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Abstract

Image momentsare usedin image analysisfor object
modelling matding and representation.The computation
of high-order momentsis a computationalintensivetask
that can not be implementedn real-time with nowadays
geneml-purposeprocessacs. This paperproposesa setof
specialisedporocessos for genemating an image momentof
an arbitrary order in real time by adopting systolic pro-
cessingtechniquesand floating-pointarithmetic units. It
proposesa modularand costeffectivearchitecture for gen-
erating image momentswith a processingime not depen-
denton the order of the computednoments.Thearchitec-
ture wasimplementedisingdifferentdevices,sud as pro-
grammabledigital processos, configuablehardwarelogic
andintegratedcircuits, by usinga 0.7 um CMOSprocess.
The several implementationdhaveshownthe effectiveness
ofthearchitecture, andtheobtainedresultsallow usto com-
parethedifferentsolutionsin termsof speedflexibility, cost
andpowerconsumption.

Keywords: High-orderimagemoments Pipelinearchi-
tecturesSystolicprocessingDigital SignalProcessors

1. Intr oduction

Two-dimensionabbject representatiomnd recognition
is animportanttopic in thecomputervision area.Moments
of the intensity function of pixels are commonlyusedfor
representin@n objector animage. Thep = m + n order
moment(M,, ,,) of anarrayof pixelswith valuesf(z,y)
andsize N M is definedby equationl [1, 2].

N M
Mm,n = Z Z xmynf($7 y) (1)

z=1y=1

Low ordermomentsare commonlyusedto extract fea-
tures, suchas areaand centerof gravity, andto find the
locationandorientationof objectsin aimage[1, 2, 3,4]. In
contrasthigh ordermomentsare usedfor patternrecogni-
tion andimagerepresentatiofb, 6].

A directcomputationof equationl requiresN M addi-
tionsand (m + n) N M multiplications. In the lastyears,
several algorithmsand architectureshave beenproposed
to improve the speedof momentscomputation. However,
someof themareonly valid for low-ordermomentsand/or
for binary images[7, 8, 9, 10]. Other proposalssuggest
architecturewithout practicalinterestdueto its complex-
ity [11]. Moreover, floating-pointarithmetichasto beused
to computemomentsof differentorders,giventhatthe re-
guireddynamicrangeincreasevery rapidly with the mo-
ments order Someotherproposedarchitecture$7] adopt
wavefront processingtechniquesto adaptthe throughput
to the variableprocessingime exhibited by floating-point
arithmeticunits. However, althoughthey eliminatetheneed
to respectthe “worst” processingperiod, they requiread-
ditional circuits to exchangedatabetweenProcessing:le-
ments(PE), which represents significantoverheadn the
hardwarecost.

This paperproposesa new architecturefor computing
2-D gray level image momentswith ary order in real-
time, by adoptingsystolic processingechniquesandfloat-
ing point arithmetic. The proposedarchitecturas modular
and scalablefor higher order momentsand requiresa re-
ducedamountof hardware.Moreover, theresultspresented
in this paperdemonstrat¢hatthearchitecturas well suited
to implementspecialisedprocessorgor computingimage
momentshasedon Digital SignalProcessor¢DSP), Field
Programmabldate Arrays (FPGA) and Application Spe-
cific IntegratedCircuits (ASIC). By comparinghedifferent
implementationst is possibleo concludethatthereal-time
processings alwaysachieved. However, someadwantages
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Figure 2. Representation and reconstruction
Original input image. (b) Reconstructed

(b)

of an image pattern using high order moments: (a)
image with up to second-or der moment through up to

40th-or der moment, from top to bottom rows and from left to right.

of the specificcharacteristicef eachof the consideregro-
cessolimplementationganbe taken, in whatconcernghe
operatingspeedflexibility andpowerconsumption.

This paperis organisedasfollows. Section2 presents
two main applicationexamplesof the use of image mo-
mentsin image processing. An efficient power core for
generatinghe z andy powersis proposedn section3. In
sectiord anew systolicarchitecturas proposedandin sec-
tion 5 floating point arithmetic units are described. Sec-
tion 6 presentsand comparesseveral implementationsof
a proposedprocessoibasedon differentdevices, suchas:
FPGAs(section6.1), ASICs (section6.2) and DSPs(sec-
tion 6.3). Section?7 concludeghe presentation.

