
In the Developmentand Evaluation of SpecializedProcessorsfor Computing
High-Order 2-D Image Moments in Real-Time

NunoRoma
Nuno.Roma@inesc.pt

LeonelSousa
las@inesc.pt

InstitutoSuperiorTécnico/ INESC-ID
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Abstract

Image momentsare usedin image analysisfor object
modelling, matching and representation.Thecomputation
of high-order momentsis a computationalintensivetask
that can not be implementedin real-time with nowadays
general-purposeprocessors. This paperproposesa setof
specialisedprocessors for generating an image momentof
an arbitrary order in real time, by adoptingsystolicpro-
cessingtechniquesand floating-pointarithmetic units. It
proposesa modularandcosteffectivearchitecture for gen-
erating image moments,with a processingtime not depen-
denton the order of the computedmoments.Thearchitec-
ture wasimplementedusingdifferent devices,such as pro-
grammabledigital processors,configurablehardwarelogic
andintegratedcircuits,by usinga

���������
CMOSprocess.

Theseveral implementationshaveshownthe effectiveness
of thearchitecture, andtheobtainedresultsallow usto com-
parethedifferentsolutionsin termsof speed,flexibility, cost
andpowerconsumption.

Keywords: High-orderimagemoments,Pipelinearchi-
tectures,Systolicprocessing,Digital SignalProcessors

1. Intr oduction

Two-dimensionalobject representationand recognition
is animportanttopic in thecomputervision area.Moments
of the intensity function of pixels are commonlyusedfor
representingan objector an image. The 	�
 �
���

order
moment ������� ��� of an arrayof pixelswith values ������� ���
andsize !#" is definedby equation1 [1, 2].
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Low ordermomentsarecommonlyusedto extract fea-
tures,such as areaand centerof gravity, and to find the
locationandorientationof objectsin a image[1, 2, 3, 4]. In
contrast,high ordermomentsareusedfor patternrecogni-
tion andimagerepresentation[5, 6].

A direct computationof equation1 requires!#" addi-
tions and � ���1� � !#" multiplications. In the last years,
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
architectureswithout practicalinterestdueto its complex-
ity [11]. Moreover, floating-pointarithmetichasto beused
to computemomentsof differentorders,given that the re-
quireddynamicrangeincreasesvery rapidly with the mo-
ment’s order. Someotherproposedarchitectures[7] adopt
wavefront processingtechniquesto adaptthe throughput
to the variableprocessingtime exhibited by floating-point
arithmeticunits.However, althoughthey eliminatetheneed
to respectthe “worst” processingperiod, they requiread-
ditional circuits to exchangedatabetweenProcessingEle-
ments(PE),which representsa significantoverheadin the
hardwarecost.

This paperproposesa new architecturefor computing
2-D gray level image momentswith any order in real-
time, by adoptingsystolicprocessingtechniquesandfloat-
ing point arithmetic.Theproposedarchitectureis modular
and scalablefor higher order momentsand requiresa re-
ducedamountof hardware.Moreover, theresultspresented
in this paperdemonstratethatthearchitectureis well suited
to implementspecialisedprocessorsfor computingimage
momentsbasedon Digital SignalProcessors(DSP),Field
ProgrammableDateArrays (FPGA) andApplication Spe-
cific IntegratedCircuits(ASIC). By comparingthedifferent
implementations,it is possibleto concludethatthereal-time
processingis alwaysachieved. However, someadvantages



(a) (b)

Figure 2. Representation and reconstruction of an image pattern using high order moments: (a)
Original input image. (b) Reconstructed image with up to second-or der moment thr ough up to
40th-or der moment, from top to bottom rows and from left to right.

of thespecificcharacteristicsof eachof theconsideredpro-
cessorimplementationscanbe taken,in whatconcernsthe
operatingspeed,flexibility andpowerconsumption.

