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Two yea.rs ago, at the Univemdad Simón Bol.íwr, we designed and successtully 
implemented an o.ngoing set of M. Se. leve! courses i.nParn.UeJ.ism to belp overcome the 
problems besetting graduate students who wish to specialize in the area and taclde 

problems such as choosi.ng a panillel progrnmming hardware and software platform, 
developi.ng para!! el programs for it and building tbe necemry tools to support parallel 

software deveiopment. 

The purpose of this paper is to present the current status of t.he Universidad Simón 
Bolivar's course of studies inParallelism. 

:Keywonb;: Pmillelism, education,softwaredevelopment. 

lntmdocticn 
Cboosi.ng a parallel progmm.ming hardware and software platform, developing parallel 

progrn.ms forit and building the necessary tool.s to support pmillel software development 
all require a thorough knowledge and undentand.i.llg of many divme and interleaved 

issues in para.Uei hardware archltecture, pamllel algorithm design. tools for parallelism 
and the theory of parallel processes. A formal oourse of studies in such topics is 

becoming necessaryin ortlerto provide a coherent 3ttlicture to what otherwise beoomes a 
scattered, haphaza.rd, repetitive, superficial or, nt best,lopsideii coverage of topics. Two 

yem ago, at the Universidad Simón Bol.íwr (USB), we designed and successful.ly 
implemented an o.ngoing set of M.Sc. 1eve1 oourses in Computer Science to help 

overcome suc.h probiems. The purpose of tbis paper is to prese.m: the current starus of the 
USB 's course of studies in Panillelism. 

Objectives 

The curre.nt course of studies emphasizes the MIMD distributed memory moclel of 
parallelism. This emphasis is due mainlyto the local demand for our M. Se. graduates and 

to the hardware acquisition. restrictions imposed by our ememely small budget. 
However, the course stucture is indepenrlent of this bias and its ool'l1ents can easily be 
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The objectives oftbe course of srudies are: 

• To pro vide a collerent coverage of the field of parallelism; 
• To prepare sruden.ts for the wide variety of roles they will ha veto play in !:he 

nearfurure as regards ti! e selection. development. and use of parnllel technology. 

Obtatl!ing the fmest poWble rnnning para.llel programsis the rai.son d'me inthe fiel.d of 

Parnllel.ism today, hence the disproportionate i.ntertwini.!lg of prog!'Mlli!ing techniques, 

performance ana!ysis and sofmare and hardware piatform i.nterdepencies t.lm must b~ 
taken into co.nsideration during pmillel software development. While we have fou.ru:l it 

converuent to factor out topicsinto the more conwntiorud categories of hM'dware (Pnrnll el 
Architectures), system software and tool.s (Parallel Tools) M.d application software 

(Paral.le1A1gorithms, ParallelNumerical Methods). each coursecanbebetter described as 
e.inphasizing one category' 3 poi.nt of view owr the othm rnther than Mm>Wing down on 

the srudy of any one category to the exdusion of the others --the latter simp!y misses the 
nature of the whole fiel d. 

lteqoifeJIU~j¡U 

The course of srudies in parnllelism presupposes basic: lmowledge of computer 
m;hítecture. concurrency, operatí.ng systems. algorithm. design and grnph theory. as 

provided in a typícal undergraduate curriculum in Computer Science. Studeru:s with a 
major in related fields such as Mathematics and Electroruc Engineering have also been 

able to successfully complete the course of srudies. 

C®unes 
The course of st~~dies co.nsists of the following courses: 

•Parallel.Arc.lútectures; 
• Panill elAlgorit.b.m.s; 
• Panillel Numeri.c:ú Methods I; 

• Paralle1Numerica1Methods2; 

•Tools forParallel.ism; 
• Theory of Parallel Processes. 

In order to satis:fy tbe M. Se. degree requirements in Computer Science at the USB, 

candidates must successfully complete at least eight Computer Science courses andan 
M. Se. thesis. T.!! e course work mustinclude the following kernel: 

• MathematicsforComputerScience; 
• AlgorithmAnalysis; 

1159 



• Theory of Compuuttion. 

