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Abstract. Scientific computing is usually associa,tctl with coinpilctl lan- 
guages for rnaxiinuin efficiency. Honmv,  in a typical application pro- 
grain, only a sinall part of lhe code is lime-critical and requires lhe efi- 
cicilcy of a cornpilccl language. It is often arlvantagcous to use intcrprctctl 
high-lcvcl languages for the rcir~air~ir~g ta.sks, a.tlopting a inixccl-languagc 
iipproiicl~. This will Iw clc~nonstrat.ccl for Pyt,l~on. an int,crprct,ctl object- 
oriciacci 11igl1-lcvcl laag~~agc tlmt is partic~llarly well suitctl for scientific 
computing. Special empl~asis will he put on l l ~ e  use of Pyllwn in parallel 
progrimnning ilsing t,lw BSP mocicl. 
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To avoicl inis~~i~tlerslai~~lii~g~, an explai~at ion of 1 he Oerm "high-level" is in or- 
(ler. Mosl of all: it implies no j~~clgeinenl of qliali1,y. High-level lang~~ages are l)p 
tlofinition tllosc wl~osc ronst,ructs ancl clata typos arc closc: to  n;~tur;~l-l;~ng~~ixgc: 
spcrifications of ;~lgoritl~ins. as opposccl to  low-lcvol l;~ngu;~.gcs, wl~oso construrt,~ 
am1 t l ah  1,yl)es reflecl, the llardware level. 1551 11 high-level lang~~ages. the einl)ha- 
sis is on tlevelol)menl, coilr-enience; whereas low-level lang~lages are clesignecl 1 o 
fixcilitatc tha gc:ncrat,ion of aficicnt coclc by a coinpilcr. Charart,c:ristir f(:at,urc:s of 
high-lcval lmguagcs arc intaractivity. tlynw.mic tlatw. structuras. automatic mcin- 
ory alw,nagc:incnt, rlcar arror mc:ssagcs, roilvanicnt filc Iiantlling. lihrarics for 
coininon data manageinenl, 1 asks% s1q)port for 011e ral)i(l (le~dolnnenl, of gral~lli- 
ca1 ILser inl,erfaces, el c. These fea1,l~res recl~lce 1 , l ~  tlevelol)inenl, and 1 esl ing 1 ime 
significant ly, hut ;tlso incur ;t l;rrgc:r run1 imc: ovarh(:;rd 1a;ttiing 1 o 1ongc:r asacwl ion 
I i~nos. 

Noto that w11;lt is cal1c:cl "l~igli-lcnd" in this x t i r lc  is oftcn rc:fc.rrc:cl to  as 
"very high level" ; cliffere111 a111 lmrs I L S ~  (lifferenl scales. Some a111 lmrs refer 1 o 
1,llese langl~ages as "scrip1,ing langllages" , wllicll llowever seeins Loo limit ing. as 
scripting is ~naraly- on(: of t11c:ir w.pplications. 

Tho 11igl1-lcvcl languagc tl1a.t is usccl as an cx;~.inpl(: in this art,iclc is Python 
[I], a l;~nguagc: that is boroining inrrc;~.singly. popul;~.r in tllc scic:ntific community. 
All 11o1lgh ol,her sl~il aide langllages exisl a i d  the choice always in\-olves personal 
~)refereaces, Ppt hon has some I miq~ le feal,~ lres t hat make it lmrl icl llarly a1 1,rac- 
t,ivc:: a clam syntax, a. siinplc: hut po~vcrfiil ohjcct alotlal. a flcxilhlc intcrfkcc: 
t,o coalpilacl lmguagcs, w.utoinatic iiltcrf:tec: gcncrators for C/C++ and Fortran. 
ancl a. larga 1ihrar)- of rausalhlc coclc, hot11 gcnc:ral anel scicnt,ifir. Of particular 
iinl)orl,ailce is Klunerical Pyl lion [5]. a lil~rary 1,llal implements fast array oper- 
at ions am1 associal etl nlmerical ol~eral ions. Ma11y n~~inerical algori11iin~ can 1)e 
osprcsscti in t crins of array opcr;tt ions ;tnd i~nplc~nont (:ti vcry cfhricnt ly using 
Numcricd Python. Llorwvor, Nuincricd Python arrays arc liscti at tho intcrfk:  
hetween Pyt l~on and lowlevel lang~lages, because their internal clata layout is 
exactly that of a C array. 