2. 2D Image Moments

As it hasbeenreferredin the previous section,image
momentsareoftenusedin computewisionto provide aset
of imagefeaturesfor differentapplications suchaslocal-
ization, patternrecognitionandimagerepresentatiofi, 2].
The zerothroughsecondordermomentsprovide informa-
tion aboutthe area,centerof massand aboutthe approxi-

Figure 1. Definition of several localization pa-
rameter s through the computation of the im-
age ellipse .

mationof anobjectto anellipse[3] (se€figurel). Moments
with orderlowerthanp = 6 canalsobe combinecdto form
momentinvariantsto certainshapdransformationssuchas
translationyotationandscaling[4].

Besidesfeatureextraction, a significantresearcheffort
hasrecentlybeenmadeto usehigh orderimagemoments
in patternrecognition and image representatiorapplica-
tions[5, 6]. In fact,it hasbeenshowvn thathigh ordermo-
mentscanprovide ameanf reconstructingmagesor pat-
ternsusinga finite setof moments.This makesit possible
to usefewer bytesto representhereconstructedmagethan
therequiredto representheoriginalimage.However, since
theusageof aninfinite numberfimagemomentss notfea-
sible, this representatiopresentsalways an inherenterror
thatis dependenbn the maximumorderof the setof used
momentgseefigure 2).

3. Power Core

To computethe valuesof the z™ andy™ powerswith
atraditional sequentialrchitecturem andn clock cycles
arerequiredrespectrely. Suchbasicarchitecturdeadsto a
greatamountof computatiortime for high ordermoments.
Accordingto [7], a fasterarchitecturecan be obtainedby
applyingthefollowing decomposition:

k—1 k—1
m=>Y b2, n=) b2 2
=0 i=0

k = [max {log, (m + 1), log, (n + 1)}]

Hence,the expressiondor the powersz™ andy™ take
thefollowing form:

0 m m ot
mm_m 0 -27+b7 214 L4by 1.2 Hme (3)
k—1
n o, b2.204p7 20 b7 2k b .28
y" = yPe- 2 S | K @)
=0
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Figure 3. Power-Core module .

Thus, it is possibleto concludethat, in orderto com-
pute the value of z™, it is only necessaryto perform
2k multiplications: k of them for computing the z2'
terms and the remaining k¥ to calculatethe product of
the 2% 2" terms. Figure 3 representsa structurewith k
stagesto computeequation3. If the input valueswere
composedy the sequencd1,2,3,..., N}, the sequence
{1™,2™ 3™ ..., N™} would beobtainedattheoutput.In
this systolicarchitecturethe overall structureis operatedn
asynchronousvay, with theD symbolrepresenting delay
of oneclock cycle. With this structurejit is possibleto ob-
tain oneoutputvaluein eachclock cycle, with alateng/ of
k clockcycles.

4. Dedicated Pipeline Architecture for Com-
puting an Image Moment

The computationof M., ,, givenby equationl canbe
representelly avectormatrix productfollowedby avector
dot product,asdepictedin equation5. In theseequations,
F representthe N x M imagematrix, while X andY rep-
resentthe N and M sizedvectorscomposedy the setof
2™ andy™ powers,respectiely. Accordingto [7], thecom-
putationof this equationcan be representedby the planar
Dependenc&raph(DG) presentedn figure4, correspond-
ing to anarrayarchitectureomposedy N x (M + 1) PEs.

Mmn = XFY =XG=HY (5)
X = [1m 2m N™ ]
Yy = [1™ 27 M™ ]

F(z,y) = {f(z,y):z=1...N,y=1...M}

For realimageswith a greatnumberof pixels, it is con-
venientto reducethe dimensionof this array This canbe
achieved by projectingthe DG on a linear structurewith a
valid pairof projectionandsmedulevectors(ci: 3). Thesys-
tolic structurepresentedn figure 5 is obtainedby defining
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Figure 4. 2-D systolic architecture deriv ation:
Dependence Graph (DG).
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Figure 5. 2-D systolic architecture deriv ation:
Linear Signal Flow Graph (SFG).

d=1[10]" ands = [1 1]”, while maintainingthe same
typeof PEs.

