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ARSTRACT expanded imace obtained fmm the Iayer immediately 

The Lnplnrion pyrontid ci?din~ is a useful image pror- 
exsi t t~  tool. !IS rrrnnine time widt o seq~~enrinf murhrnr is 
0 ( n 2 )  H F ~ P ~ P  n*n is the si:e ofrhr ori~inn/ i m a ~ r .  This pn- 
per dfsrrihes a pc~rrwllcl imp~~mrnrarinn of this ~lparithm 
on SIMD machinex like pymmidc and meshrs. In rhese 
mnrhinrs. rhr ronr~rnrd dnta ond a~socia t~r l  oprralions 
or@ ollocoted m e lernenru~  processors, a d  a nlell- 
orfanired scheduling is trsrd to ollou~ an ~venlv  disrrfb- 
ur1.d roatpurarion executed In pamllrl. Wirli a prqerly 
sizrd pymrnid nufrhin~ the n m n i n ~  rime is reduced to 
OtH) u h ~ r e  H is the pvramid's hrighl. Whtn  rhr nturhine 
is snrnller rhun rhr Lnplurirrn prmniid, fire rmnw rr di- 
vided into sqmenrr anci rhr compulurion B carried urlr 
sqrnen! hv se.cntmr, Hnn,r~ur, o prohl~nr on ~hepes iph~rv  
of tach seRrnPnr I S  ~ n c o l 4 n t ~ r ~ d .  TO rrrnedv rhis p r d ~ l e m ,  
nun rn~rhods are propos~d. The hcsr one a l l n w  a running 
r imn of fl(r?/m2 + log nt) nphrrc mLm is fhr sir* of rhc 
pvrari~idmi~chinr's Imsr. 

ahnve gives rhecomspondine: layer of  rhi Laptac~an pyr& 
mld. Thc expanded images fnrrn a p y m i d  called ex- 
pand& Gaussian pyramid. 

The Gaussian p y m i d  is thc wqucnce of the rcduccd 
low-pass liltcrctf image? {gk]= (gn. g l .  .... pH-, J ;enenred 
fmm (the original imagc) by a REDUCE funcrron: 

whcre H i s  thc hcigh a l  LhC pyrmid and w 0  is the 
weighting function. 

Expanded Gaussian Pvrarnid 

The expandcd Gaussian p y m i d  i s  Ihc scqucnce ( if  the 
expanded i m a ~ c s  { F ' ~ }  gcncmtcd fmm I&l hy "EX- 
PAND hnaic~n: 

1. INTRODUCTFON 

Our curren1 pmject. cnrried out jointly hy ESIGETEL gWk= EXPAND(gk+,) (2.3) 
and the Wnivessitt Patis-Sud. comrns the implcmcntation ? L 

of imagc coding algoritt~nis[h] with SPHINX15I. a multi- ~ ' ~ ( i j )  = 4 I;??,w(p.q)g,,,l(i-p)~. Ci-q)/2) 42.4) 
SlMD hin-pynmid machlnc dcsrgncd hy zhc Univcrsitfi p-. (I-.. 

hris-Sud in France. This papcr dcsvriks an clticient par- 
allel imp~cmcnrdinn n l  the Laptacim pyramid algo- 
rithm(21. This alpc)rithm. prescntetl hy P. J. Run and E. H. 
Adclson scveral years ago. is ured for image cumflression, 
pmgrcssivc image uansmcssinn, and other applications in 
irnagc processing domain. 

The rcaon of using a rnnrlrivcly prdllel machine i s  to 
seducc tk running timc n l  compulsrion. In this paper. we 
arc pan~cularly inrercffcd in using a p y m t d  machine 
such a? SPHINX md PAPIAr31, m ~ d  in comparing thcm 
with rncshcs like W P I  I]. 

In the FnlIwing scclions. after a hricf pmscntation of 
~ h c  Laplacian p y m i d  coding, wc prcrcnt in dctail ils par- 
allcl ~nlpIcmcntal~nn follnwed hy s p r f n m m c c  evalu- 
alinn. 