This paperis organisedas follows. Section2 presents
two main applicationexamplesof the use of image mo-
mentsin image processing. An efficient power core for
generatingthe 2 and 3 powersis proposedin section3. In
section4 a new systolicarchitectureis proposedandin sec-
tion 5 floating point arithmeticunits are described. Sec-
tion 6 presentsand comparesseveral implementationsof
a proposedprocessorbasedon differentdevices, suchas:
FPGAs(section6.1), ASICs (section6.2) andDSPs(sec-
tion 6.3). Section7 concludesthepresentation.

2. 2D Image Moments

As it hasbeenreferredin the previous section,image
momentsareoftenusedin computervision to provide a set
of imagefeaturesfor differentapplications,suchaslocal-
ization,patternrecognitionandimagerepresentation[1, 2].
The zerothroughsecondordermomentsprovide informa-
tion aboutthe area,centerof massandaboutthe approxi-
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Figure 1. Definition of several localization pa-
rameter s thr ough the computation of the im-
age ellipse .

mationof anobjectto anellipse[3] (seefigure1). Moments
with orderlower than 46587 canalsobecombinedto form
momentinvariantsto certainshapetransformations,suchas
translation,rotationandscaling[4].

Besidesfeatureextraction, a significantresearcheffort
hasrecentlybeenmadeto usehigh order imagemoments
in pattern recognition and image representationapplica-
tions [5, 6]. In fact, it hasbeenshown thathigh ordermo-
mentscanprovideameansof reconstructingimagesor pat-
ternsusinga finite setof moments.This makesit possible
to usefewerbytesto representthereconstructedimagethan
therequiredto representtheoriginal image.However, since
theusageof aninfinite numberof imagemomentsis notfea-
sible, this representationpresentsalwaysan inherenterror
that is dependenton the maximumorderof thesetof used
moments(seefigure2).

3. Power Core

To computethe valuesof the 9;: and <�= powers with
a traditionalsequentialarchitecture,> and ? clock cycles
arerequired,respectively. Suchbasicarchitectureleadsto a
greatamountof computationtime for high ordermoments.
According to [7], a fasterarchitecturecanbe obtainedby
applyingthefollowing decomposition:
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Hence,the expressionsfor the powers 9p: and <q= take
thefollowing form:
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Figure 3. Power-Core module .

Thus, it is possibleto concludethat, in order to com-
pute the value of �;� , it is only necessaryto perform�b�

multiplications:
�

of them for computing the �;�z�
terms and the remaining

�
to calculate the product of

the �s�u���� �0� terms. Figure 3 representsa structurewith
�

stagesto computeequation3. If the input valueswere
composedby the sequence�d�b� � �z���^�)�^���z��� , the sequence�d�)��� � ���0�d���)�^�)�.�0�P��� wouldbeobtainedat theoutput.In
thissystolicarchitecture,theoverallstructureis operatedin
asynchronousway, with theD symbolrepresentinga delay
of oneclock cycle. With this structure,it is possibleto ob-
tain oneoutputvaluein eachclock cycle, with a latency of�

clock cycles.

4. Dedicated Pipeline Ar chitecture for Com-
puting an Image Moment

The computationof � ��� � given by equation1 canbe
representedby avector-matrixproductfollowedby avector
dot product,asdepictedin equation5. In theseequations,�

representsthe �
�$  imagematrix,while ¡ and ¢ rep-
resentthe � and   sizedvectorscomposedby the setof�;� and £�� powers,respectively. Accordingto [7], thecom-
putationof this equationcanbe representedby the planar
DependenceGraph(DG) presentedin figure4, correspond-
ing to anarrayarchitecturecomposedby �¤�¦¥� ¨§B�Q© PEs.

� ��� � ª ¡ � ¢ ª ¡#« ªB¬ ¢ (5)¡ ª ­ �)� � � ®^®)®¯�P�±°¢ ª ­ �)� � � ®^®^®² 8�l°� ¥���� £�© ª �Q³´¥��/�0£�©xµ¶� ª �|�^�)� �·� £ ª �|�)�^�0 ¸�
For realimages,with a greatnumberof pixels,it is con-

venientto reducethe dimensionof this array. This canbe
achievedby projectingthe DG on a linear structurewith a
valid pairof projectionandschedulevectors¥º¹» � ¹¼ © . Thesys-
tolic structurepresentedin figure5 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).