The plrumed duration of studies leadi.ng up to the degree is four twelve-week terms; tbis 

spans a calendar year anda quart.er. 

A more detailed description of each course follows. 

Psmdl~leiáUms 

The objective of t.his course is to provide a programmer of pmillel machines with the 

.knowledge necessaryto: 
• Choose the best pl!fallel arc.bit.ecturemodel foca givenproblem; 

• Understand the limitationsof aspecific panillelmac.bi.ne orarchitecture; 
• Tuneprograms takiog into account the features of a speciíic paralle1 archltecture. 

Course outline 

The course loo.ks at ways of speeding up the key :mbsystems in arder to prevent their 
becoming bottlenecks on parallel machines. The impact of ::roch architecturnl decisiom on 

cost, speed, scaleability and tool and program.m.illg complexity is abo carefully 
considered. A hlghly recommended form of drnwing a11 the threads of the course together 

at its end is setting a final assig.um.ent which co~ of selecting a parallel machlne for a 
(fictitious) ciient company opernting inaspecific industrial sector( e.g. oil explorationtmd 
extraction or prothesis design) and usi.ng order of magnitude restrictions on the budgeted 
cost of the system. Ease of opemtion. use and progra.mming as well as software 

availability, functioruility and performance must ruso be talren i.n1o account, together with 

morespecifichardware and supplierchmlCteristics. 

Thpig 
• lntroduction. 

Whypllfallelism?Parallelism vs. distributedsystems. Flyru~.'stuonomyof parn.Uel 

archltectures.Applicatiomofpmillelism. 
• Measuring performance on panillelarchltectures. 

Throughput and latency. Speedup and Amdahf s Law. Peak M.d sust&ned 
performance. MIPS, MFLOPS and woddoads. Using kemels ~md benchmarb. 

• Pipelining and Vector machines. 
Pipeli.nes ~md their hazards. Superscal.ar machines. Vect.orregisters ud vecwr 

instructions. Stride. htterle:avedmemoriesudm.emoryoonflicts. Chllining. Vector 
masks. Hocmey's metrics: n,. n112 , r..,. Cacheandvec:torm.acl:ii.nes. 

• MIMD mac.bi.nes. 
Shared memoeyvs. distributed m.emory. ~MeCtionnetWor.bfoc sbared 
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memory mm:bine::~: Clo:; netWorb'Vl. B!Ul)'Wlnrtworb. Sync:hromzmionm.ethm:b. 

Cacheonmultiprocessorsysrems.l.ma'coMeaionnetworksfordistributedmemory 
machill.es: fixed topoiogyvs. recmlfigurnbletopologies. Cut-tlm:mgh rout.Wg, 

wormhole romil:lg. I.nput/output sub~ms: Disk arrays. 
• SIMD machi.nes Md massive parnlleJ.ism. 

•OtberarchltectUres. 
SystolicarchitectJJw.J. Dataflowmachi.nes. 

• Case studies. 

V mes from year to year. In 1991, case studies illduded I.nteH860 Md INMOS 

ll'rulSpUter platfoons, dieiBM3090VF, nCubetmd M.uparplnl.lelmacllines. 

References 
No te:n.book covers all the required topics wi.th the necess;¡gy level of detall. The 

following set of reference:s complemem each other Md are listed in roughly descendiog 
order ofuse: ·· 

H. Stooe;, "High-Pe!fumw!.re Computer An:hi~·- '!' Editioo, Addi1100-W~y. 1990. 

B. Willlin:wn; "Computcr Ar;;hi~re: Desig~~ awl ~·. Pmltiw-Itill, 1991. 

D. Pattersoo, J. Hmnes¡y: "ComJ:l'ltcr" Arcllitecture: A Quantitati~ Approod.l". Mm-g¡m-I{¡uffiml!, 1990. 

O. Abmsi, A Oottlieb: "Highly Par.illel ~ting". &u~Cmmnings, 1989 

K. Hwang, F. Briggs: •Comput.er An:hiteGWre md P.mlld Prooo:Jmng•. M.cGaw-Hilt 1984. 

D. ~s. J. Tmt!Jililis: Pmllel and Distrilruted Computatioo: N~~m~ ~oos•. Pm:itire-Hall, 

1989. 
R. Hocimey, C. Jesshope: •&-aUel Comput.ers 2•. M.im Hi!g€r. 1988. 

Some topics require more specific treat.ment. A complete list of references for die course 

is available from die authors. 

