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IMPLEMENTATTON OF VQ ALGORITHMS ON A RECONFIGURABLE ARRAY PHOCESSOR

thomoas B Headerson
Naval Coean Systems Center
Cade 10t _
San Dicgo, CA 92152

ABSTRACT

Vector quantiza-on s being  widely  used  in
data  compressior applications due to the  facts
that 1t as capable of woieving fractional bit rates  with
wwasonable complexity o that the decoding is a very
sample table look-up - cheme, tn  Bmage cncoding, a
vector quantizer aceepts a block of pixels and outputs

an address of the best matching tile stored in a
codebook. The matching  algorithm  requires a  large
number  of  basic  arithmelic  operations  in  typical
applications. Since  real-tisne coding  ix required  in
many video  applicniions,  the  wneed  for  dedicated
processing  architectures  ariss s aaturally. This paper
wivestigates  the mapping ol VQ algodithms onto an
mray  processor 1o achieve near real-time  compression

ol video imes,

1. INTRODUCTION

alporithms  arc used to
required 1o aepresent n
primary  applications . of

compression
bytes
The

tmage  data
reduce  the noumber ol
digitally  encaoded  imapce,
image  compression  arc 1o winimize
bandwidth fo: image. transmission and to minimize the
amount of memary required for image storage.  Typical
television images have about 512x512 pixels per frame
with & frame rate of 30 frames/s. When  digitally
cncoded  at d-bits per pizel intensity  resolution,  the
required  digital  transmassion oe is nearly 60 million
bits/s [ 1), Itigh quality color praphics displays hiave
1024x 1024 24-bit pixcls per Trame requiring 3 Mityiex of

stape  space, As frame sizes inceease, the nced for
cliicient dmage compression  plgmithms becomes  cven
more  acule,

lmage compression  alporithms are  characterized
by compression  rate,  distortion, and  computationnl
complexity,  ‘The compression ratio is determined by

dividing the number of byles required 10 represent an
tmage by the number of hyles necded 1o represent (he
compressed image. | Distorson is a measure of the error
introduced into an imape by the encoding and decoding

processes.  Computational complenity it an indication of
the  number of arithmetic  enleulationt  necessary to
compresy  and  decomprexs  an lmoge, Compdational
complexity s a  very dwmponant  conslderation  in
wlgorithm dmplementation,  especially  for lmape
tansmission  apphications wheve the time  wvallable  tor
cncoding be Himbted hy e tiame e,

Muod compression  alporithms can be  clastitied

cither an nealar guootiscis o veetor quantisers,  Scalae

communication’
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Dograsting ot

quicization  alporithms  achieve  compressian hy
cenceing each input diata value into a single codeword
whil- vector quantizers compress data by mapping 3
scquesce or proup  of  scalar values im0 a single
cadeword 121 A result of  Shannon's  rate-disiontion
theory s ihat better perforne. sce is always achicvnble
“in theory™ by coding vectors instead of scafurs, This
makes vector quantization algorithms  attzactive  for
applications  requiring  high  compression  raics.

A disadvantage of vecior quantizers is thet they |
are often more complex  than  scalar  quantizers. For
cxample, the trce-senrch  vector quantization  algorithm
implemented  in this work  would  requite about 400
million integer  arithmetic operations per sceond  to
encode  the  television  image  described  above.
Currently, single DSP or microprocessor chips fsuch as
the AT&T DSPI2C or lutel iX60) canno: maiontain this
computational rire 13, 4], Array  processors provide a
feasible solution o this prablem and can be scaled w
meet the  computational  requircmenmts  of  ditferent
apnlications. ‘ )

The Videe Analysis Traneputer Array (VATA) is a
M ible recontipurable  array  processor that has beean
deo ancd and bailt st Naval Occan Sysiems Center (NOSC)
in . Dicgo [5, 6). The VATA & an array of inmos TEOQ
tran nulers  connected  with  software  reconligurable
come. mication tinks,  ft has becen desipned for use as a
variz:le architccture array processor  testhed  for
matching  optimal  array  configurations t»  a  wide
varicty of imape and signal processing alporithws, ‘The

areay sesides inoan WA PCAT host and hax a high
speed  interfaee to a lrame  grabber  for  image
processing  applications,

Two  vector gquantization (V) alporithaee haxe
been  mapped  onto the VATA, Optimal  array
architccturcs have heen found for cach guantize:.  The

clffects on performance of code oplimizations,  wewory
limitationt  in processing  nodes, and  avedlapping  of
commonication  and  computation  have alse  beewn
investipated.