2 Scripting and Computational Steering 

A typical situation in coinputatioaal sricncc is thc following: an asisting program 
contains all the revelant metllods, hl lt its I lser interface is c~ unl~ersoine. I/(:) facil- 
ities not sllfficient. and interfaciilg wit11 other 1)rograms col~ld 11e easier. :Inotlier 
coininon case is 0l1e exist ence of a library of co1n1)1~1 al,ioi~aI algoril l~ ins  wliicl~ is 
11sc:ti 1-)y ralat i d y  sirnpla ;tl)plic;rl ion 1)rogr;tms i hat arc const ;ti11 1)- modific:tl. In 
I his (,;IS(:, motiific.;tl ion ;tnd I c:sl ing of I hc al)plic,at ions of1 (:n 1 ;rkc a significanl 
amount of tiinc. 

A goocl solll1,ion in 1101 11 sil,l~al,ions is L11e llse of a liig11-led langl~age for 
S C T ~ J I / ~ ~ L J / .  wliicl~ is somet imes calletl c o r r ~ ~ p ~ ~ h  hiosrcrl sleerirag in 1 lie con1 ex1 of 
scic:ntifir co~nputing. Thc usor of ;t Python-scriptcti applir;ttion/lil.)rary- writcs 
simplo Python programs that makc hcavc: us(: of calls to tho applicat ion/library-, 
hut can also use other Pyt l~on modules, e.g. for 110. The admiltage of script- 
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In case of an existing inonoliil~ic program. i l ~ e  first si ep wol~l(1 be t o isolal e 
thv co~nputational parts of thc cotlc and turn thcm into a (highly spc~ializc~l) 
lihrary: inlich of thc uscxr intcxrhc c ancl 1 / 0  c oclc woulcl Ihv disc arclctl. This librar\ 
t l ~en  has to  h r  ~)rovidrtl with a Prtlion intrrfacr: in most cases this task can be 
l~andletl I K  an all1 oinalic int rrfacr geiirrator s1lc11 as STYIG [2] for C'/C'++ and 
Pyfort [3] or F2PY [dl for Forlran. 

Anotllcr possihilit~, prcfcrrcd n lien scripting is not tlic standard uscr inter- 
fa( e, is rrr~brdtl tnq Pr t  11011 int o an existing wlq)lit at ion. This opt ion is limit eti to 
C ant1 C++ programs. h 1)rograin wil 11 an eml)etltieti Pyiho11 1111 erpret er t ail 
.I& tlw iiltcyxc.tcr t o  cmc utc. coclc, run J. script, vtc. A4 t~ picdl C A ~ C  ~voi~lcl hc' a 
program wit11 a grapl~ic a1 uscr inter facc that also offcm scripting for aclvanc ccl 
I lser s. The (lifferenc e t o (he st raight forwarcl scr ipl ing apl~roach (lest ril)e(l almw 
is 1 ha1 t he applicai ion program is in charge of scril~i exec 111 ion. ii can (lecide if 
m c l  n-lim to  r11n Pytllon cod(\. 

An aclvanl agr of l l ~ r  sciil)l ing a ~ ) ~ ) i o a c l ~  is i hat ii is rasv i o iralizr. Esisi iiig 
cot!(, c a11 I)(. u d  without c x t  cmsivc. inodific ations. m t l  uscm need only lea-n thv 
I.),~sic\ of Python in ordcr to I.)(, .il)lc lo profit from 5criptiag. 011 thc othcr hand. 
the benefit is mosth- limited to  the users, developers work inucl~ like before. The 
inajoiitv of the code is still wiitten in a lowlevel language. a i d  the clesign of 
the lowlevel cock, especiallv its data stiuctuies. cleteiinine the clesigii of the 
s( ript ing l ay~ r .  