PmdleWgoriduns 
The emphasis of the course is on the desi..gn Md implementation of efficiem pa."!llel 

aigorithms. In general., firn algorithms for PRAM m.odeb are deveioped ru1d compared 
and then their adaptation to actual MIMD machine with distributed mem.Ot-y is studied, 

attempted and compared to .lrnown solutions, where diey exist. Program.m.ing some of the 
lllgorit:hms is an indispensable part of the course, since it allows the swdent: to gmpple 

wii:hthechamcteristicdifficultiesoftheareae.g.loodbal.ancing, efficiemcommunications 
and steering clear of dead!ocks. 

~ 
• I.ntroóuction 

ThePRAM models(EREW, CREW, CRCW). Distributedm.emory MIMD 
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architc:cmres. Mc:!m!ringpc:rform1111cc:: ~up, dficiency1111dccm. Apmilld 

programming language and platform (u sed forprogram.ming assignmems e. g. 
mM OS Parallel C on a rransputer based sysrem ). 

• Parallel searching, sorting and merging. 
Searching. Prefixed sums. Selection. Merging. Sorti.og. 

• Parallelgraph algorithms. 
8 asic matrix operations. Finding the connea:ed componems. AJl pairs s.hortest 
pat.hs. Topologicalsort. Minim.umsparuilllgtree. Euleriw:u;::i.rcuitE. Tra.velling 

salesmanand the simulated ann.ealing heuristic. 

• The class of inherently sequential algorithms. 

The restof the topics covered are chosenfrom thefollowing l.ist, time permi.tti.ng: 

• Data structures and parallelism: hashing, heaps, priorityqueues. 
• More graph algorithms: maximalmatchl.ng. grnphcolouring, nemorkflows. 

• Patternmatching. 
• Alpha beta tree search. 

•Computationalgeometry. 
()ptimization. 

References 

The basic textbook for the course is: 
S. Akl: "The Design and Analysis ofParaliel Algorithms". Prentice-Hall, 1989. 

This needs to be complemented by a book whicb deals with some of the nasty mrprises 

t.hat can crop up for the 1.1.11wary programmer: 
G. fux , M Jobnron, G. Lyzenga, l Sal10011, D. Wa!im: "Solving .Problems 011 ~t 

PTvl;e~!lil.>n·. Volume l. Pm.lit:e-:H.illl, 1988. 

Additionalmaterial ca.nbefoundin: 
D. Bertsebs , J. Tsitsiklis: Pm.dlel ill!d Distributed Chm~: ~ Methods". J"mrtice-Hall, 

1989. 

S. Bokhari: "Multiproces:ring tbe Siew: of&ato:ithenes". Compull:lr, Aprill98'7. 

A. Ryuer, W. Gibbons: "Efficient Parallel Algorithms". Cambridge Uniw:rsity Press, 19811. 

Y. Won. S. 8ahni: • A &lanccd Bin Sort for Hypm;ube Mullioompu~·. Joomal of Supm;omputing, 2 

(1988). 

Y. Won, S. Sahni: 'Hypercube to H.ost Sorting". Joumal of Supercomputing, 3 (1989). 

PlU'aliel Numericai Metb.ods 1,2 
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These.two co~es provide 11. thorough grounding in the :m.w: IJf m in the de'l»eiopmem IJf 

numericru rugorithms for parnllel archirectures, wid! emphasis 011. MIMD distribured 
memory machlnes. A number of alt:ematives ro each problem !!fe co.wridered; each 

algorithm.isll.Mlyzedforefficiency, stabilityrul.dco.llSistency. 

