; they are as easy to express, and the fundamen tal storage requiremen ts of the algorithm
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are made explicit. T raditional shared-memory loses the inheren t event asso ciated with transfer of

information, so ev en simple global op erations suc h as tree summation are hard to express e�cien tly .

Split-C allo ws noti�cation to b e asso ciated with access to the global addresses using an approac h

similar to split-phase access. Data parallel programming in v olv es phases of lo cal computation and

phases of global comm unication. The global comm unication phases are often v ery general, sa y

scattering data from eac h pro cessor to ev ery other, so the global address is v ery useful, but there is

no need to main tain consistency on a p er-op eration basis. Split-C is built up on an activ e message

substrate[AM ], so the functionalit y of the language can easily b e extended b y libraries that use

the lo w est lev el comm unication primitiv e directly , while pro viding meaningful abstractions within

a global address framew ork.

This pap er is in tended to in tro duce the pilot v ersion of Split-C. Section 2 pro vides an o v erview

of the basic concepts in the language. Sections 3 through 8 explain these concepts in more detail,

describ e the syn tax and pro vide simple examples. Section 9 discusses optimization strategies, and

Section 10 lists the library functions a v ailable to the Split-C programmer as w ell as the primitiv es

used b y the Split-C compiler.
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2 Split-C Primiti v es Ov erview

The extensions in tro duced in Split-C attempt to exp ose the salien t features of mo dern m ultipro-

cessor mac hines in a generic fashion. The most ob vious facet is simply the presence of m ultiple

pro cessors, eac h follo wing an indep enden t thread of con trol. More in teresting is the presence of a

v ery large address space that is accessed b y these threads. In all recen t large-scale m ultipro ces-

sors this is realized b y storage resources that are lo cal to the individual pro cessors. This trend is

exp ected to con tin ue. Split-C pro vides a range of access metho ds to the global address space, but

encourages a \mostly lo cal" programming st yle. It is an ticipated that di�eren t arc hitectures will

pro vide v arying degrees of supp ort for direct access to remote memory . Finally , it is exp ected that

global ob jects will often b e shared and this requires an added degree of con trol in ho w they are

accessed.

Split-C pro vides the follo wing extensions to C:

� Multiple p ersistent thr e ads: A Split-C program is parallel ab initio . F rom program b egin

to program end there are PROCS threads of con trol within the same program image.

2

Eac h

thread has a unique n um b er giv en b y a sp ecial v ariable MYPROC that ranges from 0 to PROCS � 1.

Generally , w e will use the term pro cessor to mean the thread of con trol or pro cess on that

pro cessor. A v ariet y of con v enien t parallel con trol structures can b e built on this substrate

and sev eral are pro vided as C prepro cessor ( cpp ) macros, but the basic language de�nition

do es not prescrib e dynamic thread manipulation or task sc heduling. A small family of global

sync hronization op erations are pro vided to co-ordinate the en tire collection of threads, e.g. ,

barrier . No sp eci�c programming paradigm, suc h as data parallel, data driv en, or mes-

sage passing, is imp osed b y the language. Ho w ev er, these programming paradigms can b e

supp orted as a matter of con v en tion.

� 2D Glob al A ddr ess Sp ac e: An y pro cessor can access an y ob ject in a large global address space.

Ho w ev er, the inheren t t w o dimensional structure of the underlying mac hine is not lost. Eac h

pro cessor \o wns" a sp eci�c region of the address space and is p ermitted to access that region

via standard, lo cal p oin ters. Rather than in tro ducing a complicated set of mapping functions,

as in F ortran-D, or m ysterious mappings in the run-time system, as in CM-F ortran or C*,

simple mapping rules are asso ciated with m ultidimensional structures and global p oin ter

t yp es. Sophisticated mappings are supp orted b y exploiting the relationship b et w een arra ys

and p oin ters, as is common in C.