3 High-Level Design 

T l ~ r  complrinrntar~ approacl~ to  sciipting is to  tlesign an application or l i h r a i ~  
for t hv high-l(?-c.1 l;~ngliagc~, sn-it t hing to l o ~ \ ~ - l ( ~ ~ ~ l  t otic only for s p c ~  ific t iim- 
t ril ic a1 11x1 s. Thc rolcs of t hv lwo 1ailgl1,tgc.s ,trv t h i s  invcmcd, i hc lom-l(~c~l 
code is writtcn spccificall~ to  fit into tllc 11igl1-lcvcl design. Tllc dcvclopcr can 
profit from a11 of tllc advantages of 11igl1-lc~ el languages to  rcducc d c ~  clopincnt 
ant1 1 est ing 1 iine. and - assllining w good l)rogminining st yle - 1 he t ode h e  omes 
more c oinpac t a i d  m i (  11 more rea(Iah1e. However, t his ap1)roat 11 inakes it less 
sl raighi forward to int egrat e exist ing lo~\r-level t ode. 11111~~s it t akes the form of 
.I libr,lry wit11 .I wc4-dvsigncd intc>rfacc. Hig11-lwcl clcsign also rcyr1irc.s .I good 
knowlccigc of PJ tho11 a i d  objcct-oricntcci tccl~niyucs. 

It mlist I?(: st,rcsscd tl1a.t t l ~ :  rcsult of this approw.cl~ is vcry tlifhrant from siin- 
plc script,ing. ancl that tlic: practical ac1v;tntagcs arc signifiraik In tllc roursc: of 
Lime; a coinpllt a1 ioilal scienl ist can bldtl 111) a library of prol~lein-specific code. 
writ 1 en 1)y l~iinself or ol)l,ainetl from ol,l~ers; t hat ~ ~ s r s  1 lie same scien1,ific concel)l,s 
ant1 al)slr;tctions as natural la~qgiago: numl-xrs, vectors, fiinctions: opcralors. 
at (~111s: molcculcs, flow ficlds, t!ifl(:rcntial cclu;ttion solvors, graphical rcprcsc:nta- 
tions, etc. In lowlevel code. wit11 or without scripting, everything would liave 
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lo he ~ q ) r ~ s s e ( l  in 1 Prim of n11n1I)~rs am1 arrays pl~ls  f~lilcl ions working on these 
(la1 a. 

To g i ~ c  a siinplc cxarnplc. suppose you haw a large coinprcsscd test file 
containing one nuinljcr per line and you nant  to  plot a l~istograin of that number 
set . I11 Pvll1011 1 his can he wril 1 en as follo~vs: 

from Scientific.IO.TextFi1e import TextFile 
from Scientific.Statistics.Histogram import Histogram 
from Gnuplot import plot 

data = [I 
for line in TextFile('data.gz'): 

data. append(f loat (line) ) 
plot (Histogram(data, 100)) 

The class TextFile preseiil,~ a simple a h 1  racl ion of a Lest file t o 1 he Ilser: a 
seqllence of lines Ll~al, can l)e il erakc1 ovx.  Ii~lernally il l~antlles inany tlel ails: il 
c;tn dcal with slantl;trti as ~vcll as comprc:ssc:ti filcs, and il acccpts UR,Ls insload 
of filcnamcs. in which casc it ;tutomatic;tlly dowaloatls tho file from a rmlotc: 
server. stores it temporarily, and deletes the local copy wlieii it has been read 
completely. The user need iiot kilow IIOW any of this is accoinplisl~ed, for l~i in  a 
1 as1 fila ;tln;;tys rc:in;tins jllsl a socpic:ilc~: of liixs. 

Tha vlass Histogram provic1c:s a. similar abstrw.vtion for histograms. Yo11 gi~~c: 
it tlic data points and t>l~c: nliinhar of hills, and that is a11 you ncad t,o know. Of 
collrse 1 he classes TextFile anti Histogram i n ~ ~ s l  11e n:ril,l en first, 11111 only once 
I)y one person, 1,lley can 1,llen I)e ~lsetl 11y aiq-one anywl~ere, even inleraclively. 
mil hout 1 ha nac:tl to know llow 1 l ~ y  works in1 ornally-. 

