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A bstract

T h is  p a p e r  p re se n ts  a  d iv id e -an d -co n q u er ra y - tra c e d  vo lum e ren d e rin g  a lg o rith m  an d  a  p a ra lle l im age 

c o m p o sitin g  m e th o d , a long  w ith  th e ir  im p le m e n ta tio n  an d  p e rfo rm an ce  on th e  C o n n ec tio n  M ach ine  

C M -5, an d  n e tw o rk ed  w o rk s ta tio n s . T h is  a lg o rith m  d is tr ib u te s  b o th  th e  d a ta  an d  th e  c o m p u ta tio n s  to  

in d iv id u a l p rocessing  u n its  to  achieve fa s t, h ig h -q u a lity  ren d e rin g  o f h ig h -reso lu tio n  d a ta .  T h e  volum e 

d a ta ,  once d is tr ib u te d , is left in ta c t .  T h e  p rocessing  nodes p e rfo rm  local ra y tra c in g  o f th e ir  subvo lum e 

co n cu rren tly . N o co m m u n ica tio n  b e tw een  p rocessing  u n its  is needed  d u rin g  th is  locally  ra y - tra c in g  

p rocess. A  su b im ag e  is g e n e ra te d  by each  p rocessing  u n it an d  th e  final im age is o b ta in e d  by co m p o sitin g  

su b im ag es in th e  p ro p e r  o rd e r, w hich can  be d e te rm in e d  a  p rio ri. T est re su lts  on b o th  th e  C M -5 an d  a 

g ro u p  o f ne tw o rk ed  w o rk s ta tio n s  d e m o n s tra te  th e  p ra c tic a lity  o f o u r ren d e rin g  a lg o rith m  an d  co m p o sitin g  

m e th o d .
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1 Introduction

E x is tin g  vo lum e ren d e rin g  m e th o d s , th o u g h  cap ab le  o f m ak in g  very  effective v isu a liza tio n s , a re  very  

c o m p u ta tio n a lly  in ten siv e  an d  th e re fo re  fail to  achieve in te ra c tiv e  ren d e rin g  ra te s  fo r la rg e  d a ta  se ts . 

A lth o u g h  th e  c o m p u tin g  tech n o lo g y  co n tin u es  to  advance , th e  in crease  in c o m p u te r  p rocessing  pow er 

h as  never seem ed to  c a tc h  up  w ith  th e  in crease  in d a ta  size. O u r w ork  w as m o tiv a te d  by th e  follow ing 

o b se rv a tio n s : F ir s t ,  vo lum e d a ta  se ts  can  be q u ite  la rge , o ften  to o  la rg e  fo r a  single p ro cesso r m ach ine  

to  hold  in m em o ry  a t  once. M oreover, h igh q u a lity  vo lum e ren d e rin g s  n o rm a lly  ta k e  m in u te s  to  h o u rs  

on a  single p ro cesso r m ach in e  an d  th e  ren d e rin g  tim e  u su a lly  grow s lin ea rly  w ith  th e  d a ta  size. To 

achieve in te ra c tiv e  ren d e rin g  ra te s , u sers o ften  m u s t red u ce  th e  o rig in a l d a ta ,  w hich p ro d u ces  in ferio r 

v isu a liza tio n  re su lts . Second, m an y  acce le ra tio n  tech n iq u es  an d  d a ta  e x p lo ra tio n  tech n iq u es  fo r vo lum e 

ren d e rin g  tr a d e  m em o ry  fo r tim e , w hich re su lts  in a n o th e r  o rd e r o f m a g n itu d e  in crease  in m em o ry  use. 

T h ird , m o tio n  is one th e  m o st effective v isu a liza tio n  tech n iq u es , b u t  an  a n im a tio n  sequence  o f vo lum e 

v isu a liza tio n  n o rm a lly  ta k e s  h o u rs  to  d ay s to  g e n e ra te . F inally , we n o tice  th e  av a ilab ility  o f m assively  

p a ra lle l c o m p u te rs  an d  th e  h u n d re d s  o f h igh p e rfo rm an ce  w o rk s ta tio n s  in o u r c o m p u tin g  en v iro n m en t. 

T h ese  w o rk s ta tio n s  a re  fre q u e n tly  s it t in g  idle fo r m an y  h o u rs  a  day. A ll th e  above lead  us to  in v es tig a te  

w ays o f d is tr ib u tin g  th e  in c reasin g  a m o u n t o f d a ta  as well as th e  tim e-co n su m in g  ren d e rin g  p rocess to  

th e  tre m e n d o u s  d is tr ib u te d  c o m p u tin g  reso u rces  availab le  to  us.

In th is  p a p e r , we desc rib e  th e  re su ltin g  p a ra lle l vo lum e ren d e rin g  a lg o rith m , w hich co n sis ts  o f tw o 

p a r ts :  p a ra lle l ra y - tra c in g  an d  p a ra lle l co m p o sitin g . In o u r c u rre n t im p le m e n ta tio n  on th e  C M -5 an d  

n e tw o rk ed  w o rk s ta tio n s , th e  p a ra lle l vo lum e re n d e re r  evenly  d is tr ib u te s  d a ta  to  th e  c o m p u tin g  resou rces 

availab le . W ith o u t  th e  need to  c o m m u n ic a te  w ith  o th e r  p rocessing  u n its , each  sub v o lu m e is ra y - tra c e d  

locally  an d  g e n e ra te s  a  p a r t ia l  im age. T h e  p a ra lle l co m p o sitin g  p rocess th e n  m erges all re su ltin g  p a r tia l  

im ages in d e p th  o rd e r to  achieve th e  co m p le te  im age. T h e  c o m p o sitin g  p rocess is p a r tic u la r ly  effective for 

m assively  p a ra lle l p rocessing  as it  a lw ays m akes use o f all p rocessing  u n its  by c o n tin u o u sly  su b d iv id in g  

th e  p a r t ia l  im ages an d  d is tr ib u tin g  th e m  to  each  p rocessing  u n it. O u r te s t  re su lts  on b o th  th e  C M -5 

an d  w o rk s ta tio n s  a re  p ro m isin g , an d  expose  d iffe ren t p e rfo rm an ce  tu n in g  issues fo r each  p la tfo rm .

2 Previous Work

A n in c reasin g  n u m b e r o f p a ra lle l a rc h ite c tu re s  an d  a lg o rith m s  fo r vo lum e ren d e rin g  have been  developed . 

T h e  m a jo r  a lg o rith m ic  s tr a te g y  fo r p a ra lle liz ing  vo lum e ren d e rin g  is th e  d iv id e -an d -co n q u er p a ra d ig m . 

T h e  vo lum e ren d e rin g  p ro b lem  can  be su b d iv id ed  e ith e r  in d a ta  sp ace  o r in im age  space . W hile  d a ta -
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space  su b d iv is io n  assigns th e  c o m p u ta tio n  a sso c ia ted  w ith  p a r tic u la r  subvo lu m es to  p ro cesso rs , im age- 

space  sub d iv is io n  d is tr ib u te s  th e  c o m p u ta tio n  a sso c ia ted  w ith  p a r tic u la r  p o rtio n s  o f th e  im age space . 

D a ta -sp a c e  su b d iv is io n  is u su a lly  ap p lied  to  a  d is tr ib u te d -m e m o ry  p a ra lle l c o m p u tin g  en v iro n m en t. 

O n th e  o th e r  h a n d , im ag e-sp ace  su b d iv is io n  is sim ple  an d  efficient fo r sh a re d -m e m o ry  m u ltip ro cessin g . 

H y b rid  m e th o d s  a re  also  feasib le.

A m o n g  th e  p a ra lle l a rc h ite c tu re s  developed  w hich a re  cap ab le  o f p e rfo rm in g  in te ra c tiv e  vo lum e re n d e r­

ing, th e  P ix e l-P lan es  5 sy s tem  [5] is a  h e te ro g en eo u s  m u ltip ro cesso r g rap h ic s  sy s tem  using  b o th  M IM D  

an d  S IM D  p ara lle lism . T h e  h a rd w a re  co n sis ts  o f m u ltip le  i860 -based  G ra p h ic s  P ro cesso rs , m u ltip le  

S IM D  p ix e l-p rocesso rs a rra y s  called  R en d e re rs , an d  a  co n v en tio n a l 1280 X 1024-pixel f ram e  buffer, in te r ­

co n n ec ted  by a  five-g igab it ring  n e tw o rk . In [24], v a ria tio n s  o f p a ra lle l vo lum e ren d e rin g  im p lem en ted  

on th is  sy s tem  a re  p re sen ted . O ne ap p ro a c h  s im ila r to  th e  id ea  we p ro p o sed  ea rlie r in [12] an d  now  

e la b o ra te  in th is  p a p e r , d is tr ib u te s  d a ta  as well as ray  c a s tin g  am o n g  s e p a ra te  G ra p h ic s  P ro cesso rs  an d  

re c o n s tru c ts  th e  ray  seg m en ts  in to  co h e ren t ray s . In c o rp o ra tin g  d y n am ic  load  b a lan c in g , lo o k u p  ta b le s  

an d  p rog ressive  re fin em en t, th is  ap p ro a c h  can  re n d e r sh ad ed  im ages from  1 2 8 x 1 2 8 x 5 6  vo lum e d a ta  

a t  20 fram es  p e r second . In th e  follow ing sec tio n s, we su rv ey  m o st recen t re sea rch  re su lts  from  o th e r  

a lg o rith m ic  ap p ro ach es .