� Glob al p ointers: A global p oin ter refers to an arbitrary ob ject of the asso ciated t yp e an ywhere

in the system. W e will use the term glob al obje ct to mean an ob ject referenced b y a global

p oin ter. A global ob ject is \o wned" en tirely b y a pro cessor, whic h ma y ha v e e�cien t access to

2

This is termed the split-join mo del in [Bro oks].
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the ob ject though standard p oin ters. A new k eyw ord global is in tro duced to qualify a p oin ter

as meaningful to all pro cessors. Global p oin ters can b e dereferenced in the same manner as

standard p oin ters, although the time to dereference a global p oin ter is considerably greater

than that for a lo cal p oin ter, p erhaps up to ten times a lo cal memory op eration (i.e., a

cac he miss). The language pro vides supp ort for allo cating global ob jects, constructing global

p oin ters from lo cal coun terparts, and destructuring global p oin ters. (In general, global ob jects

ma y con tain lo cal p oin ters, but suc h p oin ters m ust b e in terpreted r elative to the pro cessor

o wning the global ob ject.)

A p oin ter in C references a particular ob ject, but also de�nes a sequence of ob jects that can

b e referenced b y arithmetic op erations on the p oin ter. In Split-C the sequence of ob jects

referenced b y a standard p oin ter are en tirely lo cal to the pro cessor. Address arithmetic on a

global p oin ter has the same meaning as arithmetic on a standard p oin ter b y the pro cessor that

o wns the ob ject. Hence, all the ob jects referenced relativ e to a global p oin ter are asso ciated

with one pro cessor.

� Spr e ad p ointers: A second form of global p oin ter is pro vided whic h de�nes a sequence of

ob jects that are distributed or spr e ad across the pro cessors. The k eyw ord spread is used

as the quali�er to declare this form of global p oin ter. Consecutiv e ob jects referenced b y a

spread p oin ter are \wrapp ed" in a helical fashion through the global address space with the

pro cessor dimension v arying fastest. Eac h ob ject is en tirely o wned b y a single pro cessor, but

the consecutiv e elemen t, ( i.e. , that referenced b y ++ ) is on the next pro cessor.

� Spr e ad arr ays: The dualit y in C b et w een p oin ters and arra ys is naturally extended to spread

p oin ters and arra ys that are spread across pro cessors, called spread arra ys. Spread arra ys

are declared b y inserting a \spreader", :: , whic h iden ti�es the dimensions that are to b e

spread across pro cessors. All dimensions to the left of the spreader are wrapp ed o v er the

pro cessors. Dimensions to the righ t of the spreader de�ne the ob ject that is allo cated within

a pro cessor. The spreader p osition is part of the static t yp e, so e�cien t co de can b e generated

for m ultidimensional access. Indexing to the left of the spreader corresp onds to arithmetic

on spread p oin ters while indexing to the righ t of the spreader corresp onds to arithmetic

on global p oin ters. The & op erator applied to an arra y expression yields a p oin ter of the

appropriate t yp e. Generic routines that op erate indep enden t of the input la y out utilize the

dualit y b et w een arra ys and p oin ters to eliminate the higher dimensions.

� Split-phase assignment: A new assignmen t op erator, := , is in tro duced to split the initiation of

a global access from the completion of the access. This allo ws the time of a global access to b e

mask ed b y other useful w ork and the comm unication resources of the system to b e e�ectiv ely

utilized. In con trast, standard assignmen ts stall the issuing pro cessor un til the assignmen t
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is complete, to guaran tee that reads and writes o ccur in program order. Ho w ev er, there

are restrictions on the use of split assignmen ts. Whereas the standard assignmen t op erator

describ es arbitrary reads and one write, the split assignmen t op erator sp eci�es either to get

the con ten ts of a global reference in to a lo cal one or to put the con ten ts of a lo cal reference

in to a global one. Th us, arbitrary expressions are not allo w ed on the righ t hand side of a

split assignmen t. The := initiates the transfer, but do es not w ait for its completion. A sync

op eration joins the preceeding split assignmen ts with the thread of con trol. A lo cal v ariable

assigned b y a get (similarly , a global v ariable assigned b y a put) is guaran teed to ha v e its new

v alue only after the follo wing sync statemen t. The v alue of the v ariable prior to the sync is

not de�ned. V ariables app earing in split assignmen ts should not b e mo di�ed (either directly

or through aliases) b et w een the assignmen t and the follo wing sync , and v ariables on the left

hand side should not b e read during that time. The order in whic h puts tak e e�ect is only

constrained b y sync b oundaries; b et w een those b oundaries the puts ma y b e reordered. No

limit is placed on the n um b er of outstanding assignmen ts.