As a gancral rulc. coclc rcxisc: works in~icll hcttcr in Pyt,hon than in 1o~v-lc:v~l 
Iwnguw.gcs, wl~osc: strict typing rules makc: it clifivult to  tlc:sign sufficicilt,ly flcsi- 
hlc intcrf:~vc:s. TVit,l~ t,l~c: asccpt,ion of 1ibraric:s tlasignccl hy cspcrt pro, ~ri~mmc:rs 
will1 1 11e exl~licil goal of generali1,y (e.g. LAPACK), scien1,ific code in lowlevel 
lailg~~ages is allnos0 never clirecl 1y re1~saI)le. In Pyl 11011, rel~sal)ilil,y is 1n1r11 easier 
to achiovc:, ant l t hc ~vo;tk t ypc cornpat ilhilily rulos. coml )incti ~vi l  11 iat lcpc:nticnl 
namc: spaccs for motiulcs, c:nsurc: that c ~ ~ c n  1ik)raric:s dcsigacti co~nplcl(:ly intic- 
pendently work well together. 
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4 Parallel Computing 

As an cx;rmplc of t hc l w  of high-li?-c.1 tic,sign in a 1 r~ t l i l  ion;rl h c m ~ - t i l ~ t \  c ompllt- 
ing ficlcl. this section shows l~on  PJ  tlion can 1x2 used t o  facilitate the d c ~  clopmcnt 
of parallcl programs. 

AIost t ex1 hooks on parallel c oinp~ll ing foc 11s on algoril hinit as lm t s. 111~11- 

t ioniag iinl)leinenl at ion isslles only ill passing. Howewr. 1 he iinplement at ion of 
parallel .~lgoritl~ms is f x  from t r i ~ i a l ,  since, a rcdlif(7 application u x s  scv~i11  
diffcrcnt dlgoritl~ms d i d  requires d sigilifi~dilt ainount of hookk~'cpi1lg and 110. 
Altllougl~ rndny computdtional scientists cilvisagc pdrdllcli/ation at soinc timc. 
few ever gel I ~ e v x ~ l  s i i q~ l e  1 esl programs. 1)ec a1 LSP tlevelopmenl ancl tlel)~ lgging 
1)ecoine 1 oo c~md)ersoine. 

A major rca.son for tho clifficulty of p;~r;~llc:l programming is tlic lorn-1c:vcl n;1- 
t>urc of tllc most popu1;l.r parallcl cominuaicatioils lihrary, tllc Mcssqy: Passing 
1111 erface (MPI). hIPI 11as a large n 1 d ) e r  of f~mcl ions 111al 1)erinit 011e 0111 i- 
miza1,ioii of inany comm~mical ion pal,l,erns, 1,111 il lacks easy-l o-11se Iiigll-level 
ahst~ractions. AIost i~nportant~ly-, it p1acc:s thc rc:sponsihility fix synchronix' J. t '  1011 

fillly on thc prograinmcr. who spc:ntls a lot of timc wnalyxing tlc:atllocks. hlora- 
owr,  AIPI doas not ofic:r much support fix t,rwnsf(:rring romplax data str11cturc:s. 

A m ~ d i  simpler and more conveiiienl ~)arallel ~)rogrammiiig moilel is 1 lie E ~ d k  
Syncl~rono~~s Parallel (ESP) inoilel [B]. In 1 his moilel, coiq)~l l  a1 ion ant1 comi111~- 
nic.;rl ion sl c:l)s ;dl arnat c:. ;tnd oac.11 c.ornmlinic.at ion st i:l) involvos ;I sync.hronixa1 ion 
of ;dl 1)roccssors. (:ff(:cl ivdy rmking (1i:aiiloc.k~ impossil)li:. Arlo( hi:r a t h n t  ;tgc of 
hunclling coinirl~mication in a special step is tlic possibility for an ~mdcrlying 
communications lil~rary t o  optimixc data cscl~angc for a given inacliinc, c.g. by 
coinl-)ining messages seal to 1 he same proc.essor. The analysis of algorit hins is 
also facilit at eii, making it 1)ossihle 1 o predict the 1)erfi)rmanc.e of a g i ~ m i  algo- 
ritllin on a given parallcl machine h a d  on only tllrcc empirical paramctcrs. Tllc 
Pyt l~on iirlplcincntation of BSP (w l~ i r l~  is part of t l ~ c  Scientific Python package 
[7])  adds the possibility of cxcl~anging almost arbitrary Python ol~jccts bctwccn 
llrocessors. 11111s 1)rovitling a Orlie high-level apl)roach 00 l)arallelizal ion. 