Although the dimensionof the processotasbeenre-
duced,this structurestill requiresa large amountof hard-
ware, namely for imageswith medianand high resolu-
tions (e.g. N=M=512). Accordingto [7], this problemcan



Figure 7. Bloc k diagram of the serial processor .

be solved by regularly partitioningthe Signal Flow Graph
(SFG)into blocks,eachconsistingof a clusterof PEs[12].
Figure6 presentshelimit situation,wherethesetof all PEs
representetby circlesis mappedn asinglePE, leadingto
a serialpipelinearchitecture This configurationrepresents
the most economicalsolutionin what concernshardware
resourcesln fact,only onemultiplier is usedin the PErep-
resenteddy a circle and partial resultsare accumulatedn
the outputPE,asdepictedn figure 6.

A completediagramof the describedserialsystolicpro-
cessorfor the computationof animagemomentwith ary
order is showvn in figure 7, with the squaresymbol (O)
representinga processingdelay In orderto usea single
power coreto computethe powersof z™ andy™, aregis-
ter wasusedin the final stageof the processoto storethe
2™ valueof theline beingprocessedFurthermorein order
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Figure 6. 2-D systolic architecture deriv ation:
Serial pipeline structure .

to increasethe processindgrequeny of the power-core, a
pipelineregisterwasintroducedbetweerthe multiplier and
theadderthusreducingthe overall critical path.

The serial pipeline processorshownn in figure 7 usesa
total of 2k + 1 multipliersand1 adder Thetotal processing
time requiredto calculatethe M,,, ,, momentof anN x M
imageis:

T=[N(M+1)+tpow + 2] X top, (6)
wheret,,,, isthelateng of thepower-corecircuit givenby:

tpow = 1 +1logy ([max{m +1,n+1}])+1 (7)

andt,, is the maximumtime requiredto performa single
floating-pointmultiply or addition operation. Hence,the
total processingimeis:

T=[Nx(M+1)+log, (fmax{m+1,n+1}]) +4] - top
(8)

5. Arithmetic Units

Due to the great numberof arithmetic operationsin-
volved in the computationof the image moments,some
of the most critical blocks of the proposedprocessorare
the arithmeticunits. In fact, its overall performances re-
markably dependenbn the efficiengy of theseelements.
As it wasreferredin the previous sections floating-point
arithmetic units are usedto accommodatéehigh-dynamic
rangegequiredto computehigh-ordeimagemomentswith
smallerword widths. Experimentalresultsshowv that the
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Figure 9. Floating-point arithmetic unit.

usedfloating-pointprecision whoseformatsis presentedn
figure 8, seemgo be enough(1 signbit (s), 8 bits for the
exponent(e) and 10 bits usedfor thefractionalpart (f) of
themantissa)ln fact,in thepresentapplication thesignbit
couldbeeliminated sinceimagedatais usuallyrepresented
with unsignedvalues. However, it was decidedto imple-
mentthe arithmeticunits with a signedrepresentationin
orderto extendits applicationto differentsourceof data.
The exponentis representedsa biasedsignednumber
with a biasof 127. The mantissas composedy a hidden
bit, equalto 1, andby a fractionalpart, which represents
numbersmallerthan1. Hence thefloating-pointnumberis
representedly thevalueof (—1)% x [1.f x 2¢7127].

5.1 Floating-Point Multiplier
The floating-pointmultiplicationis generallycomputed

accordingto equation9 (whereM; = 1.f; andE; = e¢; —
127):

[(—1)51 x My x 2E1] . [(—1)52 X Ma x 2E2] = (9
| SiGNAL (9) | MANTISSA (M) | ExpoNeNT (¢) |
UL Frecmon () 0

10 Bits

Figure 8. Floating-P oint Format.

= (=1)%%% x (M, - M) x 2(F1+E2)

The resultof this operationis thus obtainedby making
useof an unsignedmultiplier to computethe mantissaof
theresult,an unsignedadderto computethe exponent,and
abarrelshifterto accomplishthe roundingof thefractional
partof the product,in orderto normalisetheresult. Hence,
this operationis performedin 4 steps,asillustratedin fig-
ure9(a):

i) themantissaf the operandsaremultiplied;

i) theresultis roundedin orderto obtaina normalised
10-bitnumber;

iii) thenew exponents calculatedy addinge; andez and
by takingin consideratiorthe previousroundingstep;

iv) sincetheexponentsarestoredwith abiasedormat,the
biasconstanis subtractedrom the sumof the biased
exponents:

(61 — 127) + (62 — 127) + 127 =e1 + ex — 127.