¹» ª¾½ ��¿�ÀÂÁ and ¹¼ ª¾½ �Ã��ÀÂÁ , while maintainingthe same
typeof PEs.

Although the dimensionof the processorhasbeenre-
duced,this structurestill requiresa large amountof hard-
ware, namely, for imageswith medianand high resolu-
tions(e.g. N=M=512). Accordingto [7], this problemcan
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Figure 7. Bloc k diagram of the serial processor .

be solved by regularly partitioningthe SignalFlow Graph
(SFG)into blocks,eachconsistingof a clusterof PEs[12].
Figure6 presentsthelimit situation,wherethesetof all PEs
representedby circlesis mappedon a singlePE,leadingto
a serialpipelinearchitecture.This configurationrepresents
the most economicalsolution in what concernshardware
resources.In fact,only onemultiplier is usedin thePErep-
resentedby a circle andpartial resultsareaccumulatedin
theoutputPE,asdepictedin figure6.

A completediagramof thedescribedserialsystolicpro-
cessorfor the computationof an imagemomentwith any
order is shown in figure 7, with the squaresymbol ÄÆÅ�Ç
representinga processingdelay. In order to usea single
power coreto computethe powersof 2;È and 3�É , a regis-
ter wasusedin the final stageof the processorto storethe2;È valueof theline beingprocessed.Furthermore,in order
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Figure 6. 2-D systolic architecture deriv ation:
Serial pipeline structure .

to increasethe processingfrequency of the power-core, a
pipelineregisterwasintroducedbetweenthemultiplier and
theadder, thusreducingtheoverall critical path.

The serial pipeline processorshown in figure 7 usesa
totalof ÊbËÍÌ�Î multipliersand Î adder. Thetotalprocessing
timerequiredto calculatethe Ï È�Ð É momentof an ÑÓÒkÔ
imageis: Õ1ÖØ× ÑgÄuÔÙÌiÎ)Ç�ÌÛÚuÜ^Ý0ÞßÌàÊDá�ÒâÚ Ý}Üqã (6)

whereÚ Ü)Ý Þ is thelatency of thepower-corecircuit givenby:Ú Ü^Ý0Þ Ö ÎxÌ�ä`åbæ�ç|ÄDèWéYê[ë�ì^íîÌiÎbã0ïðÌiÎ[ñ^òDÇ�ÌlÎ (7)

and Ú Ý}Ü is the maximumtime requiredto performa single
floating-pointmultiply or addition operation. Hence,the
total processingtime is:óÛôlõ ög÷ùø�ú@û�ü.ýºû·þ ÿ ��� ø����	��

�����Ûü�������ü������������ ��!#"#$

(8)

5. Arithmetic Units

Due to the great number of arithmetic operationsin-
volved in the computationof the image moments,some
of the most critical blocks of the proposedprocessorare
the arithmeticunits. In fact, its overall performanceis re-
markably dependenton the efficiency of theseelements.
As it was referredin the previous sections,floating-point
arithmetic units are used to accommodatehigh-dynamic
rangesrequiredto computehigh-orderimagemomentswith
smallerword widths. Experimentalresultsshow that the
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Figure 9. Floating-point arithmetic unit.

usedfloating-pointprecision,whoseformatsis presentedin
figure 8, seemsto be enough(1 sign bit %'&)( , 8 bits for the
exponent %+*,( and10 bits usedfor thefractionalpart %.-/( of
themantissa).In fact,in thepresentapplication,thesignbit
couldbeeliminated,sinceimagedatais usuallyrepresented
with unsignedvalues. However, it was decidedto imple-
ment the arithmeticunits with a signedrepresentation,in
orderto extendits applicationto differentsourcesof data.