� Signaling assignment: A w eak er form of assignmen t, called stor e and denoted :- , is pro vided

to allo w e�cien t data driv en execution and global op erations. Store up dates a global lo ca-

tion, but do es not pro vide an y ac kno wledgemen t of its completion to the issuing pro cessor.

Completion of a collection of suc h stores is detected globally using all_store_sync , executed

b y all pro cessors. F or global data rearrangemen t, in whic h all pro cessors are co op erating to

mo v e data, a set of stores b y the pro cessors are follo w ed b y an all_store_sync . In addition,

the recipien t of store can determine if certain n um b er of stores to it ha v e completed using

store_sync , whic h tak es the exp ected n um b er of stores and w aits un til they ha v e completed.

This is useful for data driv en execution with predictable comm unication patterns.

� Bulk assignment: T ransfers of complete ob jects are supp orted through the assignmen t op-

erators and library routines. The library op erations allo w for bulk transfers, whic h re
ect

the view that, in managing a storage hierarc h y , the unit of transfer should increase with the

access time. Moreo v er, bulk transfers enhance the utilit y of split-phase op erations. A single

w ord get is essen tially a binding prefetc h. The abilit y to prefetc h an en tire ob ject or blo c k

often allo ws the prefetc h op eration to b e mo v ed out of the inner lo op and increases the dis-

tance b et w een the time where the get is issued and the time where the result is needed. The

assignmen t and split-assignmen t op erators transfer arbitrary data t yp es or structs, as with

the standard C assignmen t. Ho w ev er, C do es not pro vide op erators for cop ying en tire arra ys.

Bulk op erations are pro vided to op erate on arra ys.

3

� Synchr onizing assignment: Concurren t access to shared ob jects, as o ccurs in manipulating

3

It is an ticipated that Split-C will supp ort range or triplet syn tax, ala F ortran90, to cop y p ortions of arra ys.
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link ed data structures, requires that the accesses b e protected under a meaningful lo c king

strategy . Split-C libraries pro vide a v ariet y of atomic access primitiv es, suc h as fetc h-and-

add, and a general facilit y for constructing lo c king v ersions of structs and manipulating them

under m utual exclusion, single writer m ultiple reader, or other strategies.
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3 Con trol P aradigm

The con trol paradigm for Split-C programs is a single thread of con trol on eac h of PROCS pro cessors

from the b eginning of splitc_main un til its completion. The pro cessors ma y eac h follo w distinct


o w of con trol, but join together at rendezv ous p oin ts, suc h as barrier() . It is a SPMD mo del in

that ev ery pro cessor executes the same logical program image. Eac h pro cessor has its o wn stac k for

automatic v ariables and its o wn static or external v ariables. Static spread arra ys and heap ob jects

referenced global p oin ters pro vide the means for shared data. Pro cessors are n um b ered rom 0 to

PROCS � 1, with the pseudo-constan t MYPROC referring to the n um b er of the executing pro cessor.

Figure 1 sho ws a simple Split-C program to compute an appro ximation of � through a Mon te

Carlo in tegration tec hnique. The idea is to thro w darts in to the unit square, [0 ; 1) � [0 ; 1) and

compute the fraction of darts that hit within the unit circle. This should appro ximate the ratio of

the areas, whic h is � = 4. Although the example is con triv ed, it illustrates sev eral imp ortan t asp ects

of the language.

All pro cessors en ter splitc_main together. They can eac h obtain command line argumen ts in

the usual fashion. In this case the total n um b er of trials is pro vided; this represen ts the w ork that

is to b e divided among the pro cessors. Eac h pro cessor computes the n um b er of trials that it is to

p erform, initializes its random n um b er generator with a seed based on the v alue of MYPROC , and

conducts its trials. The pro cessors join at the barrier and then all co-op erate to sum the hits in to

total_hits on pro cessor 0. Finally , pro cessor 0 prin ts the result.