2.1 M ontani

M o n ta n i e t al. [14] p ro p o se  a  h y b rid  ra y - tra c e d  m e th o d  fo r ru n n in g  on d is tr ib u te d -m e m o ry  p ara lle l 

sy s tem s  like a  n C U B E , in w hich p rocessing  n odes a re  o rg an ized  in to  a  se t o f c lu s te rs , each  o f th e m  

co m posed  o f th e  sam e  n u m b e r o f nodes. T h e  im age  space  is p a r ti t io n e d  an d  a  su b se t o f p ixels is assigned  

to  each  c lu s te r , w hich will c o m p u te  pixel values in d ep en d en tly . D a ta  to  be v isualized  is rep lica ted  in 

each  c lu s te r , an d  is p a r ti t io n e d  am o n g  th e  local m em o ry  o f th e  c lu s te r ’s nodes. A  s ta t ic  load  b a lan c in g  

s tr a te g y  based  on e s tim a te d  w ork  load  o f each  p ro cesso r is used  to  im prove  efficiency, an d  on average  

a  tw e n ty  p e rc e n t sp eed u p  in ren d e rin g  tim e  can  be o b ta in e d . In a d d itio n , a  m ech an ism  fo r p rev en tin g  

d ead lo ck  is n ecessary  to  h an d le  th e  d ep en d en cy  be tw een  p rocessing  nodes in th e  sam e  c lu s te r . T h e  

b e s t efficiency re p o r te d  by th e  a u th o rs  w hile using  a  single c lu s te r  o f 128 nodes is 0 .74. H ow ever, w hen  

in c reasin g  th e  n u m b e r o f c lu s te rs , th e  efficiency d ro p s  sign ifican tly . F o r ex am p le , using  16 c lu s te rs  w ith  

8 nodes p e r c lu s te r , th e  efficiency re p o r te d  is on ly  0.31.
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2 . 2  N i e h

N ieh an d  Levoy [15] im p lem en t ra y - tra c e d  vo lum e ren d e rin g  on S ta n fo rd  D A SH  M u ltip ro cesso rs , a 

sca lab le  sh a re d -m e m o ry  M IM D  m ach ine . T h e ir  m e th o d  em ploys a lg o rith m ic  o p tim iz a tio n s  such  as 

h ie ra rch ica l o p a c ity  e n u m e ra tio n , e a rly  ray  te rm in a tio n , an d  a d a p tiv e  im age sam p lin g  [9]. T h e  sh a red - 

m em o ry  a rc h ite c tu re  p ro v id in g  a  single ad d re ss  space  allow s s tra ig h tfo rw a rd  im p le m e n ta tio n s . T h e  

p a ra lle l a lg o rith m  d is tr ib u te s  vo lum e d a ta  in an  in te rleav ed  fash io n  am o n g  th e  local m em ories to  avoid 

h o t s p o ttin g . T h e  ray  tra c in g  c o m p u ta tio n  is d is tr ib u te d  am o n g  th e  p ro cesso rs  by p a r ti t io n in g  th e  

im age p lan e  in to  c o n tig u o u s  b locks an d  each  p ro cesso r is s ta tic a lly  assigned  an  im age block. E ach  

block is fu r th e r  d iv ided  in to  sq u a re  im age tiles  fo r load  b a lan c in g  p u rp o ses . W h en  a  p ro cesso r is done 

c o m p u tin g  its  b lock, in s te a d  o f w a itin g , it  s te a ls  tiles  from  a  n e ig h b o rin g  p ro c e sso r’s b lock to  keep itse lf  

busy. E x p e rim e n t re su lts  show  th is  load  b a lan c in g  schem e c u ts  th e  v a ria tio n  o f ex ecu tio n  tim es  across 

th e  48 p ro cesso rs  used  by 90% . C u rren tly , each  p ro cesso r in D A SH  is a  33 M H z M IP S  R 3000. U sing  all 

48 p ro cesso rs  availab le , a  416 X 416-pixel im age fo r a  2563 d a ta  se t can  be g e n e ra te d  in su bseconds; for 

n o n a d a p tiv e  sam p lin g , th e  sp eed u p  over u n ip ro cesso r ren d e rin g  is 40.

2.3 Schroder

S ch ro d er an d  S to ll [19] develop  a  d a ta -p a ra lle l  ra y - tra c e d  vo lum e ren d e rin g  a lg o rith m  th a t  ex p lo its  

ray  p ara lle lism . T h e y  d escrib e  th e  ray  tra c in g  s te p s  as d isc re te  line d raw in g . T h is  a lg o rith m  is b o th  

m ore  m em o ry  efficient an d  less c o m m u n ica tio n s  b o u n d  th a n  an  a lg o rith m  in tro d u c e d  ea rlie r by th e  firs t 

a u th o r  [18]. T h e y  have im p lem en ted  th is  a lg o rith m  on b o th  th e  C o n n ec tio n  M ach in e  C M -2 an d  th e  

P r in c e to n  E ng ine , w hich co n sis ts  o f 2048 16-b it D S P  p ro cesso rs  a r ra n g e d  in a  ring . To allow  fo r a  SIM D  

im p le m e n ta tio n , ray s  in itia lly  e n te r  on ly  th e  f ro n t-m o s t face o f th e  vo lum e an d  p roceed  in lock s tep . 

C on seq u en tly , each  sam p le  h as  th e  sam e  local c o o rd in a te s  in a  voxel. W h en  ray s  ex it th e  fa r  face, a 

to ro id a l sh ift o f th e  d a ta  is p e rfo rm ed  an d  new  ray s a re  in itia lized  to  e n te r  th e  visib le side face o f th e  

vo lum e. A s a  re su lt, th e  ro ta t io n  ang le  se lec ted  influences a b o u t  10% o f th e  ru n tim e  o f th e  a lg o rith m . 

T ests  using  a  1283-voxel d a ta  se t on b o th  th e  C M 2 from  8K  to  32K  p ro cesso rs  in size an d  th e  P r in c e to n  

E n g in e  o f 1024 p ro cesso rs  show  su b seco n d  ren d e rin g  tim e .

2.4 V ezina

V ezina , e t al. [22] im p lem en t a  m u lti-p a ss  a lg o rith m  sim ila r to  S c h ro d e r’s on M P -1 , w hich is a  m assively  

d a ta -p a ra lle l  S IM D  c o m p u te r  w ith  a  2D  a rra y  o f p rocessing  e lem en ts  (P E s) . T h e ir  a lg o rith m , based  

on w ork  d one  by C a tm u ll an d  S m ith  [2], an d  H a n ra h a n  [7], co n v e rts  b o th  3D  ro ta t io n  an d  perspec-
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tiv e  tra n s fo rm a tio n s  in to  on ly  fo u r ID  s h e a r /s c a le  passes, co m p ared  to  S c h ro d e r’s e ig h t-p ass  ro ta tio n  

a lg o rith m  co m posed  exclusively  o f sh e a r o p e ra tio n s . V olum e tra n sp o s itio n  is th e n  p e rfo rm ed  to  localize 

d a ta  access. M P -1  p rov ides a  g lobal ro u te r  w hich allow s efficient m oving  o f d a ta  b e tw een  P E s . O n a 

1 6 K -P E  M P -1 , a  12 8 x  128-pixel vo lum e ren d e red  im age o f a  1283-voxel d a ta  can  be g e n e ra te d  in sub- 

seconds. H ow ever, it  seem s th a t  if e ith e r  a  sm alle r n u m b e r o f P E s  o r la rg e r d a ta  se ts  a re  used , th e  d a ta  

tra n sp o s itio n  tim e  can  d e g rad e  th e  p e rfo rm an ce  sign ifican tly .

3 A D ivide-and-C onquer A lgorithm

T h e  id ea  b eh in d  o u r a lg o rith m  is very  sim ple: d iv ide  th e  d a ta  up  in to  sm alle r subvo lu m es d is tr ib u te d  

to  m u ltip le  c o m p u te rs , re n d e r th e m  se p a ra te ly  an d  lo c a lly , an d  com bine  th e  re su ltin g  im ages in an  

in c re m e n ta l fash io n . W hile  m u ltip le  c o m p u te rs  a re  availab le , th e  m em o ry  d e m a n d s  on each  c o m p u te r  

a re  m o d e s t since each  c o m p u te r  need on ly  hold  a  su b se t o f th e  to ta l  d a ta  se t. T h is  a p p ro a c h  can  be used 

to  re n d e r h igh reso lu tio n  d a ta  se ts  in an  e n v iro n m e n t, fo r ex am p le , w ith  m an y  m id ran g e  w o rk s ta tio n s  

(e .g . eq u ip p ed  w ith  16M B  m em o ry ) on a  local a re a  n e tw o rk . M an y  c o m p u tin g  e n v iro n m e n ts  have 

an  a b u n d a n c e  o f such  w o rk s ta tio n s  w hich could  be h a rn essed  fo r vo lum e ren d e rin g  p ro v id ed  th a t  th e  

m em o ry  usage  on each  m ach in e  is reaso n ab le .

3.1 R ay-T raced V olum e R endering

T h e  s ta r t in g  p o in t o f o u r a lg o rith m  is th e  vo lum e ra y - tra c in g  tech n iq u e  p re sen ted  by Levoy [8]. A n im age 

is c o n s tru c te d  in im a g e  o rd e r  by c a s tin g  ray s from  th e  eye th ro u g h  th e  im age p lan e  an d  in to  th e  vo lum e 

o f d a ta .  O ne ray  p e r pixel is g en era lly  sufficien t, p ro v id ed  th a t  th e  im age  sam p le  d e n s ity  is h ig h er th a n  

th e  vo lum e d a ta  sam p le  density . U sing a  d isc re te  ren d e rin g  m odel, th e  d a ta  vo lum e is sam p led  a t  evenly  

sp aced  p o in ts  a long  th e  ray, u su a lly  a t  a  r a te  o f one to  tw o  sam p les  p e r voxel. A t each  sam p le  p o in t on 

th e  ray, a  co lor an d  an  o p a c ity  a re  c o m p u te d  using  tr i l in e a r  in te rp o la tio n  from  th e  d a ta  values a t  each 

o f th e  e ig h t n e a re s t voxels.