Theexponentis representedasa biasedsignednumber,
with a biasof 021 3 . The mantissais composedby a hidden
bit, equalto 0 , andby a fractionalpart,which representsa
numbersmallerthan 0 . Hence,thefloating-pointnumberis
representedby thevalueof %54�0�(7698;:<0�=>-�8�1�?A@CB�DAE�F .
5.1. Floating-Point Multiplier

The floating-pointmultiplication is generallycomputed
accordingto equation9 (where GIHKJL0 = -,H and MNHOJP*2HQ40)1 3 ):R %�4�0�(AS�TN8�G B 8�1VU T7WYX R %�4�0�(5S,Z[8\G D 8\1�U Z�W J (9)
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Figure 8. Floating-P oint Format.
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The resultof this operationis thusobtainedby making

useof an unsignedmultiplier to computethe mantissaof
theresult,anunsignedadderto computetheexponent,and
a barrelshifterto accomplishtheroundingof thefractional
partof theproduct,in orderto normalisetheresult.Hence,
this operationis performedin 4 steps,asillustratedin fig-
ure9(a):

i) themantissaof theoperandsaremultiplied;

ii) the result is roundedin order to obtain a normalised
10-bit number;

iii) thenew exponentis calculatedby adding* B and * D and
by takingin considerationthepreviousroundingstep;

iv) sincetheexponentsarestoredwith abiasedformat,the
biasconstantis subtractedfrom thesumof thebiased
exponents:%+* B 4f0)1g3,(ihj%+* D 4k021 3,(Qhl021 3YJ�* B hm* D 4k021 3 .

Thelaststepcanbedonesimultaneouslywith thethird step.
Thesignvalueis simplytheresultof theXOR operation( n )
between& B and & D .
5.2. Floating-Point Adder

The floating-pointaddition is somewhat morecomplex
thanthe multiplication because,dependingon the signsof
theoperands,it mayactuallybeasubtraction.Furthermore,
it is necessaryto startby adjustingtheoperands,sothatthey



havethesameexponentwhenthey areappliedto theadder,
accordingto thefollowing formula,where * B9o * D :
%.- B 8�1 ? T (ihj%.- D 8�1 ? Z (pJ R - B hm- D 8\1 @ a ? T @q? Z e W 8\1 ? T

(10)
This operationis performedin 5 steps,asillustratedin

figure 9(b):

i) the exponentsare comparedand the operandsare
swappedso that * B 4;* D�osr , and the exponentof
theresultis temporaryassumedto be * B ;

ii) themantissaof thesmalleroperandis right shifted tuJ* B 4_* D placesby usinga barrelshifter;

iii) the resultof this shift andthe mantissaof the greater
operandareappliedto the adder/subtracter, taking in
considerationthesignsof bothoperands;

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

v) thesignof theresultis determined.

The last stepcanbe donesimultaneouslywith any of the
previoussteps.

5.3. Floating-Point Units Implementation

Thefloatingpoint unitsweredescribedusingsynthesiz-
ableVHDL code.A standardlibrary of arithmeticunitswas
usedto implementtheaddersandmultipliers [13]. This li-
brary containsmany units for a comprehensive setof inte-
gerarithmeticoperations,with multiple structurallydiffer-
entimplementations,allowing theadjustmentof theperfor-
manceof the circuit by trading circuit areaversusspeed.
Amongtheseveralavailablearithmeticunits,fastmultipli-
ersandadders,implementedusingthecarry-savetechnique,
wereselected.Furthermore,Wallacetreeswereadoptedto
speedup carry-save additionin binaryaddersandmultipli-
ers.

6. SystemImplementation

Thechoiceof thehardwaresupportto beusedin theim-
plementationof the describedarchitectureis a significant
aspectin whatconcernsthefinal characteristicsof thesys-
tem.Threemainaspectsareusuallyconsidered:v SystemPerformance, which characterisesthe operat-

ing frequency of the system,aswell as its power re-
quirements.v SystemConfigurability, characterisingthe processor
modularity accordingto a set of implementationpa-
rameters,aswell asits programmability.v ImplementationCostsof thesystem.