4.1 Ovcrvicw 

An irnport;l.nt tliff(:rc:ncc: for rc:atlcrs familiar wit,l~ MPI progr;~.inrning is that a 
Pyt,l~on BSP program slloultl ho rc:acl as a program for a p;~.r;~llol marl~inc rnaclc: 
111) of N Ixocessors and rho/ as a prograin h r  one 1)rocessor i hat coinimmicai es 
wil,l~ L\T- 1 ol,l~ers. A Pylhon ESP prograin has 1,wo levels. local (any one proces- 
sor) and global (all prorassors). ~v11craw.s a typiral massagc-passing program lists 

only t,llc: lo rd  1cvc:l. In 1ncssagc:-p>rssin::g programs, communication is spacific:tl in 
t,crms of local sciltl and rcccivc opc:rwtions. In a DSP progrml, romaluniratit,a 
operat ions are syncl~ronizeti am1 g10I)al; i.e. a11 processors par1 ici1)al e. 

The t wo levels are reflect eil by 1 lie exist elice of 1 wo kincls of oI)jecl,s: local and 
global objccls. Local ohjccts arc slantiarti Python ol)jccls. t hq -  mist on a singli: 
processor. Glol-)a1 ohjwts misl 011 lhi: p;tralli:l machinc as ;t ~vholc. Thcy ha:c a 
local  due on each processor, wl1ic11 may or inay not 11e the same e~-erywliere. 
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For example, a glol~al ok)ject "l~rocessor itl" wolil(1 have a local \ d u e  eqllal to 
Ohe respect ive processor 1minl)er. Glol~al ol?jeck also of e n  re1)resenl (la1 a sets of 
~vl1ic11 (::1.c11 prwcssor storm a part, tlic local ~.;llu(: is t,l1o11 tho part of tl~c: clata 
t , l~ ;~ t  onc proccssor is rcsponsiblc for. 

The same clisl,incl,ion al)l)lies t o f~uncl,ions. S1,antlartl Pyi 11011 f~mct ions are 
local f~lncl,ions: (,heir arg~linenl ,~ are local ol~ject s. a i d  1,heir rel,~urn val~ues are 
local ohjacts as ~vcll. Glohal fimrtions t,akc global ohjart,s as arguinants and 
rc:turn glohal objccts. A glohal filnrt,ion is tlafinctl lhy ona or morc: local fiinctions 
t,l~wt w.ct on tlic lo rd  valuas of thc: glohwl ohjccts. In most rw.sc:s. t , l~c local fiinction 
is 1 lie same on all processors; 1,111 il is also colninon 1 o liave a tlifferenl f~uncl ion 
on one IIrocessor. ~ls~ually n~u-nl)er 0, e.g. for I/(:) o1)eraOions. 

Finally-. c1assc:s can I)(: local or glol.);tl as n;c:ll. Sl;tnti;rrti Pyt 11011 c1;rssc:s arc: 
local cl;rssc:s, t hcir ins1 ;racc:s arc: loc~d ohjcct s. 1111d t hcir mc:t hotls ac.1 likc local 
functions. Global classes define global oljjects. and their inetl~ods act like glohal 
functions. X global class is defined in terins of a local class that describes its 
local values. 