2, VECTOR QUARTIZATION ALGORITIIMS

The Ml and binary  ticestench VO abgosidhus
me considered v e wank  loe oplomcnteion o &
reconliguraile miray (2) The wain advamts e of he

foll  xearch  woporithm ds & moedeate wewuoay
tequitement, Unlmtnnately, fall scach i extagmely
compmtationally  intensive, The  bimary  weeseanch

alporithmy needt twice at el wmeamy  but can ewgode
an lmape with tur fower avithmelic  opetdticns

86 4 yve



2.1 Fall Scarcht VQ  Algorithm
The full
vedtor Xonto an

ol vectars Yo, known as a “codebook”.

wawreh algorithm concodes an inpat
o den for "codeword™) i using a fixed sci
The input vector

. ovompared 1o cach of the vectors in the codchook. 4

measare Dy is caleuwlated for each Y,
minwmum distortion ;.
The index i

distortion
codebonk
lound corresponding 1o codebook entry Y.
that  gnoduced  the minimum
the encader. The  decoder
operates in reverse, taking the index i as input and
producing  vector Y, from an idemtical codebook as
output A block diapram of this algorithm is shown in
Figwe L The compression ratio is  calculated by
dividing the number of bytes in each input vector by
the nuiber of bytes sequired 10 represent the  index.
For image compiession, ~eciors arc formed  from

vector and  the

vedtor
output  of

ul the codebook
distornion  is the

pxp bLlocks of pixcls taken from the image o be
cncoded.  LEach pep block is mapped into a ple veetor
for input to the concoder and ecach pznl decoded  output
vedtor s rcorganived into a pap block in the output
mage. The distortion mcasure is the square of the
Euchdcan distance between vectors X and Y
w2-1)
XY= D (ay - yp?
i={)

where J is the distortion and x; and y; are the clements
of vectors X and Y respectively.

A full scarch VO with an R-bit index requires 2R
distortion  measuic  calculations for each  inpul  vector

and a codebouk size of 2R sach  distortion

calculation  requires p2 * (2 adds + 1 multiply) intcger
arithmetic  opcrations, Cach vector stored  in  the

cudebook  will occupy p2 bytcs at 8-bits per pixel,

veetors,

2.2 Binary Tree-Search ¥VQ  Atgorithm
The codebook of a binary trec-scarched VQ  with

an R-bit index is organized in R dcvels.  Each level, L;,

contiuns 2' entries prouped in paits, wheie § o= 1, 200K,
An input vector is compared with the two cutrics of the
tirst codebook level aud the “closest” codebonk vector is
selected  using  the minimwmn  distortion  measure, The
result determines  which pair of codehook vectors in the
sccond level will be compared 10 the input vector.  The
process is repeated for cach level of the codebook with
two distortion measure  calculations being made at cach
level.  The binary decisions made during the “path®
thraugh the codebook “tree™ form the output codeword,

A utec-searched VQ with an Rebit index requires
only 2 ¢ R distorion meaxure  caleniationy for eanch
input  vector making  thix  alporithm muech  wmore
nttesetive  Tor toeimission applications, Sinee  wo
ealinustive  search  of the codebook Iy nol pertimed,
devoded  dmage qaality ix stightly  degraded compared to
the full seatch alpotithm, A sceond  dispdvamage of
trecoaearched VQ s thm 2 ¢ (2% . 1) vectors must be
stored  in the codebook  ncarly  doubling  the  wmewmury
requirements of full scarch VQ.