Thelaststepcanbedonesimultaneouslyvith thethird step.
Thesignvalueis simplytheresultof the XOR operation(&)
betweens; andss.

5.2 Floating-Point Adder

The floating-pointadditionis somavhat more comple
thanthe multiplication becausegdependingon the signsof
theoperandsit mayactuallybeasubtraction Furthermore,
it is necessaryo startby adjustingheoperandssothatthey



have the sameexponentwhenthey areappliedto theadder
accordingto thefollowing formula,wheree; > es:

(frx 2%) 4 (fa x 2%) = [fu + fo x 27170 2
(10)
This operationis performedin 5 steps,asillustratedin
figure 9(b):

i) the exponentsare comparedand the operandsare
swappedso thate; — e2 > 0, and the exponentof
theresultis temporaryassumedo beey;

i) themantissaf thesmalleroperands right shiftedd =
e1 — ez placesby usinga barrelshifter;

iii) theresultof this shift andthe mantisseof the greater
operandare appliedto the adder/subtractetaking in
consideratiorthe signsof both operands;

iv) theresultof this operationis roundedandshifteduntil
it is normalisedand the exponentof the resultis ad-
justed,;

v) thesignof theresultis determined.

The last stepcan be done simultaneouslywith ary of the
previoussteps.

5.3 Floating-Point Units Implementation

The floating point unitsweredescribedisingsynthesiz-
ableVHDL code.A standardibrary of arithmeticunitswas
usedto implementthe addersandmultipliers[13]. Thisi-
brary containsmary units for a comprehensie setof inte-
gerarithmeticoperationswith multiple structurallydiffer-
entimplementationsallowing theadjustmentf the perfor-
manceof the circuit by trading circuit areaversusspeed.
Amongthe several availablearithmeticunits, fastmultipli-
ersandaddersimplementedisingthecarry-saetechnique,
wereselected FurthermoreWallacetreeswereadoptedo
speedup carry-s&e additionin binary addersandmultipli-
ers.

6. Systemimplementation

The choiceof the hardwaresupportto be usedin theim-
plementationof the describedarchitectureis a significant
aspecin whatconcernghe final characteristicef the sys-
tem. Threemainaspectareusuallyconsidered:

e SystemPerformance which characteriseshe operat-
ing frequeny of the system,aswell asits power re-
quirements.

e SystemConfigumbility, characterisingthe processor
modularity accordingto a setof implementationpa-
rametersaswell asits programmability

e ImplementatiorCostsof the system.

In orderto obtaina detailedcomparisorof the charac-
teristicsof severaldifferentimplementatiorsupportsthree
distinct approachesvere considered:Field Programmable
GateArray (FPGA),ApplicationSpecificintegratedCircuit
(ASIC) andDigital SignalProcessof(DSP).Eachof these
hardwareimplementationsanbedistinctly characteriseth
what concernghe threemain aspectgeferredbefore. Ap-
plication specificintegratedcircuits are often regardedas
beingthe obvious choice,offering betterconditionsto pro-
vide the necessargignal processingperformanceequired
by areal-timeoperation. However, suchdedicatedardware
hasthe disadwantageof lacking flexibility and modularity,
makingit difficult to introducelatermodificationsontheal-
gorithmor onits parametersin contrast DSPbasedmple-
mentationsoffer a programmabilitycapability which usu-
ally makesthemtheoptimalchoicein whatconcernsystem
flexibility. However, applicationswith real-timedemands
usuallyrequiresignalprocessingerformancesvhich can-
not be provided by standardDSPs. Suchapplicationsare
oftenimplementedy usingdedicatecto-processort per
form the morecomputationalntensetasks.FPGAscanbe
considereésacompromiséetweerthesewo options.Al-
thoughtheseconfigurabledeviceshave ahardwarestructure
moreclosedto the ASIC’s structure they offer a program-
ming flexibility comparabléo the oneofferedby DSPs.