T h e  co lor is assigned  by ap p ly in g  a  sh ad in g  fu n c tio n  such  as th e  P h o n g  lig h tin g  m odel. A  co lor m ap  

is o ften  used  to  assign  co lors to  th e  raw  d a ta  values. T h e  no rm alized  g ra d ie n t o f th e  d a ta  vo lum e can  

be used  as th e  su rface  n o rm a l fo r sh ad in g  ca lcu la tio n s . T h e  o p a c ity  is derived  by using  th e  in te rp o la te d  

voxel values as ind ices in to  an  o p a c ity  m ap . S am p lin g  co n tin u es  u n til th e  d a ta  vo lum e is e x h a u s te d  or 

u n til th e  a c c u m u la ted  o p a c ity  reaches a  th re sh o ld  cu t-o ff value. T h e  final im age value co rre sp o n d in g  to  

each  ray  is fo rm ed  by co m p o sitin g , fro n t- to -b a c k , th e  co lors an d  o p ac itie s  o f th e  sam p le  p o in ts  a long  th e  

ray. T h e  c o lo r /o p a c ity  c o m p o sitin g  is b ased  on P o r te r  an d  D u ff ’s over o p e ra to r  [17]. I t is easy  to  verify
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t h a t  t h e  o v e r  i s  a sso c ia tive ; t h a t  i s ,

a  over (b over c) =  (a  over b) over c.

T h e  a sso c ia tiv ity  o f th e  over o p e ra to r  allow s us to  b re a k  a  ray  u p  in to  seg m en ts , p rocess th e  sam p lin g  

an d  co m p o sitin g  o f each  seg m en t in d ep en d en tly , an d  com bine  th e  re su lts  from  each  seg m en t v ia  a  final 

c o m p o sitin g  s te p . T h is  is th e  basis  fo r o u r p a ra lle l vo lum e ren d e rin g  a lg o rith m .

3.2 D ata  S u b d iv ision /L oad  B alancing

T h e  d iv id e -an d -co n q u er a lg o rith m  req u ires  t h a t  we p a r t i t io n  th e  in p u t d a ta  in to  su bvo lum es. T h e re  a re  

m an y  w ays to  p a r t i t io n  th e  d a ta ;  th e  on ly  re q u ire m e n t is t h a t  an  u n am b ig u o u s  f ro n t- to -b a c k  o rd e rin g  

can  be d e te rm in e d  fo r th e  subvo lu m es to  e s tab lish  th e  req u ired  o rd e r fo r c o m p o sitin g  su b im ag es. Ideally  

we w ould  like each  sub v o lu m e to  req u ire  a b o u t  th e  sam e  a m o u n t o f c o m p u ta tio n . In p ra c tic e , th is  

is g en era lly  n o t so m e th in g  th a t  we can  alw ays c o n tro l well. F o r ex am p le , if th e  v iew p o in t is know n 

an d  fixed, we could  p a r t i t io n  th e  vo lum e in a  m a n n e r  t h a t  m in im izes th e  o v erlap  b e tw een  th e  im ages 

re su ltin g  from  th e  su bvo lum es. T h is  will red u ce  th e  co st o f th e  m erg ing  since co m p o sitin g  need only  

be ap p lied  w here  su b im ag es o v erlap  as show n la te r . F o r an  a n im a tio n  sequence, th is  te ch n iq u e  can  n o t 

be app lied  since th e  v iew p o in t chan g es w ith  each  fram e . W e can  also  p a r t i t io n  th e  vo lum e b ased  on 

an  e s tim a tio n  o f th e  d is tr ib u tio n  o f th e  a m o u n t o f c o m p u ta tio n  w ith in  th e  vo lum e by p rep ro cessin g  th e  

vo lum e to  id en tify  h igh g ra d ie n t reg ions o r e m p ty  reg ions. In a d d itio n , we m ay  p a r t i t io n  an d  d is tr ib u te  

th e  vo lum e acco rd in g  to  th e  p e rfo rm an ce  o f in d iv id u a l c o m p u te rs  w hen  using  a  h e te ro g en eo u s  c o m p u tin g  

en v iro n m en t.

T h e  s im p lest m e th o d  is p ro b a b ly  to  p a r t i t io n  th e  vo lum e a long  p lan es p a ra lle l to  th e  c o o rd in a te  p lanes 

o f th e  d a ta .  A gain , if th e  v iew p o in t is fixed an d  know n w hen  p a r ti t io n in g  th e  d a ta ,  th e  c o o rd in a te  p lane  

m o st n ea rly  o r th o g o n a l to  th e  view  d irec tio n  can  be d e te rm in e d  an d  th e  d a ta  can  su b d iv id ed  in to  “slices” 

o rth o g o n a l to  th is  p lane . W h en  o r th o g ra p h ic  p ro je c tio n  is used , th is  will te n d  to  p ro d u ce  su b im ag es 

w ith  l i ttle  o verlap . If th e  view  p o in t is n o t know n, o r if p e rsp ec tiv e  p ro je c tio n  is used , it  is b e t te r  to  

p a r t i t io n  th e  vo lum e eq ua lly  a long  a ll c o o rd in a te  p lanes. T h is  can  be accom plished  using  a  k-D  tre e  

s t ru c tu re  [1], w ith  a lte rn a tin g  b in a ry  su b d iv is io n  o f th e  c o o rd in a te  p lan es a t  each  level in th e  tre e  as 

in d ic a te d  in F ig u re  1. A s show n la te r , th is  s t ru c tu re  p rov ides a  nice m ech an ism  fo r im age  co m p o sitin g .

A s show n in F ig u re  2, w hen  a  vo lum e o f g rid  p o in ts  (voxels) is evenly  su b d iv id ed  in to , fo r exam ple , 

tw o  su bvo lum es, each  subv o lu m e m ay  c o n ta in  h a lf  o f th e  to ta l  g rid  p o in ts . N o te  t h a t  each  voxel is 

lo c a te d  a t  a  co rn e r o f th e  g rid . C on seq u en tly , th o se  ray  sam p les  t h a t  lie in th e  c u t b o u n d a ry  reg ion  ( th e
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F ig u re  1: k -D tre e  S ubd iv ision  o f a  D a ta  V olum e

d o tte d  reg ion) a re  lo st. If th e  view  v ec to r  is p a ra lle l to  th e  c u t p lane , a  b lack  s tr ip  will a p p e a r  a t  each 

c u t b o u n d a ry  in th e  co m p o sited  im age. In o rd e r to  avoid  th is  p ro b lem , we need to  rep lica te  one layer 

o f th e  b o u n d a ry  g rid  a t  each  sub v o lu m e so th e  co m p o sited  ra y -c a s tin g  im age does n o t d ro p  o u t fe a tu re s  

o rig ina lly  in th e  vo lum e. F o r th e  case show n in F ig u re  2, one possib le  a r ra n g e m e n t is t h a t  S ubvo lum e f 

inc ludes layer 1 to  layer k  an d  S ubvo lum e 2 inc ludes layer k  to  layer n; t h a t  is, in S ubvo lum e 2, layer k  

is rep lica ted .

3.3 Parallel R endering

W e use ra y -c a s tin g  b ased  vo lum e ren d erin g . E ach  c o m p u te r  can  p e rfo rm  ra y tra c in g  in d ep en d en tly ; th a t  

is, th e re  is no d a ta  co m m u n ica tio n  req u ired  d u rin g  th e  sub v o lu m e ren d erin g . A ll subvo lu m es a re  ren d ered  

using  an  id en tica l view  p o sitio n  an d  on ly  ray s  w ith in  th e  im age reg ion  covering  th e  c o rre sp o n d in g  

subv o lu m e a re  c a s t an d  sam p led . Since we sam p le  a long  each  ray  a t  a  p re d e te rm in ed  in te rv a l, co n s is ten t 

sam p lin g  lo ca tio n s  m u s t be en su red  fo r all subvo lu m es so we can  re c o n s tru c t th e  o rig in a l vo lum e. A s 

show n in F ig u re  3, fo r ex am p le , th e  lo ca tio n  o f th e  firs t sam p le  5*2(1) on th e  ray  show n in S ubvo lum e

2 shou ld  be ca lc u la ted  c o rre c tly  so t h a t  th e  d is ta n c e  b e tw een  5*2(1) an d  S \ ( n )  is eq u iv a len t to  th e  

p re d e te rm in ed  in te rv a l. O th e rw ise , sm all fe a tu re s  in th e  d a ta  m ig h t be lo st o r en h an ced  in an  e rro n eo u s
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F ig u re  2: V olum e B o u n d a ry  R ep lica tio n .

3.4  Im age C om p osition

T h e  final s te p  o f o u r a lg o rith m  is to  m erge  ray  seg m en ts  an d  th u s  all p a r t ia l  im ages in to  th e  final to ta l  

im age. In o rd e r to  m erge, we need to  s to re  n o t on ly  th e  co lor a t  each  pixel b u t  also  th e  acc u m u la ted  

o p a c ity  th e re . A s d esc rib ed  ea rlie r, th e  ru le  fo r m erg ing  su b im ag es is b ased  on th e  over co m p o sitin g  

o p e ra to r . W h en  all su b im ag es a re  ready , th e y  a re  co m p o sited  in a  f ro n t- to -b a c k  o rd e r. F o r a  s t r a ig h t­

fo rw ard  o n e-d im en sio n a l d a ta  p a r t i t io n , th is  o rd e r is also  s tra ig h tfo rw a rd . W h en  using  th e  k-D  tre e  

s tru c tu re , th is  f ro n t- to -b a c k  im age c o m p o sitin g  o rd e r can  th e n  be d e te rm in e d  h ie ra rch ica lly  by a  re c u r­

sive tra v e rsa l o f th e  k-D  tre e  s tru c tu re , v is itin g  th e  “f ro n t” child  befo re  th e  “b ack ” child . T h is  is s im ila r 

to  well know n f ro n t- to -b a c k  tra v e rsa ls  o f B S P -tre e s  [4] an d  o c tree s  [3]. In a d d itio n , th e  h ie ra rch ica l 

s t ru c tu re  p rov ides a  n a tu ra l  w ay  to  accom plish  th e  c o m p o sitin g  in para lle l: s ib ling  nodes in th e  tre e  

m ay  be p rocessed  co n cu rren tly .