2. E.APLAClhN PYRAMID CODING 

where only the terms with (i-p) and ti-q) all cvcn an: con- 
sidered. 

h lac ian m i d  

The Laplacian p y m i d  IL,] is just the ditfcrcncc OF 
Isk] E R ' ~ ~ :  wimLH.]=&.1. 

h = g k - g ' k , k < k < C H .  (2.5) 

in our implen~enlaticln, a multi-STMD quad-pynnlid 
computcr cnnqk~s t ~ f  "log2m + 1 "  tayers o f  mesh- 
cr~nnected pmcssor?;, when: nrLm is the size of ~ h c  hasc 
mcsh. Betwecn rnesheci, thcrc arc vcrtical connections 
which form a quad-tmc wjrh ~ h c  conncctcd prrlcc?son. All 
cornmunicalion links arc bi-dircc!ional awl used to umpfer 
data hcrwccn procc~~ors. Insidc of a processor, thcrc arc a 
local menrow and a nmcessinp, unit lhat can m-i-ftmn %Tan- - 

The Laplacim pymicl coding mnsim of rwn main danl arithmetic ant! lngic cyxration%. With one contrnller 
steps: !he gcncntion or a Gauwiw pyramid and rha! of n ~r layer, all pmcessns of a layer execute the s:ime in- 
Laplacian pyramitl. Each laycr of thc Gaussian p y m i d  is structions in panllel. This pyramid scheme can k stmu- 
a low-pws tiltcrcd image rlh its lower layer, cxcep! for the fated on a mesh connected cnm uter The laycr k i.; 
hasc which 17 the original imng of size n*n. Thc dlffcr- formed hy keeping one out n l  2F*?k ~wc%sorx  in ihc 
cncc ktwccn one layer rif thc Gausdm pyramid and the mwh. Thc cnmmunicatinns on the layer 1; with eithcr r l~e 



nearest neiphhors or the parent take 2k elernentay corn- 
municarion steps. Bnrh pynmid and mesh connected corn- 
pules hcrc arc hit send machims. 

On hi! serial machlnes, a mulliptica~on or two h-hit 
variahlc~ take< a timc nf hxb elementary stcps while a 
communication of n bhit variahte ~ k c s  only h e l c m e n r q  
steps. An efficient irnplcmcntatinn will accnrdin~ly mini- 
miire the numkr ~irnult!plications. 

In [his scction. two cases arc cnnqidcrcd: S m l l  images 
nr large imaprr rmnparrd with the pyramid machine's 
haw. Pmllet implcmcntation and prformance evalu- 
atinns are prcscntcd for Lhesc two caws. Imprnvcmcnrs 
c~htaincd hy explrliting the symmetry Wpny of Ihe 
Gaussian wcighi~ng function arc also d i fuwt l .  

3.1 Implementation lor Small Images 

Small imagc rncans that thc pyramid machine has at 
Ica~r the samc s i x  a$ the Laplxian pynmid nf the image. 
A 5-hy-5 windnw i s  u d  for the Gauqsian-like weighitng 
Function w(). T k  implcmcntation is similar for othcr sii.cs 
of windnws. We considcr hew thc caw ~f gncml weight- 
ing function wilhouz ct~lficient aymmetrics. As ~ h c  win- 
dow consists nF 25 pssihIy different cclerficicnrs. a naive 
iniplerncntatinn would lcad to a 25 mulliplicalinns and 
n~n~rnunications. As multiplication i s  the most expansive 
opmtion, wc will show ihar Ihir nurnkr can he largely re- 
(luted by pflnning scvcral opcra!in~~s in parallel. 

Con<truclion of the Gaussian wramid 

As we will see later. the implcmcntation will tx caqicr, 
If a 6-hy-6 window is uwd. Hnwcvcr a 6-by-h windnw can 
Iw ilcfined without changing fhc REDUCE bnctinn. as 
I wlp.9) 11.?,+31E-2,+31 whCrc: w(p.q)=l). for p=T. nr q=3: 
and w(p.q) rmielns r k  same in ihc 5-by-5 window rnr 
othcr values of p and q. The formula 7.2 kcomc: 

Nnw. IcI's put g, (fk original imagc) on the hase of  the 
p y m i d  machine wilh one pixel per processor. Assuming 
gk already cnrnpuled and srnrtd nn the layer k a? nn ~ h c  
layer Il. the pmhlcrn b o r n e :  on thc Iaycr k i l .  h r  each 
pixcI (ij). how t c r  conlputc gk,! nnd m slow thr: result in 
pmceanr (ij). 