In order to obtaina detailedcomparisonof the charac-
teristicsof severaldifferentimplementationsupports,three
distinct approacheswereconsidered:Field Programmable
GateArray (FPGA),ApplicationSpecificIntegratedCircuit
(ASIC) andDigital SignalProcessor(DSP).Eachof these
hardwareimplementationscanbedistinctlycharacterisedin
what concernsthe threemain aspectsreferredbefore. Ap-
plication specificintegratedcircuits are often regardedas
beingtheobviouschoice,offering betterconditionsto pro-
vide the necessarysignalprocessingperformancerequired
by areal-timeoperation.However, suchdedicatedhardware
hasthe disadvantageof lacking flexibility andmodularity,
makingit difficult to introducelatermodificationsontheal-
gorithmor on its parameters.In contrast,DSPbasedimple-
mentationsoffer a programmabilitycapability which usu-
ally makesthemtheoptimalchoicein whatconcernssystem
flexibility . However, applicationswith real-timedemands
usuallyrequiresignalprocessingperformanceswhich can-
not be provided by standardDSPs. Suchapplicationsare
oftenimplementedby usingdedicatedco-processorsto per-
form themorecomputationalintensetasks.FPGAscanbe
consideredasacompromisebetweenthesetwo options.Al-
thoughtheseconfigurabledeviceshaveahardwarestructure
moreclosedto the ASIC’s structure,they offer a program-
ming flexibility comparableto theoneofferedby DSPs.

In the following subsectionsit will be describedand
comparedthe several implementationsof the proposedar-
chitecture. In what concernsthe systemprogrammability
and parameterisation,the three referred implementations
canbe classifiedinto two categories: hardware implemen-
tations, whereVHDL hardware descriptionlanguagehas
beenusedin thearchitecturedescriptionof theFPGAsand
of theASIC, andsoftware implementations, whereAssem-
bly programminglanguagehasbeenusedto programthe
DSP.

6.1. FPGA basedimplementation

A modular processorfor generatinghigh-orderimage
moments,basedon the architecturepresentedin the previ-
oussections,wasphysicallyimplementedin asmallnumber
of low-costFPGAs. Comparingfigure 10 with figure 7, it
canbeobservedthatanadditionalpipelineregisterwasin-
troducedin theaccumulatorcircuit, in orderto balancethe
processingtime of thepipelinestages.With this additional
register, the odd andeven partial resultsareindependently
accumulatedin two registers.At the endof the image,the
adderis usedto computethefinal result.

The processoris composedby threedifferent typesof
blocks.Module w9x generatesy and z valuesandintroduces,
at thecorrecttime,thepixel intensityvaluesinto thepower-
core. Eachmoduleof type { implementsonestageof the
power-core. Module wNx x receives,asinput, theseveralval-



 1

 0

MUX

 1

 0

MUX

 1

 0

MUX

1

f(x,y)

Count 'y'
0..M

Count 'x'
1..N

x

y

zero

xm

Mm,n

1

x
1

mb0

nb0

1      0
M
U
X

12 −k

x

1

1      0
M
U
X

 1

 0

MUX

0

0      1 M
U
X

0

M
U
X0      1

m
kb 1−

n
kb 1−

Clock

Module Bk-1 Module A''

xm

1

0      1 M
U
X

2ADDER

Module B0Module A'

Figure 10. Processor implementation with Xilinx XC4013E FPGAs.

uesof y}| (which aresequentiallystoredin a register)and
the pre-calculatedvaluesof z�~k8f-�%<yQ�7z�( . The moment
valueis computedby multiplying thesevaluesalongtheset
of � imagelines: � |N� ~ J��l��)� B �;�� � B y}|m%<z�~�-�%+yi�7z�(5( .
A single moduleof type wNx and wNx x and a set of ��%.�;J�����,�Y����� � D %<��h�0)(q� ��� � D %+��hl02(��� ,( modulesof type {
areusedto computethe2-D imagemoments� |9� ~ . As an
example,only threeor four modulesof type { arerequired
to computemomentsof any order¡¢J]%<��h��i(O£¤0�¥ (with�¦�5�§£�3 ) or ¡�£k¨ r (with �_�7�_£j0)© ), respectively.