A  naive a p p ro a c h  fo r m erg ing  th e  p a r t ia l  im ages is to  do  b in a ry  co m p o sitin g . B y p a irin g  up  c o m p u te rs  

in o rd e r o f co m p o sitin g , each  d is jo in t p a ir  p ro d u ces  a  new  su b im ag e . T h u s  a f te r  th e  firs t s ta g e , we a re  

left w ith  th e  ta s k  o f c o m p o sitin g  on ly  j  su b im ag es. T h e n  we use h a lf  th e  n u m b e r o f th e  o rig inal 

c o m p u te rs , an d  p a ir  th e m  u p  fo r th e  n e x t level co m p o sitin g . C o n tin u in g  sim ilarly , a f te r  lo g  n  s tag es , 

th e  final im age is o b ta in e d . O ne p ro b lem  fo r th e  above m e th o d s  is t h a t  d u rin g  th e  co m p o sitin g  p rocess 

co m p o sitin g , m an y  c o m p u te rs  becom e idle. A t th e  to p  o f th e  tre e , on ly  one p ro cesso r is ac tiv e , do ing  

th e  final co m p o site  fo r th e  e n tire  im age. W h en  ru n n in g  on a  m assively  p a ra lle l c o m p u te r  like C M -5 

w ith  th o u sa n d s  o f p ro cesso rs , th is  w ould  s ig n ifican tly  affect th e  overall p e rfo rm an ce ; consequen tly , th e
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c o m p o sitin g  p rocess w ould  becom e a  b o ttle n e c k  w hen  in te ra c tiv e  ren d e rin g  ra te s  a re  d esired . To avoid 

th is  p ro b lem , we have genera lized  th e  b in a ry  co m p o sitin g  m e th o d  so t h a t  every  p ro cesso r p a r tic ip a te s  

in all th e  s ta g e s  o f th e  co m p o sitin g  p rocess. W e call th e  new  schem e b in a ry -s w a p  co m p o sitin g . T h e  key 

id ea  is th a t ,  a t  each  c o m p o sitin g  s ta g e , th e  tw o  p ro cesso rs  involved in a  co m p o site  o p e ra tio n  sp lit th e  

im age p lan e  in to  tw o  pieces an d  each  p ro cesso r ta k e s  re sp o n sib ility  fo r one o f th e  tw o  pieces.

In th e  ea rly  p h ases  o f th e  a lg o rith m , each  p ro cesso r is resp o n sib le  fo r a  la rg e  p o rtio n  o f th e  im age 

a rea , b u t  th e  im age  a re a  is u su a lly  sp a rse  since it  inc ludes c o n tr ib u tio n s  on ly  from  a  few  p rocesso rs. 

In la te r  ph ases , as we m ove up  th e  co m p o sitin g  tre e , th e  p ro cesso rs  a re  resp o n sib le  fo r a  sm alle r an d  

sm alle r p o rtio n  o f th e  im age a rea , b u t  th e  sp a rs ity  d ecreases  since an  in c reasin g  n u m b e r o f p rocesso rs  

have c o n tr ib u te d  im age d a ta .  A t th e  to p  o f th e  tre e , all p ro cesso rs  have co m p le te  in fo rm a tio n  fo r a  sm all 

re c tan g le  o f th e  im age. T h e  final im age can  be c o n s tru c te d  by tilin g  th e se  su b im ag es o n to  th e  d isplay .

F ig u re  4 i l lu s tra te s  th e  b in a ry -s w a p  c o m p o sitin g  a lg o rith m  g rap h ica lly  fo r fo u r p ro cesso rs . W h en  all 

fo u r c o m p u te rs  finish ra y -tra c in g  locally, each  c o m p u te r  ho lds a  p a r t ia l  im age, as d ep ic ted  in (a ). T h en  

each  p a r t ia l  im age is su b d iv id ed  in to  tw o  half-im ages by sp lit t in g  a long  th e  X  ax is. In o u r ex am p le , as 

show n in (b ), C o m p u te r  1 keeps on ly  th e  left ha lf-im age an d  sen d s its  r ig h t h a lf-im age to  its  im m ed ia te - 

r ig h t sib ling , w hich is C o m p u te r  2. C onversely , C o m p u te r  2 keeps its  r ig h t ha lf-im age, an d  sen d s its  

left h a lf-im age to  C o m p u te r  1. B o th  c o m p u te rs  th e n  co m p o site  th e  h a lf  im age th e y  keep w ith  th e  h a lf
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im age th e y  receive. A  s im ila r exch an g e  an d  co m p o sitin g  o f p a r t ia l  im ages is d one  b e tw een  C o m p u te r

3 an d  4. A fte r  th e  firs t s ta g e , each  c o m p u te r  on ly  ho lds a  p a r t ia l  im age th a t  is h a lf  th e  size o f th e  

o rig in a l one. In th e  n e x t s ta g e , C o m p u te r  1 a l te rn a te s  th e  im age  su b d iv is io n  d irec tio n . T h is  tim e  it 

keeps th e  u p p e r  h a lf-im age an d  sends th e  low er h alf-im age to  its  se c o n d -im m e d ia te -r ig h t sib ling , w hich 

is C o m p u te r  3, as show n in (c). C onversely , C o m p u te r  3 tra d e s  its  u p p e r  h a lf-im age fo r C o m p u te r  l ’s 

low er half-im age fo r co m p o sitin g . C o n cu rren tly , a  s im ila r exch an g e  an d  co m p o sitin g  b e tw een  C o m p u te r  

2 an d  4 a re  done. A fte r  th is  s ta g e , each  c o m p u te rs  hold  on ly  o n e -fo u rth  o f th e  o rig in a l im age. F o r th is  

ex am p le , we a re  d one  an d  each  c o m p u te r  sends its  im age  to  th e  d isp lay  device. T h e  final co m p o sited  

im age is show n in (d ). I t  h as  been  b ro u g h t to  o u r a t te n tio n  th a t  a  s im ila r m erg ing  a lg o rith m  h as been 

developed  in d e p e n d e n tly  by M ack e rra s  [13].

F ig u re  5 show s th e  p su ed o  code o f th e  sam e  co m p o sitin g  a lg o rith m  w hen  th e  n u m b e r o f p rocesso rs  

(nproc) is a  p e rfec t pow er o f tw o . W e assu m e  th a t  p ro cesso rs  a re  n u m b ered  from  0 to  nproc-1 an d  

th a t  self is an  in teg e r c o n ta in in g  th e  c u rre n t p ro cesso r n u m b er. T h e re  a re  log 2 (nproc) p h ases  an d  a 

p h ase  co rre sp o n d in g  to  each  level in th e  c o m p o sitin g  tre e . D u rin g  each  ph ase , each  p ro cesso r exchanges 

d a ta  w ith  its  p a r tn e r  t h a t  is stride aw ay from  it. T h e  stride value s te p s  from  1 up  to  np^oc in pow ers 

o f 2.

In o u r c u rre n t im p le m e n ta tio n , th e  n u m b e r o f p ro cesso rs  (nproc) m u st be a  p e rfec t pow er o f tw o . T h is  

sim plifies th e  c a lcu la tio n s  needed  to  id en tify  th e  co m p o sitin g  p a r tn e r  a t  each  s ta g e  o f th e  c o m p o sitin g  tre e  

an d  en su res  t h a t  all p ro cesso rs  a re  ac tiv e  a t  every  co m p o sitin g  p h ase . T h e  a lg o rith m  can  be genera lized  

to  re lax  th is  re s tr ic tio n  if th e  co m p o sitin g  tre e  is k ep t as a  full (b u t n o t n ecessarily  co m p le te ) b in a ry  

tre e , w ith  som e a d d itio n a l co m p lex ity  in th e  co m p o sitin g  p a r tn e r  c o m p u ta tio n  an d  w ith  som e p rocesso rs  

rem a in in g  idle d u rin g  th e  firs t co m p o sitin g  phase .

4 Im plem entation  o f the R enderer

W e have im p lem en ted  tw o  versions o f o u r d is tr ib u te d  vo lum e ren d e rin g  a lg o rith m : one on th e  C M -5 an d  

a n o th e r  on g ro u p s  o f n e tw o rk ed  w o rk s ta tio n s . O u r im p le m e n ta tio n  is co m posed  o f th re e  m a jo r  pieces 

o f code: a  d a ta  d is tr ib u to r , a  ren d e re r , an d  an  im age c o m p o s ito r . C u rren tly , th e  d a ta  d is tr ib u to r  is a 

p a r t  o f th e  h o s t p ro g ra m  w hich read s  d a ta  piece by piece from  d isk  an d  d is tr ib u te s  to  each  m ach ine  

p a r tic ip a tin g . A lte rn a tiv e ly , each  node  p ro g ra m  could  read  th e ir  piece from  d isk  d irec tly .

T h e  re n d e re r  im p lem en ts  a  co n v en tio n a l ra y - tra c e d  vo lum e ren d e rin g  a lg o rith m  [8] using  a  P h o n g  

lig h tin g  m odel [16]. O u r re n d e re r  is a  basic  re n d e re r  an d  is n o t h igh ly  tu n e d  fo r b e s t p e rfo rm an ce .
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L 1 + L 2

T 1

B1

T 1 + T 3

U p p e r - L e f t

( a )

R 1 + R 2  L 3 + L 4

T 3

B 3

(b )

T 2 + T 4

B 1 + B 3

U p p e r - R ig h t

L o w e r - L e f t
( c )

(d )

L 4  R 4  

R 3 + R 4

T 4

B 4

B 2 + B 4

L o w e r - R ig h t

F ig u re  4: P a ra lle l C o m p o s itin g  P ro cess .
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In itia lize  im age p lan e  to  e n tire  im age; 

for(stride=l; stride<nproc; stride * =  2)
{

p a r tn e r  =  self X O R  stride;
S u b d iv id e  im age p lane;

E x ch an g e  im age d a ta  w ith  p a r tn e r ;

C o m p o s ite  o u r p a r t  o f th e  rem ain in g  
im age  p lan e  w ith  p a r tn e rs  im age d a ta ;

}

F ig u re  5: P su e d o  C o d e  fo r B in a ry -S w ap  C o m p o sitin g

C o m p a re d  to  a  p e rfo rm an ce  tu n e d  ra y - tra c e d  vo lum e ren d e rin g  p ro g ra m  we im p lem en ted  p rev io u sly  [10], 

we e s tim a te  t h a t  th e  c u rre n t im p le m e n ta tio n  o f th e  re n d e re r  can  be fu r th e r  im p ro v ed  in speed  by 10-15% . 