In the following subsectiongt will be describedand
comparedhe several implementation®f the proposedar-
chitecture. In what concerngsthe systemprogrammability
and parameterisationthe three referred implementations
canbe classifiedinto two categyories: hardware implemen-
tations where VHDL hardware descriptionlanguagehas
beenusedin the architecturedescriptionof the FPGAsand
of the ASIC, andsoftwae implementationsvhereAssem-
bly programminglanguagehasbeenusedto programthe
DSP

6.1 FPGA basedimplementation

A modular processoifor generatinghigh-orderimage
moments pasedon the architecturepresentedn the previ-
oussectionswasphysicallyimplementedn asmallnumber
of low-costFPGAs. Comparingfigure 10 with figure 7, it
canbe obsenredthatanadditionalpipelineregisterwasin-
troducedin the accumulatorcircuit, in orderto balancethe
processingime of the pipelinestages With this additional
register the odd andeven partial resultsareindependently
accumulatedn two registers. At the endof theimage,the
adderis usedto computethefinal result.

The processoiis composedy threedifferent types of
blocks.Module A’ generates andy valuesandintroduces,
atthecorrecttime, thepixel intensityvaluesinto the power-
core. Eachmoduleof type B implementsone stageof the
power-core. Module A" receves,asinput, the severalval-
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Figure 10. Processor implementation with Xilinx XC4013E FPGAs.

uesof ™ (which aresequentiallystoredin aregister)and
the pre-calculatedvaluesof y™ x f (x,y). The moment
valueis computedoy multiplying thesevaluesalongthe set
of N imagelines: M, = Yoy Yol 2™ (" f (2, y)).-

A singlemoduleof type A’ and A" anda setof k (k =

[max {log, (m + 1) ,log, (n + 1)}]) modulesof type B

areusedto computethe 2-D imagemomentsM,,, . As an
example,only threeor four modulesof type B arerequired
to computemomentsof ary orderp = (m + n) < 14 (with

m,n < 7)orp < 30 (with m,n < 15), respectiely.

The processormoduleswere implementedusing the
XC4013E-PQ160FPGA [14] and the Xilinx Foundation
Series2.1 software [15]. This configurabledevice is one
of the most basic FPGAs of the XC4000E family, com-
posedby 576 ConfigurableLogic Blocks (CLBs) and 129
I/O pads[14]. Module A’ requiredittle hardware:just two
counteraandonemultiplexer. For thisreasonit wasimple-
mentedogethemwith moduled” (A = A’+ A") inasingle
FPGA (seefigure 10). In tablel it is presentedheresults
of theseimplementationsregardingthe device occupation
andthe maximumworking frequeng of theprocessarThe

Table 1. Implementation results of the several
modules that compose the FPGA based pro-
cessor .

Module Occupation| Minimum | Frequeng
[%] Period[ns] | [MHZz]
A=A+ A" 78.3 99.5 10.1
B 75.3 69.4

obtainedresultsevidencethatbothtypesof modules4 and
B canbeimplementedn asingleXC4013E-PQ16G-PGA.
They occupy about78 % of the availablesetof CLBs and
about98 % of theavailablel/O pads.In figure 11it is pre-
sentedherelationbetweerthecomputednomentorder(p)
andtherequirednumberof XC4013E-PQ16G-PGAs.The
maximumworking frequeng achievedis about10 M H z,
which makesthe processoableto compute2-D imagemo-
mentsatthevideo-raterequiredfor resolutionof 640 x 480
pixels,asit is depictedn figure 11. Thevalueof the work-

Working Frequency 10

640 x 480

Nr. of FPGAs

Nr. of FPGAs
w
IS
Freq. [MHz]

256 x 256

{2 3 4 5 6§ 7 8 o 0 U 2 13 oW 15 1
p = (m+n)

Figure 11. Number of required FPGAs to com-

pute a p=(m+n) order moment (with m,n <7);

required clock frequenc y to process several

image sizes.
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Figure 12. Processor implementation using an ASIC device.

Table 2. FPGA based processor implementa-
tion results.

| Parameter | Value |
DevicesUsed 4 FPGAs
LogicBlocks | 1319 CLBs
PowerDissip. | 4.67 W
Critical Path | 99.47 ns
Proc.Time 26.13 ms

ing frequeng canstill beincreasedby reducingtheprocess-
ing time of the arithmeticunits, which canbe achieved by
increasinghe pipelinedepth.

A processorcomposedby four XC4013E-PQ160de-
vices,for generatindmagemomentswith orderlessthan14
(with m,n < 7), wasimplementedIn table2 it is depicted
its electricalcharacteristicayherethe presentegrocessing
time refersto the computationof a 512 x 512 imagemo-
ment. This processowas connectedandfully testedwith
anacquisitionvideoprocessingystemwhich accept$AL
video sighalsandsendshe computedmagemomentso a
PentiumPersonalComputerthroughonel/O parallelport.