The processormodules were 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) and129
I/O pads[14]. Module w9x requireslittle hardware: just two
countersandonemultiplexer. For this reason,it wasimple-
mentedtogetherwith modulew9x xª%+wjJjwNx�h«w9x x¬( in asingle
FPGA(seefigure 10). In table1 it is presentedtheresults
of theseimplementations,regardingthe device occupation
andthemaximumworking frequency of theprocessor. The

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

Module Occupation Minimum Frequency
[ ­ ] Period[ns] [MHz]wjJjwNxbh�w9x x 3,®�= ¨ ¯ ¯�=>© 0 r =�0{ 3V©�= ¨ ° ¯�= ¥

obtainedresultsevidencethatbothtypesof modulesw and{ canbeimplementedin asingleXC4013E-PQ160FPGA.
They occupy about 3,®u­ of the availablesetof CLBs and
about ¯ ®[­ of theavailableI/O pads.In figure11 it is pre-
sentedtherelationbetweenthecomputedmomentorder %�¡}(
andtherequirednumberof XC4013E-PQ160FPGAs.The
maximumworking frequency achieved is about 0 r G²±´³ ,
which makestheprocessorableto compute2-D imagemo-
mentsatthevideo-raterequiredfor resolutionsof °�¥ r 8µ¥ ® r
pixels,asit is depictedin figure11. Thevalueof thework-
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Figure 12. Processor implementation using an ASIC device .

Table 2. FPGA based processor implementa-
tion results.

Parameter Value

DevicesUsed ¥ ·�¸�¹�w9&
Logic Blocks 0�¨ª0�¯ º[»
{�&
Power Dissip. ¥�= °b3 ¼
Critical Path ¯ ¯�= ¥b3 �i&
Proc.Time 1�°�=¬0�¨ ��&

ing frequency canstill beincreasedby reducingtheprocess-
ing time of the arithmeticunits, which canbe achievedby
increasingthepipelinedepth.

A processorcomposedby four XC4013E-PQ160de-
vices,for generatingimagemomentswith orderlessthan14
(with �¦�5�¦£�3 ), wasimplemented.In table2 it is depicted
its electricalcharacteristics,wherethepresentedprocessing
time refersto the computationof a ©�021�8I©�021 imagemo-
ment. This processorwasconnectedandfully testedwith
anacquisitionvideoprocessingsystem,which acceptsPAL
videosignalsandsendsthecomputedimagemomentsto a
PentiumPersonalComputer, throughoneI/O parallelport.

6.2. ASIC basedimplementation

The systemimplementationsupportedon the hardware
structureof anASIC deviceis basedonthearchitecturepre-
viously describedin section4 and presentedin figure 12.
Similarly to the FPGA basedprocessor, this implementa-
tion has beencarriedout to obtain an efficient hardware
processorcapableof computingimagemomentswith or-

derlessthan14 (with �¦�5��£¤3 ). As it hasbeendonewith
thepreviously describedFPGAbaseddevice,anadditional
pipelineregisterwasintroducedin the accumulatorcircuit
in orderto increasetheworking frequency of theprocessor.
Likewise,theparameterisationof theorderof thecomputed
imagemomentis donesimplyby programmingtwo proces-
sorregisters.

The VHDL descriptionof the circuit was synthesised
with ½b¾b¿ � ÀªÁ ¾ Á5Â�Ã DesignCompiler. It was implemented
usingtheAtmel ES2StandardCellsLibrary for the r =Ä3OÅ/�
dual-metal CMOS process,basedon a ©�= r�Æ technol-
ogy [16]. This library is composedby a completeset
of StdLib logic cells, whosesimplestdevice, the inverter,
is characterisedby a typical propagationtime of aboutr =¬0)1`�i& , occupying a total areaof 1 3,¨ª= °µÅ/� D .