In fa c t, d a ta  d e p e n d e n t o p tim iz a tio n  m e th o d s  m ig h t affect load  b a lan c in g  decisions by acce le ra tin g  th e  

p ro g ress  on som e p ro cesso rs  m ore  th a n  o th e rs . F o r ex am p le , a  p ro cesso r tra c in g  th ro u g h  e m p ty  space  

will p ro b a b ly  finish before  a n o th e r  p ro cesso r w ork ing  on a  dense  sec tio n  o f th e  d a ta .  W e a re  c u rre n tly  

exp lo rin g  d a ta  d is tr ib u tio n  h eu ris tic s  t h a t  can  ta k e  th e  co m p lex ity  o f th e  subvo lu m es in to  a cco u n t w hen  

d is tr ib u tin g  th e  d a ta  to  en su re  eq u a l load  on all p rocesso rs.

F o r sh ad in g  th e  vo lum e, su rface  n o rm a ls  a re  a p p ro x im a te d  as local g ra d ie n ts  using  c e n tra l d ifferencing . 

W e tr a d e  m em o ry  fo r tim e  by p re c o m p u tin g  an d  s to r in g  th e  th re e  co m p o n e n ts  o f th e  g ra d ie n t a t  each 

voxel. A s an  ex am p le , fo r a  d a ta  se t o f size 2 5 6 x 2 5 6 x 2 5 6 , m ore  th a n  200 m e g a b y te  a re  req u ired  to  s to re  

b o th  th e  d a ta  an d  th e  p re c o m p u te d  g ra d ie n ts . T h is  m em o ry  re q u ire m e n t p re v e n ts  us from  seq u en tia lly  

ren d e rin g  th is  d a ta  se t on m o st o f o u r w o rk s ta tio n s .

4.1 CM -5 and C M M D  3.0

T h e  C M -5 is a  m assively  p a ra lle l su p e rc o m p u te r  w hich su p p o r ts  b o th  th e  S IM D  an d  M IM D  p ro g ra m m in g  

m odels [20]. T h e  C M -5 in th e  A d vanced  C o m p u tin g  L a b o ra to ry  a t  Los A lam o s N a tio n a l L a b o ra to ry  

h as  1024 nodes, each  o f w hich is a  S p arc  m ic ro p ro cesso r w ith  16M B  o f local R A M  an d  fo u r 6 4 -b it w ide 

v ec to r  u n its . W ith  fo u r v ec to r  u n its  u p  to  128 o p e ra tio n s  can  be p e rfo rm ed  by a  single in s tru c tio n . T h is  

y ields a  th e o re tic a l speed  o f 128 G F lo p s  fo r a  1024-node C M -5. T h e  nodes can  be d iv ided  in to  p a r ti t io n s  

w hose size m u s t be a  pow er o f tw o . A  u s e r ’s p ro g ra m  is c o n s tra in e d  to  o p e ra tin g  w ith in  a  p a r ti t io n . 

O u r C M -5 im p le m e n ta tio n  o f th e  p a ra lle l vo lum e re n d e re r  ta k e s  a d v a n ta g e s  o f th e  M IM D  p ro g ra m m in g  

fe a tu re s  o f th e  C M -5. M IM D  p ro g ra m s use C M M D , a  m essage  passin g  lib ra ry  fo r c o m m u n ica tio n s  an d

11



sy n ch ro n iza tio n , w hich su p p o r ts  e ith e r  a  ho stless  m odel o r a  h o s t /n o d e  m odel [21].

W e choose th e  h o s t /n o d e  p ro g ra m m in g  m odel o f C M M D  b ecau se  we w a n te d  th e  o p tio n  o f using  X- 

w indow s to  d isp lay  d ire c tly  from  th e  C M -5. T h e  h o s t p ro g ra m  d e te rm in e s  w hich d a ta -sp a c e  p a r ti t io n in g  

to  use, b ased  on th e  n u m b e r o f nodes in th e  C M -5 p a r t i t io n , an d  sen d s th is  in fo rm a tio n  to  th e  nodes. T h e  

h o s t th e n  o p tio n a lly  read s  in th e  vo lum e to  be ren d e red  an d  b ro a d c a s ts  it  to  th e  nodes. A lte rn a tiv e ly , th e  

d a ta  can  be read  d ire c tly  from  th e  D a ta V a u lt  o r Scalab le  D isk  A rra y  in to  th e  nodes local m em ory . T h e  

h o s t th e n  b ro a d c a s ts  th e  o p a c ity /c o lo rm a p  an d  th e  tra n s fo rm a tio n  in fo rm a tio n  to  th e  nodes. F inally , 

th e  h o s t p e rfo rm s an  I /O  serv ic ing  loop  w hich receives th e  ren d e red  p o rtio n s  o f th e  im age from  th e  

nodes.

T h e  n ode  p ro g ra m  beg ins by receiv ing  its  d a ta -sp a c e  p a r ti t io n in g  in fo rm a tio n  an d  th e n  its  p o r tio n  of 

th e  d a ta  from  th e  h o st. I t  th e n  u p d a te s  th e  tra n s fe r  fu n c tio n  an d  th e  tra n s fo rm  m a tric e s . Follow ing th is  

s te p , th e  nodes all ex ecu te  th e ir  ow n copy  o f th e  ren d e re r . T h e y  sy n ch ro n ize  a f te r  th e  ren d e rin g  an d  

befo re  e n te rin g  th e  co m p o sitin g  p h ase . O nce th e  co m p o sitin g  is fin ished , each  n ode  h as  a  p o rtio n  o f th e  

im age th a t  th e y  th e n  send  back  to  th e  h o s t fo r d isplay .

4.2 N etw orked W orkstations and P V M  3.1

U nlike a  m assively  p a ra lle l su p e rc o m p u te r  d e d ic a tin g  un ifo rm  an d  in ten siv e  c o m p u tin g  pow er, a  n e tw o rk  

c o m p u tin g  e n v iro n m e n t p rov ides n o n d e d ic a te d  an d  s c a tte re d  c o m p u tin g  cycles. T h u s , using  a  se t o f high 

p e rfo rm an ce  w o rk s ta tio n s  co n n ec ted  by an  E th e rn e t , o u r goal is to  se t u p  a  vo lum e ren d e rin g  fac ility  for 

h an d lin g  la rg e  d a ta  se ts  an d  b a tc h  a n im a tio n  jo b s . T h a t  is, we h ope  th a t  by using  m an y  w o rk s ta tio n s  

co n cu rren tly , th e  ren d e rin g  tim e  will d ecrease  lin ea rly  an d  we will be ab le  to  re n d e r d a ta  se ts  t h a t  a re  

to o  la rg e  to  re n d e r on a  single m ach ine . N o te  t h a t  rea l- tim e  ren d e rin g  is g en era lly  n o t ach ievab le  in such 

en v iro n m en t.

W e use P V M  (P a ra lle l V ir tu a l M ach ine) [6], a  p a ra lle l p ro g ra m  d ev e lo p m en t e n v iro n m e n t, to  im p le­

m en t th e  d a ta  c o m m u n ica tio n s  in o u r a lg o rith m . P V M  allow s us to  im p lem en t o u r a lg o rith m  p o r ta b ly  

fo r use on a  v a rie ty  o f w o rk s ta tio n  p la tfo rm s . To ru n  a  p ro g ra m  u n d e r P V M , th e  u ser firs t ex ecu tes  a 

d aem o n  process on th e  local h o s t m ach ine , w hich in tu rn  in itia te s  d aem o n  processes on all o th e r  rem o te  

m ach in es  used . T h e n  th e  u s e r ’s ap p lic a tio n  p ro g ra m  (th e  n ode  p ro g ra m ), w hich shou ld  reside on each 

m ach in e  used , can  be invoked on each  re m o te  m ach in e  by a  local h o s t p ro g ra m  v ia  th e  d aem o n  p ro ­

cesses. C o m m u n ic a tio n  an d  sy n ch ro n iza tio n  b e tw een  th e se  u ser p rocesses a re  co n tro lled  by th e  d aem o n  

p rocesses, w hich g u a ra n te e  re liab le  delivery.

A  h o s t /n o d e  m odel h as  also  been  used . A s a  re su lt, th e  w ay it  h as  been  im p lem en ted  is very  s im ila r to
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t h a t  o f C M -5 ’s. In fa c t, th e  on ly  d is tin c t d ifference b e tw een  th e  w o rk s ta t io n ’s an d  C M -5 ’s im p le m e n ta tio n  

(source  p ro g ra m ) is th e  co m m u n ica tio n  calls. B asically , fo r m o st o f th e  basic  co m m u n ica tio n  fu n c tio n s , 

P V M  3.1 an d  C M M D  3.0 have o n e-to -o n e  equivalence.

5 Tests

W e used  th re e  d iffe ren t d a ta  se ts  fo r o u r te s ts . T h e  v o r t ic i ty  d a ta  se t is a  2 5 6 x 2 5 6 x 2 5 6  voxel C F D  d a ta  

se t, c o m p u te d  on a  C M -200, show ing  th e  o n se t o f tu rb u le n c e . T h e  h ea d  d a ta  se t is th e  now  classic U N C  

C h ap e l Hill C T  h ead  a t  a  size o f 1 2 8 x 1 2 8 x 1 2 8 . T h e  v e s se l  d a ta  se t is a  2 5 6 x 2 5 6 x 1 2 8  voxel M ag n e tic  

R eso n an ce  A n g io g rap h y  (M R A ) d a ta  se t show ing  th e  v ascu la r s t ru c tu re  w ith in  th e  b ra in  o f a  p a tie n t. 