3. THE VIDEO ANALYSIS TRANSPUILR ARRAY

The VATA uses onc Inmos 200827 VER sranspu e

atocuch asray node. Cthe TROO indtudes a 312-Bit tenres
‘processing  unit. (CPU), a 64-bit  Hoanng-pont  unit
(FPU), 4 serind commanication tinks, 4 Kbyles ot
on-chip RAM, and an cxterzal memory sntesface oo i
single  chip {7) The CPU can acdneve 5 sostabest
performance  of 10 witlion  jostructions  por sceond
(MIPS), Each serial link  can traaster dar e briween
memory  cnd o another sk st 2,35 AMbyresSses
(hidircctional), After  initialization, dma transfer on

onc or more links can occur simultancously with CPU
and  FPU operations.  This important feature allows the
averlapping  of  communication  and  proccscing  with
very little  performance  degradation. An  additionat
transpiter device, the COU4 crassbar  swilch,  provides
programmiable  configuration of the aray  architecture

A black diagram of the VATA hardwaiz is shown
in Figure 2. The sysiem consists of a standard NTSC
camera, an RGB display, and an {BM PC-AT hast housing
two commcercially-available boards (the Franse Grabber
and the Transputer Add-ln Board} and two 1ypes of
custom  boards (the VATA Interface and the VATA
Processor).

The frame grabber is a Da:a Traasiation model
DT2861 Arithmetic Frame Grabber lor the 13M PC-AT.
“he frame grabber can ncquire video framc. ftoan the
mern,  store, and  display  them on the munitor at a
ame rate of 30 {rames/scc. ‘The frame prabber alse
s on high speed 170 port which can wansfer  feame
Ma W oor from an cxiernal device at 10 Mbyics/scc.

Each VATA [Processor (VP) board contains
thirty-two  T8OU transpulers and four COU4  crossbhars
switches,  Duec to board size Yiwitations, VI TR have
o external  RAM, Tie VATA Interlace (VE) beaed
tandles communication between the frame  grabber /O
vort, the iBM PC-AT host, and onc or more VP bhaards,
Yrame dara is passed between the frame grabber 1O
sort and  the VI'  boards while conmtrol  and  status
messages are passed between the IBM PC-AT hus and the
VP boards.  The Transputer Add-In board (lumes medel
IMS BOOR) is used 1o compile, link, conlipuie, and tosd
programs onto the VI and VP boards using the Inmes
Occam . Tooisel soliware.

4. VATA SOFTWARE DEVELOPMENT

Too map ae alpomithin onte the VATA, sobbsaree
must he developed to: the HIM PCAT host sad tor the
transputers. The host program  conlipgures e anay,
controls  the  frame  prabber  display  and  acguisition
functions, and  synclionizes data tranxler botween e
transputers  and  the frame  grabber.  The M POAT
host is programmed in C wsing he Mictosoft ¢ compilee,
version S0,

The development  of  wanspunet  programs
fnvolves  the  selection ol an artay ;g hitevtuse
optimdecd for e wlgotithme and ahe dindsion ob g
alporlilie e sule sk, Hach toasgpateg 0 asigacd o
sub-taak  and cach  sabstask acgymites & dibkeronn
program, Ocvam, & paralie? PropIcRIBE  Fuguage
desipgeed by lnmos, i cutrentty e epticam aguage
far  progueamning  ttanspaters {8, 9%



Occam is a luph devel Lapuage that allows access

to several of e speciat teatares of the

optinuze performance {1 The techmigue of  scquential
foop optimization  greatly  reduces  array  aceess times by
replacing loops  with in-line  code. Liven though code

size ingreascs, this type of optimizaton is very cfficiem
when  performing  anthmenie operations on vectors  duce
o special features of  the  tomspuler anstraction set,
The optimization  of type  conversions  is  especially
applicable to imape compression  since veclnr  clements
(paxclIs) are storcd as bytes wd st be convernled 1o
mtegers to perform  distorbon micasure calculations, A
considerable time savings can be achicved by storing
the codebook byte. as integers.  The amount of memory
rcquired to  store  the codebook quadruples  with  this
scheme  making i impractcal in cases where memaory
1S scarcce.