I f  wc split Ihc imagc in 2-hy-2 hloch, with lhe prrvious 
6-by-h wirx!ow, every block will havc '1 dtffcrcnt cnnlrihu- 
tions(see Fig. 3.1). The 6-by-h windnw IS divided inro 9 
hlnckq ar shown in Tab. 3.1. IT the window ccnrer ~(0.1)) 
is pur on the pmessor (2i.2j) of thc laycr k. as shown in 
Fig. 3.1, wc can make & local sum in cach block. callcd 
t-surnm) where h is the indcx of hlock. For example: 

We haw: gk+!(i,j) = g, I-sumfi) (3.3) 

For the pixel E i  j). the cornplation Is quite simple. Rg. 3.1 
illusrratcs a 3-stag pmcss: Stage I) on the layer k, each 
processor multiples its gk() with the corresponding wl), 
lhcn sends the rcsult to its father on rhc laycr k+l. Stage 2) 
on the layer k, we have llhc local sums t-sum() disrrihutcd 

Tnh. 3.1 The Gaussian weighting runcLinn w 0  

in 9 prtxesqon. By using horirnntal mmmunicalinns, wc 
can easily compute Ihc intcnnediatc sums: 

5 

i-surn(r)= I-sum(b3r). r=0..2 
k 1  

(3.4) 

Stage 5 )  the glnhal sum iq ohtain in a similar way: 

For parallel computation. the laycr k is divided into 2- 
hy-2 hlwks. The 4 p~xtqs(m in a block havc the Mme fa- 
ther on rhc layer ahvc.  Wc notice that a pixel cw onEy hc 
at onc ~1T1hc 4 psitinns shown in Fig. 3.1. it, a. h, c, and 
d. md thc Mock containing thc pixel can hc nnc of thc 4 
possible blncks in the 6-by-h window. i.c. 1. 1, .... 4, de- 
priding on the contrihutiom of the pilret to compute 
gksl(). Fnr a given pilrcl (i J) on the llsycr k+l. thc compu- 
tation or its E~,~() ir carried out hy using !he cnntrihtitinnq 
Imm thc pmcvrssor (2i.2j) on the laycr klnw. and its 35 
ncarcst ncighhon. So, on he laycr k. cach hlwk wilh i ts 
4 p ixc l~  can cnntrihutc 9 Inca1 sums I-sum() to its falher. 
On thc layer k+ 1. In each p m s w r  nnly the I-surn(5) is 

Iayer k+l 

Stage 1 ) Computation of 1-1 sums 

laycr k+l  

Stage 2) Computation Stage 3) Computation 
of intermediate sums of global sum, gk+,() 
Fig. 3.1 Implementation of the function REDUCE 

(Computation for the pixel (ij)) 



Tor the ccirnputatinn of its own gk+,(). othes arc for i ts  
nciphhn. For cxamplc. [-sum(!) is for tlre wurh-eavt 
nciphbr (sec Fig. 3.1). By exchanging I-sum() one by 
onc. i_sum() can k alsn cnmputcd In parallel. Thc sarnc 
niclhnd is used fnr computing thc ginM sum gk,I(). Nnw. 
wc have a 3-zlage pamllcl pnxess: Slape l )  each hlnck nn 
thc layer k. cornpulcs in cmq-cratrtm with its Fathcr. 
1-surn(h) where h = 1 ..9. one hyc ow. Stapc 22). tach pnx- 
cqsor on thc laycr k+l, hy exchanging I-sum() with its east 
and wcrt ncighhors. cnmputcs i-sum(r) where r = 0..2, nne 
hy onc. Stage 1) e,wh pmccwnr cln rhc laycr k+l. hy cx- 
changing i-sum() with ~ t s  south 3nd nonh ncighhrs. corn- 
putes Its own gk+,(). 

In this parallel implcmentarinn. [here are "9*( 1 mid+ I 
vr + I # - a d s  In the stagc 1. "?*(2 hr + 2 odd)" in the 
stage 2. and "2 hr + 2 a d s  in the stage 3, where "trdd'. 
"4-uds'. "mid", "hc" and "vr" stand {or respectively addi- 
tion. 44~prand additinn, multiplication. horizontal and 
vcnical cnmmunications. The running time i~ indc~ndent 
nf the 1aycr.s sizc. On a mesh connected computcr duc to 
thc incmasing horizonla! or v.enical communicatiun tImc, 
the runn~ng time on the layer k i s  undcr Ihc form of 
"a+h2k". where "a" ant1 "h" rcprescnt rcspxtivcly cnrnp- 
tation time and comrnunicatinn qteps. 

rnnszmction of thc Expanded Gaussian n m i d  I E ' ~ ~  
- 

In rhe formula 24, nnly the terms wilh [i-p) and (i-q) 311 
cven arc con<idcwd. Dcpeiiding on the panty nf 1 and j. 
thc formula 2,4 hccomc: (i j aIF evcn) 

whcrc wa. ww wc+ and wd are dcfined in Tab. 3.2. In bis 
tahbc. x (=a.b.c.d) is thc psition index ofthe cnefficien in 
a hlwk ar shown in Fig. 3. I .  