A ll te s t  re su lts  a re  p re sen ted  g rap h ica lly  w ith  th e  d iscussion . T ab les o f a c tu a l n u m b ers  a re  p laced  in 

A p p en d ices  to  th is  p a p e r  fo r in te re s te d  read e rs . F ig u re  6 i l lu s tra te s  th e  co m p o sitin g  p rocess d esc rib ed  in 

F ig u re  4, using  th e  im ages g e n e ra te d  w ith  th e  v e s se l  d a ta  se t. S im ilarly , each  co lum n  show s th e  im ages 

from  one p ro cesso r, w hile th e  row s a re  th e  p h ases  o f th e  co m p o sitin g  a lg o rith m . T h e  final im age is 

d isp layed  a t  th e  b o tto m .

5.1 CM -5

W e p erfo rm ed  m u ltip le  e x p e rim e n ts  on th e  C M -5 using  p a r t i t io n  sizes o f 32, 64, 128, 256 an d  512. W h en  

th e se  te s ts  w ere ru n , a  1024 p a r t i t io n  w as n o t availab le . T im in g  re su lts  a re  show n in F ig u re  7, 9 an d  11 for 

th e  head, v e s se l  an d  v o r t ic i ty  d a ta  se ts  respective ly . T h e  tim es  show n in g ra p h s  (an d  ta b le s  in A p p en d ix  

A) a re  th e  m ax im u m  tim es  fo r all th e  nodes fo r th e  tw o  s te p s  o f th e  core  a lg o rith m : th e  ren d e rin g  s te p  

an d  th e  c o m p o sitin g  s te p . A ll tim es  a re  given in seconds. T h e  co rre sp o n d in g  sp eed u p  g ra p h s  a re  show n 

in F ig u re  8, 10, an d  12. N o te  t h a t  th e  sp eed u p  w as also  m easu red  fo r th e  core  a lg o rith m  an d  it  is a 

fu n c tio n  o f th e  32 node  ru n n in g  tim e .

L ook ing  a t  F ig u re  7, 9 an d  11, it  is easy  to  see t h a t  ren d e rin g  tim e  d o m in a te s  th e  p rocess. I t  shou ld  be 

n o te d  th a t  th is  im p le m e n ta tio n  does n o t ta k e  a d v a n ta g e  o f th e  C M -5 v ec to r  u n its . W e ex p ec t m uch fa s te r  

c o m p u ta tio n  ra te s  in th e  re n d e re r  w hen  th e  v ec to rized  code is co m p le ted . A s th e re  is no co m m u n ica tio n  

in th e  ren d e rin g  s te p , one m ig h t ex p ec t lin ea r sp eed u p  w hen  u tiliz ing  m ore  p ro cesso rs . A s can  be seen 

from  th e  th re e  sp eed u p  g ra p h s , th is  is n o t a lw ays th e  case d u e  to  th e  load  b a lan ce  p ro b lem s. T h e  

v o r t ic i ty  d a ta  se t is re la tiv e ly  dense  (i.e. it  c o n ta in s  few  e m p ty  voxels) an d  th e re fo re  e x h ib its  n ea rly  

lin ea r sp eed u p . O n th e  o th e r  h a n d , b o th  th e  h ea d  an d  th e  v e s se l  d a ta  se ts  co n ta in  m an y  e m p ty  voxels 

w hich u n b a lan ce  th e  load  an d  th e re fo re  do  n o t ex h ib it th e  b e s t sp eed u p . F ig u re  12 d e m o n s tra te s  th a t  

fo r th e  v o r t ic i ty  d a ta  se t, o u r im p le m e n ta tio n  achieves very  good  sp eed u p  fo r all im age sizes ex cep t
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F ig u re  6: I llu s tra tio n  o f th e  P a ra lle l Im age  C o m p o sitin g  P ro cess  using  th e  Vessel D a ta  S et. E ach  co lum n 
show s th e  im ages from  one p ro cesso r, w hile th e  row s a re  th e  p h ases o f th e  co m p o sitin g  a lg o rith m . T h e  
final im age  is d isp layed  a t  th e  b o tto m .
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6 4 x 6 4 . T h e  ren d e rin g  o f th e  6 4 x 6 4  im age ex h ib its  less sp eed u p  th a n  la rg e r im age sizes d u e  to  overh ead  

co s ts  a sso c ia ted  w ith  th e  ren d e rin g  an d  co m p o sitin g  s tep s . In p a r tic u la r , th e  co m p o sitin g  s te p  show ed 

a  sp eed u p  o f on ly  1.46 w hen  going  from  32 n odes to  512 nodes. F o r all im age re so lu tio n s  above 6 4 x 6 4 , 

th e  overall sp eed u p  w as n ea rly  th e  sam e.

T h e  co m p o sitin g  s ta g e  req u ires  co m m u n ica tio n  b e tw een  p a irs  o f n odes to  p e rfo rm  th e  a c tu a l com ­

p o sitin g . In th e  case o f th e  v o rtic ity  d a ta  se t, F ig u re  13 show s th e  co m p o sitin g  tim e  in solid lines an d  

th e  co m p o sitin g  tim e  w ith  th e  co m m u n ica tio n  tim e  rem oved  in d o tte d  lines fo r d iffe ren t sized C M -5 

p a r ti t io n s . T h e  co m m u n ica tio n  tim e  varied  from  a b o u t 10 p e rc e n t to  a b o u t 3 p e rc e n t o f th e  to ta l  com ­

p o sitin g  tim e . A s th e  im age size increases, b o th  th e  co m p o sitin g  tim e  an d  th e  co m m u n ica tio n  tim e  also 

increase . F o r a  fixed im age size, in c reasin g  th e  p a r t i t io n  size low ers th e  co m m u n ica tio n  tim e  because  

each  n ode  c o n ta in s  a  p ro p o rtio n a lly  sm a lle r piece o f th e  im age.

W e also  m easu red  th e  d a ta  d is tr ib u tio n  tim e  an d  im age g a th e r in g  tim e . T h e  d a ta  d is tr ib u tio n  tim e  

inc ludes th e  tim e  it  ta k e s  to  read  th e  d a ta  over N F S  a t  E th e rn e t  speed s on a  load ed  E th e rn e t .  T h e  

im age g a th e r in g  tim e  is th e  tim e  it  ta k e s  fo r th e  nodes to  send  th e ir  co m p o sited  im age tiles  to  th e  h o st. 

W hile  o th e r  p a r t i t io n s  w ere also  ru n n in g , th e  d a ta  d is tr ib u tio n  tim e  could  v a ry  d ra m a tic a lly  d u e  to  

th e  d isk  an d  E th e rn e t  c o n te n tio n . T ak in g  th e  v o r t ic i ty  d a ta  se t as an  ex am p le , th e  d is tr ib u tio n  d a ta  

varied  from  40 to  90 seconds reg a rd less  o f th e  p a r t i t io n  size. F o r th e  above te s ts , a  6 4 x 6 4  im age can  be 

g a th e re d  w ith in  0.01 seconds an d  a  5 1 2 x 5 1 2  im age w ith in  1 second . F o r th e  sam e  im age size, th e  im age 

g a th e r in g  tim e  is on ly  slig h tly  slow er fo r la rg e r p a r t i t io n s  w hich have m ore  im age-tiles. B o th  o f th e  d a ta  

d is tr ib u tio n  tim e  an d  im age  g a th e r in g  tim e  will be m itig a te d  by use o f th e  p a ra lle l s to ra g e  an d  th e  use 

o f th e  H IP P I  fram e  buffer.

5.2 N etw orked W orkstations

F or o u r w o rk s ta tio n  te s ts ,  we used  a  se t o f 32 h igh p e rfo rm an ce  w o rk s ta tio n s . T h e  firs t fo u r m ach ines 

w ere IB M  R S /6 0 0 0 -5 5 0  w o rk s ta tio n s  eq u ip p ed  w ith  512 M B  o f m em ory . T h ese  w o rk s ta tio n s  a re  ra te d  

a t  81.8 S P E C fp 9 2 . T h e  n e x t 12 m ach in es w ere H P 9 0 0 0 /7 3 0  w o rk s ta tio n s , som e w ith  32 M B  an d  o th e rs  

w ith  64 M B . T h ese  m ach in es  a re  ra te d  a t  86 .7  S P E C fp 9 2 . T h e  rem a in in g  16 m ach ines w ere Sun  S parc- 

1 0 /3 0  w o rk s ta tio n s  eq u ip p ed  w ith  32 M B , w hich a re  ra te d  a t  45 S P E C fp 9 2 . T h e  te s ts  on one, tw o  an d  

fo u r w o rk s ta tio n s  used  on ly  th e  IB M ’s b ecau se  o f th e ir  m em o ry  cap ac ity . T h e  te s ts  w ith  e ig h t an d  16 

used  a  c o m b in a tio n  o f th e  H P ’s an d  IB M ’s. T h e  16 S u n ’s w ere used  fo r th e  te s ts  on 32. I t  w as n o t 

possib le  to  a ssu re  a b so lu te  qu iescence on each  m ach in e  b ecau se  th e y  a re  in a  sh a re d  e n v iro n m e n t w ith  

a  la rg e  sh a re d  E th e rn e t  an d  files sy s tem s. D u rin g  th e  p e rio d  o f te s tin g  th e re  w as n e tw o rk  tra ffic  from
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F ig u re  7: C M -5 T im es fo r th e  H e a d  D a ta  Set.
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F i g u r e  8 :  C M - 5  S p e e d u p  f o r  t h e  H ead  D a t a  S e t .
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F ig u re  9: C M -5 T im es fo r th e  V e sse l  D a ta  Set.
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F i g u r e  1 0 :  C M - 5  S p e e d u p  f o r  t h e  V e s s e / D a t a  S e t .
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F ig u re  11: C M -5 T im es fo r th e  V o r tic i ty  D a ta  Set.
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F i g u r e  1 2 :  C M - 5  S p e e d u p  f o r  t h e  V o rtic ity  D a t a  S e t .
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F ig u re  13: C M -5 C o m p o s itin g /C o m m u n ic a tio n  T im es fo r th e  V o r tic i ty  D a ta  Set.

n e tw o rk  file sy s tem  a c tiv ity  an d  a c ro ss - th e -n e t ta p e  b ack u p s. In a d d itio n , a  few  w o rk s ta tio n s  lie on 

d iffe ren t su b n e ts . T h u s  th e  co m m u n ica tio n  p e rfo rm an ce  w as l i ttle  d ifficu lt to  ch a ra c te riz e .