Thpis;_:j 
• Review of parallel arcrutecture and otherbasic oonceptsin parallelism; 
•Commoncomm.umcationrequirementsofnumericalalgorithms; 

• Paraile! implementationof B LASroutines. 

• Direct solution of linear equatiou Dense rulrl ~ problems. 
• Itemtive so!ution oflinear andnonlinear systems. 

•UncollStrninedoptimization. Deoompositionofoptimizationproblems. 
• Asynchronousi.terntiveal.gorithms. 

References 

The mainreferencesforthe course are: 
D. &melcas, J. Tsitsiklis: Paral1el and Distribu~ Cbm¡ml.atioo: N~·~s•. Prentice-Hall, 

1989. 

J.lvbli: "Parallel Algorid!ms and :Malrix Computaiioo•. ~doo Pm!ll, 1988.. 

M Lentini: "fu!roduccioo ªlos Algoritmos Nu~ en Pamdo". Seg~ ~V~ de 

:Matemáticas, 1989. 

M Ortega: •Jntroduction to Pmlle! and Vector Solutioo on.m~r Sf*ms". P!®!!~m~, 1988. 

Additionalmateri:ali..ncludes: 
Y. Saad, M &hullz: •I)¡t;o Cmnmunicalioo in Parallel. .Arcbii¡¡¡¡;tun:s•. Y<lle Unimllity Rillllm'Ch Rq¡ort. 

YALEUIDCS/RR461. 1986. 

G. Gei.st, C. R.omine: •LU ~tíon Algorithms oo DistrilmtOO ~ Multip!'OOOSI!Of 

Architectures•. Oak Ridge Natiooal Laboratory Rq¡ort ORNUI'M-10383, 1937. 

M &ith, C Romine: "Par.illel Solutioo of Triangular S~ oo JA:mibu~ ~ 

Multiproces:liOr.!". SIAM J. Sci. Stit. Cbmp. 9 (1988). 

C. Ashcroft, S. Ei~stit, l Liu , H. Sherman: "A Com¡lari~ of'I'11ree Cobmm-Base Dimibured 

Sparne Factorizatioo Scbemes•. Yale Univenity~~ YALEU/DCSJRR 810, 1990. 

A George, J. Jiu, Ji Ng: "Communicatioo Hewll:ll !OC~ ~ ~ ~tioo oo a 

Hypem~be•. Parallel Computing 10 (1989). 

M Heaili, E. Ng, B. Peytoo: "Paraalel Algori.tlims ror ~ 1.inev Equaüoo:;•. S1AM R.eview 33(1991). 

ToobforP~e.lism. 

The objective of tbe oourse is w study the k.ind of tools a parnllel software developer has 
available to .him tmd .how much of the pmillelizi.ng efforthe can.l:mpe to bave the toob do 
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forbim. 

The course has a seminar format. The instructor updates a rather large number of 
published papers which is distributed amongst the participants for class presentation and 
discussion. Such seminar classes Should be complemented wherever posSible by actual 
hands on experience wíth representative tools. 

~ 
• Vectoriziogandparallelizingcompilers. 
•Themappingproblemandgranularity. 
• Basic cOJI1municationlibrariesfordistributedmemorysystems. 
• Debuggingparallel programs forcorrect.o.ess andforperformance. 
•Puttingitalltogether:Parallelprogrammingenvironments 

References 
Dueto the course's seminar structure, the list of readings is constantly changing. The 
current set of kernel references is: 
li Zima, B.<llapman: "Supercompilm for Pmllel and Vector MadiiDes". Addi1011-Wesley, 1991. 

M Wolfe: Optimiziug Supercompüen fur Supcn:omputcn•. The MIT' Pren, 1990. 

L. Jamieson, D. Gmnon, R IAluglass: "The Owaderistics rl Puallel Algoriduns". MIT' Pre15, 1987. 

D. Reed, R Fujimoto: "Multicomputer Networks: Messaze-Bued Parallel Prol:essin&". MIT' Press, 1987. 

C. MciAlweU, D. Helmbold: "Debuggiug Concumnt Progr.uu•. AOd Computiug Suneys. Vo1.21 

N"4. I:lel:ember 1989. 