Tab. !.2 The function w,() with x=a. I?, c, and d 

Assuming i and j all evcn . ler'z p t  4he center of the 
window w,(l. i.c, w,(T).O). on thc pmceswr Ii j) on I ~ C  

laycr k. aq shown in Fig. 1.2. Ifcach pmceasnr on the layer 
k+ 1 sends its gk+!{) to its 4 children, after rhe fnnnvla 3.h. 
~ ' ~ ( i  J)  is just !he sum o f  gk+,() slorcd in the pmccswn a1 

psition "a" in the Mocks lmm " 1 "  rtr "9" multiplied hy fhc 
corrcsp>nding w,(). The pmcesf remains Ihc ? ; m e  for 
g'&ij+l l, gqk(i+ l .j). and gqk(i+ l .j+ t ). So, the pnllel 
cornpulation can hc similar as Tor REDUCE, cxccpt lhnr 
thc daLa movement hcrc is imrn u p r  laycr to lowcr layer. 
and the hnri~ontal cnmmunicalinn< are of 2 step, i.c. !he 
dimmce heFwCcn two pnxcswrr; who cxllhanpe data is 1. 
A simalar %age pmcss i s  used. Fig. 3.2 illuslratcs Ihc 
computation nf g'k() for thc pixcl (i.j). In rhc prcscnt psral- 
lel implcmentation, ihcrc arc "1 vc + 9*1 ntul" in Ihc stage 
1, "3* (4hc  + 2rrrW in ihc f l a g  2, and "4hr+ 2 add+ t 
nrul" in tfic stage 3.  The running timc is idso intlcptndcnr 
of the  layer'^ sitc. On a mesh connecled computcr. Ihc 
running timc remains the s m c  form as for REDUCE. 

layer k 

I 

Stage 1) Computation of wI()gk+,() 

Stage 2) Computation of intermediate sums 

Stage 3) Computation o f  global sum. g'&) 

Ag. 3.2 Implementation of the function EXPAND 
(Computation for the pixel (i j)) 

Constnrcrion of Lanlacian n m i d  LLkl 

A suhtmction in each pmccssor on thc layer k i s  suTI?- 
cient to obtain %= g, ; g',. 'Tlrc running rimc rcrnains in- 
dcpendcn~ of thc laycr s slzc. Finally. the prcscnr parallcl 
irnplemcntation d u c c s  ~ h c  oveall running rinlc nf zhc 
Laplacian pyramid algorithm tn O(lng n) or Oltl)  where tt 
is thc pyramid's ticipllt and generally lcss rhan or equal to 
(log?n + 1). and ta O(n) nr 0(2"), i f a mcrh crn-ir~crcd 
computer i s  used. 



3.2 Explnifatirm ar the weight in^ Function's Symrtwtry 

In gcneral, the Gaussian wcighting fundions am separa- 
ble and symmetric that lead to thc fr,Howing pmpcrttes: 

w(p,q) = wep,?q). and w(p.4 = wIq.p). 

D e ~ n d i n g  on the psition of a pixel within the mcsh. the 
dlffcrent coclfieent?: for mrnputing the pixel's crmtrihu- 
tions arc: 

for (2i+1.2j) or (2i,2j+J ), w(O.1) and w(t ,25: 

lor (2i+1.2j+l), w(l.1). 

So. the marimurn numkr of multiptications for a pixeI is 
reduced from 9 ro 3. tmth in REDUCE and EXPAND. In 
the previous ?-stage pmcerq. the numher of multiplica- 
lions in stage I is then minimized ta 3. As he multiplica- 
tion is the most expansive optatinn. the total running time 
i~ considenhly reduced in this case. 

3 3  Implementatinn fnr Large Images 

When I& pyramid machine i s  smaller than zhe Lapla- 
cian pyramid. we should dividc lhe image inro segmmrs 
and makc the computerinn segment hy segment. Hnwever, 
we cncountcr a prrjhlern on rhe peripkry of each segnlenr. 
lndecd. Ihc computation on thc priphery of  a qegnienrs 
nccdx ~encrnlly the cuntrihutions fmm pixels of oihcr seg- 
mcnrs nearhy. To remedy this pmhlem, wc p m p x  two 
s,rIut  ion^. 