T h e  a c tu a l n u m b ers  o f th e  te s t  re su lts  a re  p ro v id ed  in A p p e n d ix  B. W e d isp lay  th e  sam e  in fo rm a tio n  

g rap h ica lly  in F ig u re  14, 15 an d  16 fo r th e  head , v e s se l  an d  v o r t ic i ty  d a ta  se ts , respective ly . In a 

h e te ro g en eo u s  e n v iro n m e n t, it  is less m ean in g fu l to  use sp eed u p  g ra p h s  to  s tu d y  th e  p e rfo rm an ce  o f o u r 

a lg o rith m  an d  im p le m e n ta tio n  so sp eed u p  g ra p h s  a re  n o t p rov ided .

F ro m  th e  te s t  re su lts , we see t h a t  th e  ren d e rin g  tim e  s till d o m in a te s  w hen  using  e ig h t o r few er 

w o rk s ta tio n s . I t  is also  less beneficial to  re n d e r sm a lle r im ages d u e  to  th e  o v erh ead  co s ts  a sso c ia ted  

w ith  th e  ren d e rin g  an d  c o m p o sitin g  s tep s . U nlike th e  C M -5 ’s re su lts , te s ts  on w o rk s ta tio n s  show  th a t  

th e  co m m u n ica tio n  co m p o n e n t is th e  d o m in a n t fa c to r  in th e  co m p o sitin g  co sts . O n th e  average , as 

show n in F ig u re  17, co m m u n ica tio n  ta k e s  a b o u t 97%  o f th e  overall co m p o sitin g  tim e . T h is  can  be seen 

by co m p arin g  th e  solid lines w ith  th e  d o tte d  lines in th e  g ra p h . F o r th e  C M -5, a  la rg e  p a r t i t io n  im proves 

th e  overall c o m m u n ica tio n s  tim e  b ecau se  n o t on ly  each  node  th e n  c o n ta in s  a  p ro p o rtio n a lly  sm alle r piece 

o f th e  im age b u t  also  th e  n e tw o rk  b a n d w id th  scales w ith  th e  p a r t i t io n  size on th e  C M 5. H ow ever, th is  

is n o t t ru e  fo r th e  n e tw o rk ed  w o rk s ta tio n s  b ecau se  th e  e th e rn e t  b a n d w id th  used  w ith  P V M  is fixed.

F o r la rg e  im ages (e.g. 5 1 2 x 5 1 2 ) , consid erin g  th e  E th e rn e t  speed , it  seem s w o rth w h ile  to  co m p ress  th e
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su b im ag es used  in th e  sw ap p in g  p rocess. W e have in c o rp o ra te d  a  com p ressio n  p ro g ra m  in to  th e  ren d e re r  

by using  an  a lg o rith m  d esc rib ed  in [23]. In F ig u re  18, re su lts  fo r th e  v o r t ic i ty  d a ta  se t a t  an  im age  size of 

5 1 2 x 5 1 2  a re  show n. A p p a ren tly , co m p ressin g  th e  su b im ag es befo re  sw aps helps red u ce  th e  co m p o sitin g  

co st s ign ifican tly , especia lly  w hen  m ore  w o rk s ta tio n s  w ere used . F o r ex am p le , in th e  3 2 -w o rk sta tio n  

case, th e  to ta l  co m p o sitin g  tim e  fo r one w o rk s ta tio n  w as a b o u t 1.465 seconds in c lud ing  0.042 seconds 

fo r th e  raw  co m p o sitin g , 0.088 seconds fo r th e  com p ressio n  an d  1.271 seconds fo r th e  co m m u n ica tio n . 

T h e  com p ressio n  ra tio  w as a b o u t fo u r to  one, re su ltin g  in a b o u t 80%  fa s te r  co m m u n ica tio n  ra te s . W h en  

ren d e rin g  tim e  d o m in a te s  d u e  to  e ith e r  th e  use o f slow er p ro cesso rs  o r few er p ro cesso rs , th e  com pression  

o p tio n  is n o t as w o rthw hile .

T h e  d a ta  d is tr ib u tio n  an d  im age  g a th e r  tim es  also  varied  g rea tly , d u e  to  th e  va riab le  load  on th e  

sh a re d  E th e rn e t . T h e  d a ta  d is tr ib u tio n  tim es  varied  from  17 seconds to  150 seconds w hile th e  im age 

g a th e r  tim es  varied  from  an  av erag e  o f .06 seconds fo r a  6 4 x 6 4  im age to  a  h igh o f 8 seconds fo r a  5 1 2 x 5 1 2  

im age. T h e  above te s t  re su lts  w ere based  on V ersion 3.1 o f P V M . O u r in itia l te s ts  using  P V M  2.4.2 

show  a  m uch h ig h er co m m u n ica tio n  co st, m ore  th a n  70%  h igher, as re p o r te d  in [11].

In a  sh a re d  c o m p u tin g  e n v iro n m e n t, th e  co m m u n ica tio n  co s ts  a re  h igh ly  va riab le  d u e  to  th e  use o f th e  

local E th e rn e t  sh a re d  w ith  h u n d re d s  o f o th e r  m ach ines. T h e re  a re  m an y  fa c to rs  t h a t  we have no co n tro l 

over t h a t  a re  in flu en tia l to  o u r a lg o rith m . F o r ex am p le , an  o verloaded  n e tw o rk  an d  o th e r  u se rs ’ p rocesses 

c o m p e tin g  w ith  o u r ren d e rin g  p rocess fo r C P U  an d  m em o ry  usage  could  g re a tly  d eg rad e  th e  p e rfo rm an ce  

o f o u r a lg o rith m . Im p ro v ed  p e rfo rm an ce  could  be ach ieved  by care fu lly  d is tr ib u tin g  th e  load  to  each 

c o m p u te r  acco rd in g  to  d a ta  c o n te n t, an d  th e  c o m p u te r ’s p e rfo rm an ce  as well as its  av erag e  usage  by 

o th e r  users. M oreover, c o m m u n ica tio n s  co s ts  a re  ex p ec ted  to  d ro p  w ith  h ig h er speed  in te rc o n n e c tio n  

n e tw o rk s  (e.g. F D D I) an d  on c lu s te rs  iso la ted  from  th e  la rg e r local a re a  n e tw o rk .

6 C onclusions

W e have p re sen ted  a  p a ra lle l vo lum e ra y -tra c in g  a lg o rith m  fo r a  m assively  p a ra lle l c o m p u te r  o r a  se t of 

in te rc o n n e c ted  w o rk s ta tio n s . T h e  a lg o rith m  d iv ides b o th  th e  c o m p u ta tio n  an d  m em o ry  load  across all 

p ro cesso rs  an d  can  th e re fo re  be used  to  re n d e r d a ta  se ts  t h a t  a re  to o  la rg e  to  fit in to  th e  m em o ry  sy s tem  

o f a  single u n ip ro cesso r. A  p a ra lle l ( b in a ry -s w a p ) co m p o sitin g  m e th o d  w as developed  to  com bine  th e  

in d e p e n d e n tly  ren d e red  re su lts  from  each  p ro cesso r. T h e  b in a ry -s w a p  co m p o sitin g  m e th o d  h as  m erits  

w hich m ake it  p a r tic u la r ly  su ita b le  fo r m assively  p a ra lle l p rocessing . F ir s t ,  w hile th e  p a ra lle l co m p o sitin g  

p roceeds, th e  d ec reasin g  im age size fo r sen d in g  an d  co m p o sitin g  m akes th e  overall co m p o sitin g  p rocess
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F ig u re  18: C o m p a rin g  th e  C o m p o s itin g  T im e  w ith  an d  w ith o u t C o m p ressio n  using  th e  V o r tic i ty  D a ta  
Set.

very  efficient. N ex t, th is  m e th o d  alw ays keeps all p ro cesso rs  b u sy  do ing  useful w ork . F inally , it  is sim ple  

to  im p lem en t w ith  th e  use o f th e  k-D  tre e  s t ru c tu re  d esc rib ed  earlie r.

T h e  a lg o rith m  h as been  im p lem en ted  on b o th  th e  C M -5 an d  a  n e tw o rk  o f scientific  w o rk s ta tio n s . T h e  

C M -5 im p le m e n ta tio n  show ed good  sp eed u p  c h a ra c te r is tic s  o u t to  th e  la rg e s t availab le  p a r t i t io n  size of 

512 nodes. O n ly  a  sm all f ra c tio n  o f th e  to ta l  ren d e rin g  tim e  w as sp e n t in co m m u n ica tio n s , in d ic a te d  th e  

success o f th e  p a ra lle l c o m p o sitin g  m e th o d . S everal d irec tio n s  a p p e a r  rip e  fo r fu r th e r  w ork . T h e  h o st 

d a ta  d is tr ib u tio n , im age  g a th e r , an d  d isp lay  tim es  a re  b o ttle n e c k s  on th e  c u rre n t C M -5 im p le m e n ta tio n . 

T h ese  b o ttle n e c k s  can  be a llev ia ted  by ex p lo itin g  th e  p a ra lle l I /O  cap ab ilitie s  o f th e  C M -5. R en d erin g  

an d  co m p o sitin g  tim es  on th e  C M -5 can  also  be red u ced  s ig n ifican tly  by ta k in g  a d v a n ta g e  o f th e  v ec to r 

u n its  availab le  a t  each  p rocessing  node. W e a re  hopefu l t h a t  rea l tim e  ren d e rin g  ra te s  will be ach ievable  

a t  m ed iu m  to  h igh reso lu tio n  w ith  th e se  im p ro v em en ts .