~ .Reilly: "APerfurmance Monitor for Parallel Progr.uu•. AA:ademic·Press.1990. 

G. Fox, M Jobnson, G. Lyzenga, J. Salmon, D. Walker. "Solüg Problems on Coocumnt 

ProcesiiOI'S: Vol. 1". Prentice-Hall, 1988. (]¡¡p. 14: CtOS; <llap. 15: CUBIX; 

An antbology of twenty to t.birty articles is being compiled for the 1992 course. Due to 
space restrictions they wi1l not be cited in this papet. The inl:erested, reader may write 

directlyto the authorsfor details. 

Theory of Puallel Processes 
Efficiently executi.ng a parallel program that produces the wrong results or deadlocks is 
utterlyuseless. ltis important to understand the underlying theory of parallel processes in 
order to be able to reason about parallel programs in order to prove their correctness orto 
show whether certain properties lik.e absence of deadlock. livelock or critica! races bol d. 
The key to the concqJtual basis for reasoning about parallelism líes in the relationship 
between concurrency and non-determinism. The course covers two of the many theories 
explicitly developed to understanding such questions and shows how these theories can 
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Topics 
• Introduction. 

The need for aformal. t.heory of pmillel processes. Mathemiticaúy, whatis a process? 

Varieties of modeb and theories. Concurrencyand non-determinism as keyissues. 
• T.be theory ofUNITY. 

Alogic for pmille.lism. Arcliitecwres and mappi.!lgs.· Progrrun compositiollS. 
Examp1esandapplications. 

• The theory of CSP. 
Events and processes. CSP opet-aoors. CSP'smodeis: traces, failures, divergences. 

Superimposed obligllti.ons. Examples;ruillappl.ications. CSPand Occam.. 

References 
e ~; "Communicating &:quential PJu,;;es!l'!'s". Prentice-Hall, 1985. 

K Mima, J. O!imdy; "Parailel Program Design: A Fcunóatioo•. J\ddi:¡¡;m-We*y, 1988. 

&perienrce ud condu!iom~ 
Our experience in setti.!lg up and rurung a rourse of srudies m Pru:alleiism has been 

extreme! y inreresti.!lg and very rewardi.!lg, in that it has forced us to a.tte.m.pt ro integrare 
and clarify a great dea! of scattered marerial. !100 subtle inrerplaYJ! of software and 

hardware. We wou!d like ro enrich the act:lla! paml.l.e! envirorunent so as ro provi.de more 
hands-on experience and strengthen the coverage of perlormMce mode11ing tecb.niques. 
especially as regarás statistical modelling tedwiqties. While it is cieady necessary ro 
pro vide in-depth coverage of representative theories on parnllelism in oroer to appreciate 

! · theír strengths, weaknesses and subtleties! re:ltticting :mcb. a srudyto two such theories 
may seem unduly constrictive --in particular, omitting any reference ro Petri Net based 
theories is definitely worrisome. In fact, ~ the right bruance between depth of 

treat:ment and breadth of coverage is a recurring thread t:hroug.bout tbe evolution of al1 our 
courses. 

Student and industry feedback has been very positive, especia!ly as regards the 

Venezuelan oi1 industry whose keeninterest in the venrure has been a constant spur to our 

efforts. In particular, we would Jike to thallic AlfolllSO Reinoza, Jorge Barnlt, Osear Meza 
and Cristina Zoltá.n of the USB. Raju Karia, Benjrunin Sagal.o~ky, Saúl Buittago and 

Enrique Rodríguez of OOEVEP, Rubén Am.aya·of MARA VEN. Walter Ctinw, Kley 
Visentin and Jorge Gonr;alves of IBM Venezuela, Jorge Vidart of ESLAI, Euripides 

Montagne of the Un.i.versidad Ce.mra! de VeneZIIela and, of course, all o1.lr students. 
whose comments and enthusiasm ha ve helped shape our progmmm.e. 
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