In the f i s t  solutinn, we use fhc ~ w o  lowest levels of  the 
pyramid machinc tn computc cauh laycr or tk Laplacian 
pyramid, except thc laycrs whow size is .smaller than 
m*m. Fnr thesc Iayci-s nf small sile, the cornputallnn can 
Ix done hy thc mcrhnl presented in the suhcctnn 3.1. For 
]he construction 01 ihc Gauss~m pyramid {pk 1 .  wc dividc 
g,,, (thc irnagc to hc generated) into m,*m, segmcnts and 
dinrihurc gk on he b e  of thc machinc so Ihai each scg- 
mcnt of gk+* can hC computetl in mc paw with the pnrallel 
rncrhnd presented in rhc s u k u u n  3.E. The rn,*m, s c g  
rncnrs ol gk+l once generated. will kw mdisttihutcd on thc 
hare for the computation of gk+Z. To simplify h e  redisrri- 
hurinn ant! rctlucc rhc running timc, m, should he undcr 
rhe lorm of 2k where k i s  an intcgcr arwt as hipper as possi- 
hlc. With a 5-by-5 wcighdng window, h c  opi~mal value or 
m, i s  mJ4. According to the evaluation in thc sukction 
3.1. thc running timc for gemrating a segmenr i s  indt- 
pcndcnt of W scgmcnr's s i x .  Hnwevet, thc tediaribur~on 
of a scgment to thc haw of the rnachjnc needs a running 
time nf O(m1 duc to the horiznntal cnmmunica!inns. Sn, 
for thc llaycr k. the running time is ~ m ~ n i o n a l  ro 
1[n*n)~(2~*2~)1*fl(d4)*(m14)1 or 2" *(n-/m). 'Ihe 
m c M  is similar Tor the expanded Gaussian pyramid 
(g'k]. Finally. zfie runnin~ timc Fnr tttc Laplacinn pyra- 
m ~ d ' s  construction is O[nL/m + log m). "log m" is For h e  
t a y t s  whose S ~ Z C  is srnallcr than msm, 

The second solution consisrs of simulating a big pyra- 
mid machine on a small one. Each prmeswr on the haw 
of the machinc simulates a pyramid machine whosc haw's 
siirc is (n!rn)*(nlm). T h e  pyramid machine and thc sirnu- 
lrtcd oncr fnnn a pyramid nT "lrlg2n + 1"  Itvcls. We use 
ihe parallcl cornpulation present4 in the suhsccrion 3.1 on 
thas sirnulatcd pyramid machine. For the layer k, the run- 
nmg timc is prnpnnional In [(n*n)/{~~*2~)]/(m*rn) or 
(n+/m2K!1k. Fur tlir: cnnaructinn of thc whole Laplncian 

pyramid. rhe nrnning time is ~ ( n ~ / m ~ + l n ~  m). 73is wlu- 
tion is mom efficlenr than the limt m e .  

3.4 Simulated Time Results 

A quad-pyramid machine ww used for the pmEEel im- 
plumenration prcscntcd hcfore. The method is st111 valid 
for a h~n-pyramid machinc likc SPHINX. As the SPHINX 
protntyFe w&q tmt y ~ i  ~ a d y .  the ~rnpiemenratian was car- 
ried c~uz on a SPHINX simu2alor using *Lisp In  parallel 
programming Imguagc uscd by thc Cnnncction Ma- 
chinel4jt Tab. 3.3 glves snmc results of thc running time 
in function of the rmagc's si7x and thc machine's s ix .  All 
rcsulrs are ha~cd or] Ihe following characteristics of 
SPHINX: I h MH7 clock and 31K) n.q for I hit scrlal rnrlruc. 
tion. The weighting function w() hcre rs symmetric. 

n m H WO gt, m i n e  time 
(layers) (bit31 (hiW Ims) 

512 512 5 R X 1.2 
16 2.4 

512 2515 5 R H 1 .'9 
Ih 3.8 

512 1?R 5 H H 4.5 
Ih 9.0 

512 fA 5 8 X 15.7 
I h  3 1.4 

Tah. 3.3 Some simulated time  result^ 

4. CONCLUSION 

Wc have prc.wn!ed a parallel irnplcmentation of rhc 
L?placian pyramid ctlding on SlMD mmpurcrs, Thank to 
a spcific scheduling of data manipulation, rhc nurnkr of 
opmtions is m~nim~red. T k  ovcfidl running rimc 3% re- 
duccd to Ollog nl on a pymit l  computer and lo Q(n) 
whcn the pyramid structure is simulaie~l nn a mcsh, The 
case of large images h n ~  also hecn discussed. Ihc hcst one 
n i  rhc t w o ~ p w d  solutions givcs an ovcralt running 
rirnc of O(n /m +lug m). 
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