In general, the co de executed b y di�eren t pro cessors is v aried using a standard library of con trol

macros. These t ypically in v olv e a test of MYPROC , as in the case of on_one whic h tests for MYPROC

= 0. More in teresting macros, suc h as for_my_2D , will app ear in later examples; this is used for

iterating o v er sets of indexes that corresp ond to lo cally o wned data. The library con tains a set of

these con trol macros for hiding the index arithmetic in some common con trol patterns, and users

can easily de�ne their o wn.

Split-C programs ma y mix this kind of con trol parallelism, in whic h di�eren t pro cessors are ex-

ecuting di�eren t co de, with data parallelism, in whic h global op erations suc h as scans or reductions

require the in v olv emen t of all pro cessors. The global op erations are pro vided b y library op erations,

whic h b y con v en tion are named with the pre�x all_ . The assumption is that all pro cessors execute

these within a reasonably short time frame. If some pro cessors are signi�can tly b ehind the others,

then p erformance will degrade, and it some pro cessors fail to execute the op eration at all, the

program ma y hang. W e will discuss these global op erations further in Section 5, since they are

frequen tly used with spread arra ys.

All Split-C �les should include <split-c/split-c. h> , whic h de�nes language primitiv es, suc h as

barrier and pseudo-constan ts, suc h as MYPROC and PROCS . (The curren t installation uses .sc as the

�le t yp e for Split-C �les, whic h ma y call normal C routines for lo cal computations.) Most Split-C
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�les will also include the standard con trol macros in <split-c/control.h> . The in teger reduction

under addition is one of the standard global comm unication op erations in <split-c/com.h> . W e

will lo ok more closely at ho w this can b e implemen ted as w e in tro duce more of the language.

Implementation note: Example programs with gmake �les for the curren t release can b e

found in /usr/cm5/local/sr c/spl it-c/ examp les . The co de in this tutorial is in the tutorial

sub directory there.

The example illustrates a bulk sync hronous programming st yle that arises quite frequen tly in

Split-C. In this st yle programs are t ypically constructed as a sequence of parallel phases. Often the

phases alternate b et w een purely lo cal computation and global comm unication, as in this example.

Notice also that the program w orks on an y n um b er of pro cessors, ev en though the n um b er of

pro cessors is exp osed. The results will not b e quite iden tical b ecause of the initializati on of the

random n um b er generator. By default, the compiler pro duces con�guration indep enden t co de. By

follo wing a few simple con v en tions it is p ossible to optimize for the mac hine size, y et run on an y

con�guration.

Another common st yle is to allo w the threads to co-op erate is a less structured fashion through

op erations on shared ob jects. Split-C supp orts b oth st yles and a v ariet y of others. The follo wing

sections fo cus on ho w the v arious forms of in teraction b et w een pro cessors are supp orted in Split-C.
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#include < stdio.h >

#include < stdlib.h >

#include < math.h >

#include < split-c/split-c.h >

#include < split-c/control.h >

#include < split-c/com.h >

in t hit()

f

in t const rand max = 0xFFFFFF;

double x = ( double ) (rand()&rand max) = (rand max);

double y = ( double ) (rand()&rand max) = (rand max);

if ((x � x+y � y) � 1.0) return (1);

else return (0);

g

splitc main( in t argc, c har �� argv)

f

in t i, total hits, hits = 0;

double pi;

in t trials, m y trials;

if (argc 6= 2)

trials = 1000000;

else

trials = atoi(argv[1]);

m y trials = (trials + PR OCS - 1 - MYPR OC) = PR OCS;

srand(MYPR OC � 17); / � Di�er ent se e d on e ach pr o c essor � /

for (i=0; i < m y trials; i++) hits += hit();

barrier();

total hits = all reduce to one add(hits);

on one f

pi = 4.0 � total hits = trials;

prin tf( "PI estimated at %f from %d trials on %d processors. n n" ,

pi, trials, PR OCS);

g

g

Figure 1: Example Split-C program computing and appro ximation to pi using a parallel Mon te

Carlo in tegration tec hnique.