Coinm~lnical ion o1)erat ions are (Jefiile(1 as inetho(is on g1oI)al ol.)jects. Ail iin- 
incdiatc conscyucncc is that no coinrnunication is possiblc within local functions 
or inctliods of local classes, in accorclailcc wit11 tlic ljasic principle of the BSP 
inoclcl: local computation and communication occur in alternating pl~ascs. It is. 
however; 1)ossil)le l,o implement glol~al classes that are not, sim1)ly g1ok)al ver- 
sions of some loc,al class; and 1 ha1 can 1ise (~oininlini(~a1 ion ol)erat ions within 
t,l~c:ir inct,l~otls. Tl~oy arc: typirdly usc:cl to  irnplcrnont clist,rilhut,c:cl data strurt,urcs 
with imi1-t~rivial roil~nll~iliri~ti(~il r(:yuirc:in(:ilts. T11c: tlosign and implcmcntation 
of s1lc11 classes req~lires inore care. 11111, (,hey allow 1 he coinplel e ei1caps1~lal ion 
of l1ot11 1 he calc~ulal ion a i d  l,he comm~~i~ ica l , i o  sl eps, making 1,llein very easy 
t,o usc. An csampla ~vitliin t l ~ c  Pyt,l~on CSP packagc is a class that raprcscilt,~ 
tlistrihutacl natCDF filw? ant1 which c:nsurc:s automatically- t,l~wt car11 prorc:ssor 
11ancllw a rougl~ly cclual sl~ara of t 11c tot a1 clat a. From a uscr 's point of ~ i c w .  
Ll~is class lias a ~)rograi-nining in1 erface almosl itlent ical to 11m1 of 111e sl antlard 
Pyl,l~on i~el  CDF inocl~lle. 

4.2 Standard Global Classcs 

The simplest and most frequent global oljjects are those wl1ic11 siinp1~- mirror 
thv f ~ i a t  l ioa:rlity of tlwir lo( a1 va11i~s and add ( oininlmi( at ion op(~:11 ion\. Thcr 
arc. rq)rcvnl rtl hy 1 hr c1assc.s ParConstant ,  ParData.  ant1 Parsequence.  all of 
whicl~ arc sul~classcs of Parvalue .  The t l~rcc  classes differ in liow t l~cir  local 
rcprcscntations arc spccificd. 

ParConstant  clefia~s a cons1 ant. i.e. its local rq)resenl a1 ion is the same on 
all processors. Exainpl~: 

z e r o  = ParConstant  ( 0 )  

has a local roprc:sc:nlatio of O on ;dl processors. 
ParData  ticfiac:s I hc locd rcprcsc:nlalion as a fiinction of I hc proccssor num- 

her and the total nuinljer of processors. Example: 
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pid = ~ar~ata(1arnbda pid, nprocs: pid) 

has an intcgcr (the processor numhcr) as local rcprcscntation 
ParSequence clistributcs its argurncnt (~11icl1 must be a Pa tlion scyucncc) 

over ihe ~ L O C P S S O ~ S  as evei11~ as possiI11e. Exanq)le: 

integers = parsequence (range(10)) 

tlivitles l,he t en inkgers among l,he processors. JT'ilh two processors, 1111inhr O re- 
c(:i~:(:s tllc 10cd r~pr(:s(:~ltatioi [O , 1 , 2, 3, 41 :~.ncl nlimhcr 1 r(:c(:i~:(:s [5 , 6 , 
7 ,  8,  91 . Wit11 tliroc: processors, nuinbcr 0 rccc:ivos [O, 1, 2 ,  31 numhcr 1 
receives [4, 5, 6 ,  71 , am1 111linI)er 2 receives [ 8 ,  91 . 

All 1,llese classes ilefiile the si ai~(lariJ. aril~l~inel~ic o1)erat ions; which are 1,l~ls 
a111 omai ically parallelize(1. They also s~ll)l)orl iniJ.exiag a i d  ai 1,ril)lli e exl,raci ion 
t~ransparcnt~ly-. 

Glohal funct,ions w.rc c.rcat,c:cl using t,llc c.1w.s~ ParFunction ~vllcn tlic local 
represen1 a1 ion is the same local f~mcl ion on all Ilrocessors ( I  he inosl, colninon 
case). hnoi lier freq~lenl case is i,o 11aw a (liffereii( fimci ion on 1)rocessor 0 ,  e.g. 
f i r  I/O opc:raiions. This is ;trrangi:tJ 1-)\I 1 hi: class ParRootFunction. 