P e rfo rm a n c e  o f th e  d is tr ib u te d  w o rk s ta tio n  im p le m e n ta tio n  could  be fu r th e r  im p ro v ed  by b e t te r  load  

b a lan c in g . In a  h e te ro g en eo u s  e n v iro n m e n t w ith  sh a re d  w o rk s ta tio n s , lin ea r sp eed u p  is d ifficu lt. A 

sim ple  a p p ro a c h  is to  do  s ta t ic  load  b a lan c in g . T h e  d a ta  su b d iv is io n  can  be d one  unevenly , ta k in g  in to  

a cco u n t th e  p re d ic te d  c a p a c ity  on each  m ach in e  to  t r y  to  b a lan ce  th e  load . A lte rn a tiv e ly , th e  d a ta  can
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be su b d iv id ed  in to  a  la rg e r n u m b e r o f eq u a l sized subvo lu m es an d  th e  m ore  cap ab le  m ach ines can  be 

assigned  m ore  th a n  one su bvo lum e. T h e  la te r  ap p ro a c h  h as th e  a d v a n ta g e  th a t  it  can  be genera lized  to  a 

d y n am ic  load  b a lan c in g  ap p ro ach : d iv ide  th e  d a ta  in to  m an y  subvo lu m es an d  assign  th e m  to  p rocesso rs  

in a  d e m a n d  d riv en  fash io n . T h e  finer sub d iv is io n  o f th e  d a ta  vo lum es w ould  im prove  load  b a lan c in g  

d u rin g  ren d e rin g  a t  th e  co st o f som e a d d itio n a l co m p o sitin g  tim e  d u e  to  m ore  levels in th e  co m p o sitin g  

tree .

A cknow ledgm ents

T h e  M R A  vessel d a ta  se t w as p ro v id ed  by th e  M IR L  a t  th e  U n iv e rsity  o f U ta h . T h e  v o rtic ity  d a ta  se t 

w as p ro v id ed  by Shi-Y i C h en  o f T -D iv  a t  Los A lam o s N a tio n a l L a b o ra to ry . D av id  R ich, o f th e  A C L , 

an d  B u rl H all, o f T h in k in g  M ach ines, he lped  tre m e n d o u s ly  w ith  th e  C M -5 tim in g s . T h e  A lp h a . l  an d  

CSS a t  th e  U n iv e rsity  o f U ta h  p ro v id ed  th e  w o rk s ta tio n s  fo r o u r p e rfo rm an ce  te s ts . T h a n k s  go to  E len a  

D risk ill fo r co m m en ts  on a  d ra f t  o f th is  p a p e r . T h is  w ork  h as  been  su p p o r te d  in p a r t  by N S F /A C E R C  

an d  N A S A /IC A S E .
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A p p e n d i x  A :  C M - 5 ’ s  T e s t  R e s u l t s

size function 32 64 128 256 512

64 x 64
render

com posite
0.5839
0.0165

0.3723
0.0150

0.2071
0.0133

0.1043
0.0113

0.0593
0.0101

128x128
render

com posite
2.3033
0.0576

1.5393
0.0497

0.8459
0.0322

0.4278
0.0325

0.2223
0.0269

256x256
render

com posite
9.2600
0.1679

6.1558
0.1932

3.3663
0.1287

1.7344
0.1090

0.9536
0.0945

512x512
render

com posite
36.3685
0.63320

24.1807
0.77810

13.1200
0.47660

6.7355
0.4029

3.7107
0.3782

T ab le  1: C M -5 R esu lts  on H ead  D a ta  Set

size function 32 64 128 256 512

64 x 64
render

com posite
0.4346
0.0097

0.2627
0.0087

0.1350
0.0085

0.0806
0.0086

0.0454
0.0081

128x128
render

com posite
1.6138
0.0303

0.9500
0.0237

0.4988
0.0233

0.2643
0.0213

0.1390
0.0167

256x256
render

com posite
6.4522
0.1146

3.6532
0.0897

1.8698
0.0835

1.0084
0.0741

0.5193
0.0554

512x512
render

com posite
26.0314
0.46060

14.9057
0.34600

7.5980
0.3278

4.1720
0.2931

2.2034
0.2167

T ab le  2: C M -5 R esu lts  on Vessel D a ta  Set

size function 32 64 128 256 512

64 x 64
render

com posite
0.8038
0.0137

0.3995
0.0125

0.2072
0.0101

0.1116
0.0101

0.0597
0.0094

128x128
render

com posite
3.1446
0.0473

1.5974
0.0406

0.8247
0.0300

0.4086
0.0279

0.2041
0.0235

256x256
render

com posite
12.3345
0.1807

6.3133
0.1466

3.2305
0.1108

1.6158
0.1001

0.8063
0.0836

512x512
render

com posite
48.2005
0.71520

24.4303
0.58100

12.697
0.4272

6.3434
0.3874

3.1878
0.3310

T ab le  3: C M -5 R esu lts  on V o rtic ity  D a ta  Set

size function 32 64 128 256 512
64 x 64 com posite

com m unication
0.0137
0.0013

0.0125
0.0008

0.0101
0.0006

0.0101
0.0005

0.0094
0.0003

128x128 com posite
com m unication

0.0473
0.0030

0.0406
0.0026

0.0300
0.0018

0.0279
0.0012

0.0235
0.0011

256x256 com posite
com m unication

0.1807
0.0210

0.1466
0.0075

0.1108
0.0052

0.1001
0.0037

0.0836
0.0027

512x512 com posite
com m unication

0.7152
0.0843

0.5810
0.0231

0.4272
0.0181

0.3874
0.0138

0.3310
0.0097

T a b l e  4 :  C M - 5  C o m p o s i t i n g  C o m m u n i c a t i o n  T i m e s  f o r  t h e  V o rtic ity  D a t a  S e t

2 7



A p p e n d i x  B :  W o r k s t a t i o n s ’ T e s t  R e s u l t s

size function 1 2 4 8 16 32

64x64
render

com posite
2.0980
0.0010

0.9740
0.0530

0.5660
0.0290

0.3460
0.0640

0.1740
0.1820

0.0990
0.2370

128x128
render

com posite
8.2020
0.0020

3.7500
0.1570

2.2350
0.0790

1.3250
0.1700

0.7050
0.3470

0.5220
0.5210

256x256
render

com posite
40.0480
0.0070

18.3200
0.4870

9.5340
0.4010

5.5740
0.5660

3.8970
0.8860

2.4050
1.3540

512x512
render

com posite
133.7590
0.0270

61.6390
2.1550

36.7350
1.0890

21.1010
2.5290

10.8990
3.5340

8.4990
4.3550

T ab le  5: P V M  R esu lts  on th e  H e a d  D a ta  Set

size function 1 2 4 8 16 32

64x64
render

com posite
2.7640
0.0000

1.4450
0.0270

0.6930
0.0250

0.3890
0.0660

0.1820
0.1000

0.1060
0.2320

128x128
render

com posite
10.9180
0.0020

5.7020
0.2600

2.7010
0.0470

1.4210
0.1320

0.7030
0.1730

0.4110
0.2960

256x256
render

com posite
43.2200
0.0050

22.7010
0.3170

10.4930
0.1440

5.7830
0.3900

3.1650
0.5630

1.7440
0.8780

512x512
render

com posite
209.5880

0.0290
96.7530
1.8740

48.8300
1.5020

25.1470
2.0170

12.7630
2.7060

7.4140
3.2570

T ab le  6: P V M  R esu lts  on th e  VesseZ D a ta  Set

size function 1 2 4 8 16 32

64x64
render

com posite
5.4840
0.0010

2.8160
0.1400

1.2360
0.0260

0.7120
0.0730

0.3320
0.1320

0.1800
0.2490

128x128
render

com posite
21.9080
0.0020

11.2630
0.1990

4.9940
0.0730

2.8190
0.1880

1.2880
0.3250

0.8000
0.3760

256x256
render

com posite
87.5030
0.0060

45.0680
1.1570

20.0210
0.2570

11.3780
0.6130

5.6720
0.9270

3.3620
1.1640

512x512
render

com posite
350.2400

0.0280
180.3180
2.1690

79.4320
0.9960

45.0260
2.3230

20.6060
3.9720

11.4680
4.5180

T ab le  7: P V M  R esu lts  on th e  V o r tic i ty  D a ta  Set
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size function 1 2 4 8 16 32

64x64
com posite

com m unications
0.0010
0.0000

0.1400
0.1390

0.0260
0.0250

0.0730
0.0720

0.1320
0.1310

0.2490
0.2470

128x128
com posite

com m unications
0.0020
0.0000

0.1550
0.1500

0.0730
0.0690

0.1880
0.1850

0.3250
0.3210

0.3760
0.3690

256x256
com posite

com m unications
0.0060
0.0000

0.561
1.545

0.2570
0.2460

0.6130
0.5990

0.9270
0.9140

1.1640
1.1590

512x512
com posite

com m unications
0.0280
0.0000

1.609
1.545

0.9960
0.9580

2.3230
2.2950

3.9720
3.9380

4.5180
4.4990

T ab le  8: P V M  C o m p o sitin g  C o m m u n ic a tio n  T im es on th e  V o r tic i ty  D a ta  Set

size function 1 2 4 8 16 32

64x64
com posite

com m unications
0.0010
0.0000

0.022
0.017

0.167
0.164

0.267
0.264

0.347
0.343

0.33
0.324

128x128
com posite

com m unications
0.0020
0.0000

0.443
0.43

0.357
0.35

0.422
0.411

0.585
0.571

0.42
0.41

256x256
com posite

com m unications
0.0060
0.0000

0.377
0.332

0.406
0.383

0.778
0.743

1.074
1.023

0.8
0.762

512x512
com posite

com m unications
0.0280
0.0000

0.735
0.566

0.475
0.389

2.144
2.036

3.229
3.121

1.485
1.372

T ab le  8: P V M  C o m p o sitin g  C o m m u n ic a tio n  T im es w ith  C o m p ressio n  on th e  V o r tic i ty  D a ta  Set
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