Theimplementationresultsof thesynthesisedcircuit are
presentedin table3. By comparingtheseresultswith those
obtainedfor theFPGAbasedprocessor(seetable2), it can
beobservedareductionof about® ®�=>© ­ in powerconsump-
tion. Moreover, theworking frequency canbeincreasedto1V¨ª= ¨ °µG²±´³ , which decreasestheprocessingtimeby afac-
tor of 1�= ¨g1 .

Table 3. ASIC implementation results.

Parameter Value

Critical Path ¥b1�= ® r �i&
Cells ¥b3�0�°
Transistors ¥g¨�® ¯V¥
Area ¨ª= 1�° �¢� D
Power ©�¨V¥ª= ¥ �\¼
Proc.Time 0�0 = 1V¥g1 �\&



; xˆm Power Computation (result in R0)

ldf 0,R1 ; R1 <- x (line counter)
ldi @_tableX,AR0
ldi @powerX,R7 ; R7 <- m

L1: ldi 511,RC ; Repeats the following
; block 511+1 times

rptb L2

Lx1: lsh -1,R7 ; Cflag <- b0
bncd Lx2 ; Tests bo bit
ldi 1,R0 ; R0 <- 1
mpyf3 R1,R1,R2 ; R2 <- xˆ2
mpyf3 R2,R2,R3 ; R3 <- xˆ4

mpyf R1,R0 ; R0*=b0.x
Lx2: lsh -1,R7 ; Cflag <- b1

bncd Lx4 ; Tests b1 bit
addi 1,R1 ; R1++ (for next cycle)
nop
nop

mpyf R2,R0 ; R0*=b1.xˆ2
Lx4: lsh -1,R7 ; Cflag <- b1

bnc Lx4 ; Tests b2 bit

mpyf R3,R0 ; R0*=b2.xˆ4
L2: stf R0,*AR0++ ; tableX[AR0++] <- xˆm

(a)

; Moment Mmn computation
; - tableX contains the xˆm power values
; - tableY contains the xˆn power values
; - frame contains the pixel value at line x and column y

ldi @_tableY,AR0
ldi @_tableX,AR1
ldi @_frame,AR7
ldi 0,R2
ldi 0,R3
ldi 512,R6 ; repeats next block 512 times

subi 1,R6 ; counter --
L7: mpyf *AR7,*AR0++,R0 ; R0 <- frame * tableY[counterY++]

rpts 510 ; repeats next block 511 times
mpyf3 *AR7,*AR0++,R0 ; R0 <- frame * tableY[counterY++]

|| addf R0,R2 ; R2 += R0

addf R0,R2 ; R2 += R0
mpyf3 *AR1++,R2,R1 ; R1 <- tableX[counterX++]*R2
addf R1,R3 ; R3 += R1

cmpi 0,R6
bnzd L7
ldi @_tableY,AR0
ldi 0,R2
subi 1,R6 ; R6--

; R3 = Moment Value

(b)

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

6.3. DSPbasedimplementation

In orderto comparethe previously describeddedicated
hardware implementationswith an implementationbased
onadigital signalprocessor, asoftware implementationhas
beenperformedusing a standardfloating-pointDSP. The
chosendevicewasthe32-bitDSPTMS320C30from Texas
Instruments,basedon a 0 = r Å/� CMOStechnologyandop-
eratedusinga clock frequency of ¨ ¨�G²±§³ . This proces-
sor is characterisedby having a ° r �i& single-cycle instruc-
tion executiontime, capableof performing33.3MFLOPS
and 16.7 MIPS [17]. This DSP exhibits greaterprecision
than the hardware implementationspreviously described
(themantissais representedwith 24 bits).