4.3 A Simple Example 

T l ~ c  first cxainplc illustrates how to deal wit11 tlic simplcst coininon case: somc 
( oin1)11t a1 ion has to 1)e rt.pt.ai etl on differt.ni input va111t.s. and all 1 lit. co iny-  
tat ions are iatiepeatit.111. The inpl~i val~ies are 11111s tiist ril~lit t.d among i he 1)ro- 
(t.ssors. ~ a c h  1)ro( essor cal( 1ilal PS its share. anti in tht. enti a11 tht. resl~li s art. 
cominunic atcd to one, proc vssor that t;lkc:, cart, of output. In tlw following vx- 
ample. tlic input valucs arc t l ~ c  first 100 intcgcrs, and t l ~ c  computation consists 
of s q ~  lar ing t hem. 

from Scientific.BSP import ParSequence, ParFunction, \ 
ParRootFunction 

import operator 

# The local computation function. 
def square (numbers) : 

return [x*x for x in numbers] 

# The global computation function. 
global-square = ParFunction(square) 

# The local output function 
def output (result) : 

print result 

# The global output function - active on processor 0 only 
global-output = ParRootFunction(output) 
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# A list of numbers distributed over the processors. 
items = ParSequence(range(lO0)) 

# Computat ion. 
results = global-square(items1 

# Collect results on processor 0. 
all-results = results.reduce(operator.add, [I) 

# Output from processor 0. 
global-output(al1-results) 

Tha local computation fiinction is a. strw.ightfor~v~ircl Python fimction: it t,w.kcs 
a list of numbc:rs, and rc:turns a list of rcsults. Tl~c: call t,o ParFunction tl1c11 
general rs a correspontling glol~al fimcl ion. Parsequence 1 a h  care of (list ribl~t- 
ing 111e inl)ill itrins over llie ~)rocessors. and 111e call lo global-square does 
all t ho c~)mput ;tl ion. Gafim: procmsor 0 can 0111 pul 1 ha rcsull s, il has 1 o c.ollcc.1 
t lmn fi-om all ot her procassors. This is handl(:d 1-)y 1 ha mc:lhoti reduce, which 
works irluc11 like the Pyt l~on function of the same name. except that it performs 
the reduction over all processors insteacl of over the eleirlents of a sequence. The 
argl~inenl s to reduce are t he retJ1lc.t ion opera1 ion (atit lit ion in 1 his case) and 1 he 
inii ial m111e; which is an empty list here 1)ecallse we are atltiing 1") lists. 

This program works c.orrac.1 1y intic:l~ontic:nlly- of 1 ho numb(:r of procwsors it is 
run wit l~,  wl~ic l~  can cvcn 11c liigl~cr t l ~ a n  the nuirllxx of input valucs. Howc~w.  
the program is not necessarily efficient for any nuirll~er of processors. a i d  the 
reslllt is not necessarily 1 he same. as the ortier in which the local resllll lists 
are added 1") 1-)y the rethiction operalion is not sl)ecifietl. If a11 itieiltic.al order is 
rcyuircd, t l ~ c  processes 11avc to  send their processor ID along wit11 t l ~ c  data, and 
t l ~ c  receiving proccssor must sort t l ~ c  incolrling data accorcling t o  processor ID 
1)efore performing ljhe re(11ict ion. 

One possil.)ly crit i d  a sp ( . (  of 1 his 1)rogmin is t hat eac.11 processor ileetis 
to  storc all t l ~ c  data initially. bcforc sclccting the part that it actually works 
on. TYl~cn ~vorking wit11 big data objects, it irligl~t not hc  fcasil~lc t o  l~avc each 
processor storc irlorc than t l ~ c  data for oilc iteration at t l ~ c  sairlc time. This case 
can 1)e hailtlletl wit 11 syachronizetl it era1,ions. in which each Ilrocessor hanclles one 
(la1 a ik in  1)er sk1) am1 1~11~11 syi~chronizes wit 11 1 he 0011ers in ortler 00 exchange 
data. 

4.4 Systolic Algorithms 

The ilexl, example 1)resenl s aim1 11er freq~~eni sit i~al  ion in 1)arallel programiniilg, a 
systolic algorillnn. II is usc:tl whcn somc computation has to bc donc 1-)ctmocn all 
possiblc pairs of tlat a it oms tiisIril)ut (:(I ovcr Ihc processors. In tho c:saalplc, a list 
of iteirls (letters) is clistributed over the processors, a i d  the computational task 
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is 1 o fiat1 all 1)airs of 1 ~ 1  t Prs (in a real a1)plical ion, a morp coinpl~x c o i n l ~ ~ l  a1 ion 
~vo111(1 of co11rse 1w r~qli i r~(1) .  