Maximum  throughput is achicved in 2
multi-teansputer  ssstem by keeping cach CPU - and all
tinks as busy as possible.  This is done by the technique
of overlapping communication and computation.  Once
a link communication opcration has  been  imnalized,
data  rransfer  can occur  without significantly
depridiog processor perlormance, Use of this micthod
triptes  the  amount  of  memory  sequired  tor data
bufferiey and increases code size.

S, IMPLEMENTATION OF VECTOR QUANTIZATION
ALGORIUTHMS

The Vector Quantization  algorithms  implemented
i this  work  have  been  designed  to achicve 2
compression ratio of 16, Input vectors are formed from
dx4 blocks of pixcls taken from the f{rame grabber.
Codrbooks contain 256 vectors requiring  8-bit indices,
Programs  that perform VQ  encoding,  decoding,  and
codebook  pencration have bheen implemented for  both
the  [wil  scarch el binary  trec-scarch  algorithms,
Input images are S12x512 frames of R-bit pixels. Al of
the programs described here run with one VP board in
the VATA. Porallelization  is  accomplished by
distributing the codcbook among the VI transputers.

5.1 Full Scarch Vector Quantization

The full scarch cncoding alporithm is extremely
computationally  intensive requiting 200 million
inteper arithinctic operations 1o encode a single  frame.
Each intcger arithmetic operation typically  requires
scveral instructions to complete when memory /O and
rips conversions  are  included, Since the thirty-1wo
TROOs on the VP board have a mtal instenction excecution
e of 320 MIPS, the compatation time 10 encode a
sinple  frame  will be  several  sccomds, Decoding
requires only a table look-up opeestion involving a few
memory /0 instructions and takes much less time  than
encoding.

The VATA has bheen
processing  so  the  communication
typically on the order of 33 msec.  This is much lees
than - the computation time  of  several seconds expected
for full scarch VO - encoting, When the  computiition
thme I8 much  greater than  the  commuonicition  time,
variations  in  nreay  archatecture  wsually  have  lintde
clicct on overall pedmmance. . To verily thiv claim, the
full xearch  wlporithim b been mapped onto a linear
array and onto an B-eolumn atray.  Anay  imchitectinges

desipgned  for  real-time

(tink  170) time is

transputer

ate shown o Ligwie 3 VI TEUGs are weedd Bor s
ransler and  reorgantzation  only.

Encoding times for the full scarch sfponthm aic
sunmmarized in Table 1. The test smeape 18 a2 fuce wath
simple hackground. Effects  of  sequenniat tuop
optimization, typc conaversion  optimization,  and
communication overlap have been mceasured  for  beth
atvay - architectures, The 1ype  Conversion  wpimazalnm
cauwld not be tested in the R-colmnn configoration due o
thic 4 Khyte memory limitation in the VI* TR0 Data
transter  ad reongamizzation vdme s mcasaicd by
removing  the  concoding  process  from the overlapped
code.

Ovcrlap  of communication and compulation
produces less speedup in the R-column  implementation
than it docs in the lincar implementation because the
specdup  from  this  optimization is proportional 10 the

numhber of transputers that the data must -pass through.
The difference between  data  transfer and
rcorganization times for the two array architectures is
mostly due 1o the fact that Iwicc as many traasputers
sre performing these tasks in the R-column case. - Even
if this  clfeer is neplected, the relative dilfercnce
Letween the measared dimes of 5.1 and 4R scconds far
the overlapped  loop  optimized caxes is less than 6%,
This supports the claim that perfosmance is  not
strongly influcnced by array architccture when
computation timc is dominant.