6.2 ASIC basedimplementation

The systemimplementationsupportedon the hardware
structureof anASIC deviceis basednthearchitecturegre-
viously describedn section4 and presentedn figure 12.
Similarly to the FPGA basedprocessarthis implementa-
tion hasbeencarriedout to obtain an efficient hardware
processoicapableof computingimage momentswith or-

derlessthan14 (with m,n < 7). As it hasbeendonewith
the previously described=PGAbasedlevice, anadditional
pipelineregisterwasintroducedin the accumulatorcircuit
in orderto increaseéheworking frequeny of the processar
Likewise,theparameterisatioof theorderof thecomputed
imagemomentis donesimply by programmingwo proces-
sorregisters.

The VHDL descriptionof the circuit was synthesised
with Synopsys™ DesignCompilet It wasimplemented
usingthe Atmel ES2StandardCellsLibrary for the0.7 um
dual-metal CMOS process,basedon a 5.0 V technol-
ogy [16]. This library is composedby a completeset
of StdLib logic cells, whosesimplestdevice, the inverter,
is characterisedby a typical propagationtime of about
0.12 ns, occupying atotal areaof 273.6 um?2.

Theimplementationmesultsof the synthesisedircuit are
presentedn table3. By comparingtheseresultswith those
obtainedfor the FPGAbasedorocessofseetable?), it can
beobsenedareductionof about88.5% in powerconsump-
tion. Moreover, theworking frequeng canbeincreasedo
23.36 M H z, which decreasethe processingime by afac-
tor of 2.32.

Table 3. ASIC implementation results.

| Parameter | Value |
Critical Path | 42.80 ns

Cells 4716
Transistors | 43894

Area 3.26 mm?
Power 5344 mW
Proc.Time 11.242 1ms




; X’'m Power Computation (result in RO)
|df 0,R1 ; R1 <- x (line counter)
Idi @_tableX,ARO
Idi @powerX,R7 ; R7 <- m
L1: Idi 511,RC ; Repeats the following
; block 511+1 times
rptb L2
Lx1: Ish -1,R7 ; Cflag <- b0
bncd Lx2 ; Tests bo bit
Idi 1,RO ; RO < 1
mpyf3  R1,R1,R2 ;. R2 <- X2
mpyf3 R2,R2,R3 ; R3 <- x4 L7:
mpyf R1,RO ;. RO*=b0.x
Lx2: Ish -1,R7 ; Cflag <- bl
bncd Lx4 ; Tests bl bit
addi 1,R1 ; R1++ (for next cycle)
nop
nop
mpyf R2,R0O ; RO*=b1.x"2
Lx4: Ish -1,R7 ; Cflag <- bl
bnc Lx4 ; Tests b2 bit
mpyf R3,R0 ; RO*=b2.x°4
L2: stf RO,*ARO++ ; tableX[ARO++] <- X'm

;. Moment Mmn computation

- tableX contains the X'm power values
- tableY contains the Xx'n power values
- frame contains the pixel value at line x and column vy
Idi @_tableY,ARO
Idi @_tableX,AR1
Idi @_frame,AR7
Idi 0,R2
Idi 0,R3
Idi 512,R6 ; repeats next block 512 times
subi 1,R6 ; counter
mpyf *AR7,*AR0++,R0 ; RO <- frame * tableY[counterY++]
rpts 510 ; repeats next block 511 times
mpyf3  *AR7,*AR0++,R0O ; RO <- frame * tableY[counterY++]
addf RO,R2 ; R2 += RO
addf RO,R2 ;. R2 += RO
mpyf3  *AR1++R2,R1 ; R1 <- tableX[counterX++]*R2
addf R1,R3 ; R3 += R1
cmpi 0,R6
bnzd L7
Idi @_tableY,ARO
Idi 0,R2
subi 1,R6 ;. R6--
; R3 = Moment Value

(@)

(b)

Figure 13. Assemb ly code: (a)-Initialisation of the table containing the x™ values; (b)-moment com-

putation.