The priilciplc of a systolic algoritlml is simple: each data chunk is passccl 
from oilc processor to t l ~ c  nest. until after LY - 1 iterations each processor has 
seen a11 (la1 a. The new featlires that are illl~sl rated In- 1 hi5 exain1)le are ge11eral 
( oinin~ini( a1 ion aixl a u  mn~ilat ion of (la1 a in a loop. 

from Scientific.BSP import ParData, Parsequence, \ 
ParAccumulator, ParFunction, ParRootFunction, \ 
numberOfProcessors 

import operator 

# Local and global computation functions. 
def makepairs(sequence1, sequence2): 

pairs = [I 
for item1 in sequencei: 

for item2 in sequence2: 
pairs.append((item1, item2)) 

return pairs 
global-makepairs = ParFunction(makepairs) 

# Local and global output functions. 
def output (result) : 

print result 
global-output = ParRootFunction(output) 

# A list of data items distributed over the processors 
my-items = ParSequence('abcdef') 

# The number of the neighbour to the right (circular). 
neighbour-pid = ParData(1ambda pid , nprocs : [(pid+l) %nprocs] ) 

# Loop to construct all pairs. 
pairs = ~arAccumulator (operator. add, [I ) 
pairs. addValue(global~makepairs(my~items, my-items)) 
other-items = my-items 
for i in range(number0fProcessors-1): 

other-items = other-items.put(neighbour-pid) [O] 
pairs.add~alue(globa1-makepairs(my-items, other-items)) 

# Collect results on processor 0. 
all-pairs = pairs.calculateTota1~) 

# Output results from processor 0 
global-output(al1-pairs) 
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The essenl ial coinmlinical ion st el) is in 1 he line 

other- i tems = other- i tems .pu t  (neighbour-pid) [O] 

Thc ~nc>thotl pu t  i5 thc most 1)asic c ominlinic , t t i (  opc~atioa. It t,tkvs a list of 
tlcstiaation procc5sor5 (a g l o l ~ l  ohjcct) as it5 argumcmt; in this c smq~ lc .  that 
list c oat ains cxac tly one, c~lcalcmt, thv nuallhc~r of thc suc c c-ssor. Eac 11 proc cxssor 
sentls its local iepresentation to  all the destination ~)rocessois. 

In (lie example. each processor receives exac llv one data ohjrcl. wl~icli is 
cxlrx I c d  from I hv lisl 1 ) ~  ;I sl ;rntlartl inticsing ol)cml ion. T11c rcs1111 of 111~ l iw  
q11ot c d  ,thovlc~ I h i s  is t 1 1 ~  rq)1<1( (\111(\111 of t hc loc ,rl vAic~ of other-ltems I)y I hv 
local ~ a l u c  that was stored in tlic prcccding processor. 4ftcr repeating this 3 -  1 
times. each pioccssor lias sccn a11 tllc data. 

I1 is inst rlic 1 ive t o naalyze how t he svsl olic 1oo1) wolild he iinpleinenl ed using 
the polnilnr AIPI lihrarv in a lowlevel lnng~~age. Firs1 , eil her I he "it ems" haw to 
rcprcscntccl 11) arrdj s. or appropriate hlPI data t,pcs ilcccl to  bc clcfincd. Tllcn 
each processor must scncl its own data and rcccivc tlic data from its nciglibour. 
If standard send a i d  rccciw calls arc usccl. t l ~ c  progrdinincr must take carc 
11ol lo I W  111e same ortler (seatl/receive or receive/sei1(1) on all processor. as 
this creates a risk of cleatllock hlPI 1)rovitles a sl~ecial coin1)inecl sentl+receive 
o p c ~ ~ t i o n  for slic li c <lscXs. T l l ~  progrmlinc~ inlist illso ~1110c atc' a sliffic imtl) la-gcx 
rcxc civc-  buff(^. ~vl1ic11 impli(\s kilowing tlw sim ~f tllv inc oiniilg clat a. All this 

5 Conclusion 
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