Vector Quantization

5.2 Binary ‘Tree-Scarch

IFull  scarch  cncoding  requires 256  dJistostion
mcasurc  calculations  for cach input vector  while
binary trce-scarch cncoding requires only 8, This
indicates that binary (rec-scarch cncoding time will be
approximaicly cight times [fasier than  full  scarch
cncading time,  As a result, computation time will rot bhe
much larger than  communication time .nd a muliiple
column  array should perform  significar'ly better than
a lincar array,

Unfortunately, the stracture o the  hinary
trec-scarch  algorithm  and the storage  tequirements
for a larper codebook combine to make a multiple
column implementation  impractical duc 1o the 4 Kbyte
memory constraint in the VP T800s.  Bvea with a lincar
architccturec, the memary limitac.on  prcvents
implamentation  of  an  optimal  distribution  of the
codebook making encoding time image dependent.  As a
result, encoding time for this algorithm is expected to
he between 2 and B times faster than cncoding time for
the  full scarch  alporithm, The mewmory  limit  also
crevents the use of 1ype conversion  aptimizations.

To  measure  crcoding  time  variations,  tiviing
sty have been made csing tlcee input images. A besy
ase imape has been constmneted  brome aplivally
wdered  vectors taken from the fast level of 3 detauly
dimy  tree codebouk. A sccond  image in which  att
ixels have been <et 0 Whe same vadue it wsed o1 a
wrst case test, The last image it the tost image used for
ull seaeh VQ,

Encoding  times  for the  oprimwal,  evpical,  and
WOINE casednpnt images e fisted e Table 20 bhe
sncading time for the best case image 8 appronvimately
squal 1 ahe  dita vanster  amd reoapianieation g
when  optimization  awt averdap  are  ancluded, Yhis
mhicies  that cncoding fiwme ) ne pcater thaw 008
seconds,  aboat o eight times tasier  thaw the bscats
tmplementation of ahe W search algorith, it



tansler and reorgamsation tume s halved  when all
four VI TROOs are used v ahe B-calumn unplemeniiion
of the  full search  algoralm, This indscares  that
performance  would  be  signitwcantly  amproved by g
multiplg column archuectune, '

A Cocar rcal-time”  demonsitanion of the hinary
tree VQ  algorthim  has  been  developed 1o simulate
videaphone  applications. Thas puopram uses the dinear
wray  upplementation  of the by free alponithm to
cocode and decode PPROI2R pixel imapes Tmapes are
prabbed from he adeo camera, processed, oand
displayed on the wmonuvor, Phis progiam  wans w0 7.8
frames/sccond. '

Comparison  witlt the results in Table 2 indicate
that the real-time program should run about (wice this
fast,  The limittion in this case is due o the (/O porg of
the tramce  pgrabber, Even with afl processing acmuoved,
the  maximum  drame  rate  is 7.5 draaes/second,
Additional tests show  that the 12Bx128  pixel program
would run  at about 12 frames/sccond  without frame

grabber limitations, Withowt this limitation, addition of.

a sccond VP board and inclusion of the unused VI TROOs
in a “two-column®  architecture would more than  double
the frame rate for a “real-time”  system, The use of
I0Mhz TROOs would ludther ancrease  specd,

6. CONCLUSION

Computationally  intensive  vector  guantization
algonthing have bheen mapped onto the VATA and used
10 compress image  data. Diffcrent  array  architectures
have been implemented  and  algorithin peeformance
has  been .compared for cach  architecture, Array
architecture  has  tittle effect on petformance  when
computation time is much gicater than  communication
time.  In these cascs, mcwmory can be very clicctively
traded  for performance.  Performance is maimized in
all cases when  sequential  optimizations  arc combined
with the  overlap  of communication and  computation,
Algorithms  such as multi-stage VQ combine the specd of
tree-search  with the low memory  requirements of  foll
scich. Multiple-column  implementations ol this aype
of VQ algorithm  shouwld  incrcase perfarmance
significantly.
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Table 1. Encoding times [or [ull scarch VQ
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