6.3 DSP basedimplementation

In orderto comparethe previously describeddedicated
hardware implementationsvith an implementationbased
onadigital signalprocessara softwae implementatiornas
beenperformedusing a standardfloating-pointDSRP. The
choserdevice wasthe 32-bit DSPTMS320C30from Texas
Instrumentsbasednal.0 ym CMOStechnologyandop-
eratedusinga clock frequeny of 33 M Hz. This proces-
soris characterisethy having a 60 ns single-g/cle instruc-
tion executiontime, capableof performing33.3MFLOPS
and16.7 MIPS [17]. This DSP exhibits greaterprecision
than the hardware implementationspreviously described
(themantissds representedvith 24 bits).

In orderto obtainan algorithm as efficient as possible,
the computationof the valuesof 2™ andy™ was doneby
makinguseof two distincttables,pre-computediuring an
initialisation phase. This, of course,hasthe inherentdis-
adwantageof loosingpart of the flexibility of the proposed
architecture. Neverthelessdue to the intrinsic sequential
executioncharacteristicof the DSP (contrastingwith the
parallelstructureof theFPGAsandASIC), thisis themost
efficient methodto computethesepower values.Moreover,
the otheralternatie would requirethe repetitve computa-
tion of the samesetof valuesfor all processedrames.Us-
ing this method thesetablesarecomputedonly once,dur-

ing theinitialisation phaseof the processar

Therefore,two distinct main tasksmust be considered
in this implementation:theinitialisation of the z™ andy™
tablesandthe computatiorof theimagemoment. The As-
semblycodeof thesetasks(correspondento processingf
a (512 x 512) image)is depictedn figure 13(a)andin fig-
ure13(b),respectiely.

A total of ((512 x 19) + 8) cyclesarerequiredto ini-
tialise the tablescontainingthe z™ and y™ power values
(with m,n < 7). Therefore,the initialisation task cor-
respondento the pre-computatiorof the z™ andy™ ta-
bles comprisesabout19472 executioncycles, which cor
respondgo a initialization time of about1.17 ms. In what
concernghe computationof the momentvalue, it is possi-
ble to concludethat (524 x 512 + 7) executioncyclesare
required,which correspondso a processingime of about
16.1 ms. Table4 depictesthe main characteristic®f this
DSP basedimplementation.It canbe obsened thatwhile
theprocessindime valueis betweerthoseobtainedfor the
othertwo implementationsthe obtainedpower consump-
tion value presentsan increaseby a factor of about2.33
whencomparedvith the ASIC basedmplementationWith
this processgrmomentswith orderp < 14 (m,n < 7) can
be computedfor 512 x 512 imagesat a rate of about60
framespersecond.



Table 4. DSP based implementation.

| Parameter | Value |
DevicesUsed 1 DSP
Power Dissip. 1.25 W
ClockFrequeny | 33.0 MHz

ExecutionCycle 60 ns
Processingime | 16.1 ms

7. Discussionand Conclusions

This paper proposesa nen systolic architecturefor
computing high order 2-D gray level image moments,
My, requiring only (2k + 1) multipliers (¢ =
[max {log, (m + 1) ,log, (n + 1)}]) andoneadder The
describedarchitecturemakes use of floating-pointrepre-
sentationto accommodatehe high dynamicrangeof the
operandsvith a small numberof bits. As far aswe know,
this is the first architecturethat allows the designof real-
time processordgor computing2-D image momentswith
a numberof multipliers that only increaseswith the loga-
rithm of the maximumorderof the momentsn onedimen-
sion. Moreover, the repetitive structureof the architecture
is well adaptedo the developmentof modularprocessors
with VLSI circuitsandwith configurabledevices.

It hasbeenshowvn the usefulnes®f the proposedarchi-
tecturefor developingreal-timeprocessorbasednthedif-
ferenttypeof devices:FPGAs,ASICsandDSPs.TheASIC
basedimplementationhasproved to be the most suitable
to be usedin applicationsrequiring low-power consump-
tion, suchasmobileequipmentlt hasalsobeenshowvn that
DSPbasedmplementationgre more suitablefor applica-
tionswherethe proposedarchitecturds usedasa dedicated
co-processoin a hostprocessingystemandwherepower
consumptioris notasignificantconcern.Theresultsof the
FPGAimplementatiorhave shovn thatthis configurationis
well suitableonly in the designandtestphasef the ded-
icatedprocessorsgueto the high power consumptiorand
moderateoperatingfrequeng.
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