In order to obtainan algorithmasefficient aspossible,
the computationof the valuesof y�| and z�~ wasdoneby
makinguseof two distinct tables,pre-computedduring an
initialisation phase. This, of course,hasthe inherentdis-
advantageof loosingpart of the flexibility of the proposed
architecture. Nevertheless,due to the intrinsic sequential
executioncharacteristicsof the DSP(contrastingwith the
parallelstructuresof theFPGAsandASIC), this is themost
efficientmethodto computethesepower values.Moreover,
the otheralternative would requirethe repetitive computa-
tion of thesamesetof valuesfor all processedframes.Us-
ing this method,thesetablesarecomputedonly once,dur-

ing theinitialisationphaseof theprocessor.

Therefore,two distinct main tasksmust be considered
in this implementation:the initialisation of the y | and z ~
tablesandthecomputationof the imagemoment.TheAs-
semblycodeof thesetasks(correspondentto processingof
a %#©�021u8\©�0)1�( image)is depictedin figure13(a)andin fig-
ure13(b),respectively.

A total of %7%.©�0)1u8_0�¯ (Chm® ( cycles are requiredto ini-
tialise the tablescontainingthe y�| and z�~ power values
(with �¦�5�É£Ê3 ). Therefore,the initialisation task cor-
respondentto the pre-computationof the y}| and z�~ ta-
bles comprisesabout 0�¯�¥b3V1 executioncycles, which cor-
respondsto a initialization time of about 0�=¬023N�\& . In what
concernsthecomputationof the momentvalue,it is possi-
ble to concludethat %.© 1,¥Ë8\©�0)1Ìhf3V( executioncyclesare
required,which correspondsto a processingtime of about0�°ª=�0Y�\& . Table4 depictesthe main characteristicsof this
DSPbasedimplementation.It canbe observed that while
theprocessingtime valueis betweenthoseobtainedfor the
other two implementations,the obtainedpower consump-
tion value presentsan increaseby a factor of about 1�= ¨�¨
whencomparedwith theASIC basedimplementation.With
this processor, momentswith order ¡§£Í0�¥ ( �_�7�I£¤3 ) can
be computedfor ©�021\8k©�021 imagesat a rate of about60
framespersecond.



Table 4. DSP based implementation.

Parameter Value

DevicesUsed 0 Î�ÏÐ¸
Power Dissip. 0�=>1�© ¼
Clock Frequency ¨�¨�= r G²±´³
ExecutionCycle ° r �i&
ProcessingTime 0�°�=¬0 ��&

7. Discussionand Conclusions

This paper proposesa new systolic architecturefor
computing high order 2-D gray level image moments,� |N� ~ , requiring only %.1��ÑhÒ0)( multipliers %.� J�����,�Y����� � D %<��h�0)(q� ��� � D %+��hl02(��� ,( and one adder. The
describedarchitecturemakes use of floating-point repre-
sentationto accommodatethe high dynamicrangeof the
operandswith a small numberof bits. As far aswe know,
this is the first architecturethat allows the designof real-
time processorsfor computing2-D image momentswith
a numberof multipliers that only increaseswith the loga-
rithm of themaximumorderof themomentsin onedimen-
sion. Moreover, the repetitive structureof the architecture
is well adaptedto the developmentof modularprocessors
with VLSI circuitsandwith configurabledevices.

It hasbeenshown the usefulnessof the proposedarchi-
tecturefor developingreal-timeprocessorsbasedonthedif-
ferenttypeof devices:FPGAs,ASICsandDSPs.TheASIC
basedimplementationhasproved to be the most suitable
to be usedin applicationsrequiring low-power consump-
tion, suchasmobileequipment.It hasalsobeenshown that
DSPbasedimplementationsaremoresuitablefor applica-
tionswheretheproposedarchitectureis usedasadedicated
co-processorin a hostprocessingsystemandwherepower
consumptionis not a significantconcern.Theresultsof the
FPGAimplementationhaveshown thatthisconfigurationis
well suitableonly in the designandtestphasesof theded-
icatedprocessors,dueto the high power consumptionand
moderateoperatingfrequency.
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