; ~e3exr @o|.6T@HO, Y Sl GNAL PROCESSI NG DI STRI BUTED ARI THVETI C ARCHTTECTURE
FI ELD OF THE | NVENTI ON The invention relates to signal processing Mre
specifically, the invention relates to a new apparatus and net hod

i npl.enenting a new Distributed Arithnetic architecture for crewing an inner
product of a vector and a matrix and hgving a particularly useful
application in a digital canmera and sim |l ar inmage processing applications
BACKGROUND OF THE | NVENTI ON As consuners becone nore confortable with

di gital devi ce¥ &Nt PRO NG DI RSB ULERARIEHMEBIG ARGRITE(HURE |

phones, they are nore willing to accept digitally enabled technology in
other areas of their lives, such as photography. Indeed, the current trend
i n photography is toward digital photography that elimnates the
requirement for filmand inst SHELDs@F THEINWENJIONage devices in place of
the filmto hold the pictures users have taken. However, the cost of
digital caneras still remain outside the reach of nost people and efforts
are bei ng takenrienRhiidirelahts 16 Sghal 0B sinE Mod€épetifcatl, | tRMnl@fioMBetaies to a
acceptance In addition to |lowering costs, in order to increase the demand
for digitaneveanparags and methodimprlemeniing e pewDistrkuted Atithmetdc srehitectyes febnpar abl e
wi th that . ' ' Thi § 4 ' i by

i ncr easi nggt];%g‘g% gﬁrgéd%%(gﬁéC?o taﬁﬁ;gﬁatg%ﬁ g%gﬁ%égga?ﬁ%ldtr@%(%%@vagp llfc\é/lﬁs used
i n the inape dgnabamevd dndisimitahénage grdcedsingapgicatiddaf or t unately, this increase
in the nunber of pixels further drives up the cost of the digital canera
due to the increased processing denmands required to convert the imge
captured on the inmage sensgpditROUNIFOFEPHRINYENGONl format that can fit
2 wthinthe limts of the digital storage device used in the canera. In
order to allow an acceptabl e nunber of pictures to be taken with a digital
canera and st or gd bl Modchme SRPEe B0 MR vl BEG) SOTRL 53 0 Db SachifigES ST Y LO
reduce the storage requirenents turalTy, usérs are also demandi g’ new

f eat ur es tenipakees ptiarn; ageed phdreg thbiygird @breprithipg td dceépt digitkityeenpblet ur es t hey
have taken. For exanple, rather than correct for col or bal ance, |jght

| evel s, cotSEhQlogy meqtper agggs a} theif gmﬁaquc%%&imceﬁrar’gr-t ﬁ»de%@’ thecugent 5584 Bgr aphs
have been %@K?gaaph% RG0S it ?ﬂbt&%?aﬂﬁ?\'lﬁt biRaReORE FRLIFQRS REHlnPhWBHstead
automatically on the canera itselt sO the pictures can be reproduced
directly owsendigitdl storage idatiens in plhcesofiheddwgd hgldttheepigiures need hazotepert er entirel y.
Therefore, ,to enable the.digital photograph rket he. cost of, igital
canera. mastoBeh di el e Rt T ROte ¢ (R anS PPl el

di gi tal cadrebéng ageH to@sing ftcobtRwalif 6ideOrd Mew bt hish adckpthkceV &t Sdlitidn@o enough
to provide the additional functionality In addition, the el ectronics mnust
require | elowenng cogisdp QFfeE 19 ingficpse dhestemapd {9 disitalramerag the imags et thsome

previous akteniRstfR ceﬁﬁs&ﬁae%&&hﬁeﬁa fpRh! i baFB PRt ARRIRAJGuEy Ui ts have
focused on Distributed Arithnmetic nethods Distributed Arithmetic” (DA) gets
its nanme bdoaubeincieasiag the hurebdr of pinels (tholght-te-elediigtyrdobvared) asedngythe amigsus

el ectroni c_devi ces .in.a nonconventional nse. rather thandn disscrete

ari t hmet i c>BioG &k Wth%‘?'g‘é&’# éarﬁ%ﬁp%{? “PB*‘S%‘%?%@‘F efeass 10 HI5iHREH fr%xlegiﬁf) iCat i on)

I'n imge pdfesssing@ost bhtheMipstal @ARAIVEES B iddPéasedfrockdiigdBatands requirtdhad i pl yi ng

a vector (a portion of the image) and a matrix (a transform functign, such

as i mage cemperbdisimigesapise KRINEIMASE NI iniP amageppiahle digitd fermat thatqag fht el y,
this inner product arithnmetic is perforned nost efficiently by DA, In fact,
previ ous DA met hods have been successful in reducing the nunber of i
transistors used in an imge processing integrated circuit by at '1east j
50- 80% over previous conventional architectures However, t W aTRTE Lo |
need to reduce cost while providing still nore functionalﬂﬂﬂ”ﬂﬁ@mﬂmﬁgﬁthat |
a new DA nethod be inplenented to further reduce the nunb tors !
in inmage processing circuits SUMVARY OF THE DI SCLOSURE An appafrifitis

conputes an inner product vector of a matrix and a vector TMWHMMﬂmmMWMmF a
first set of coefficients and the vector has a second set o S

At |east one input register is used to store the second set of ggghicients

A plurality of storage elenents are used to store partial sunms that are
pre-calculated fromthe first set of coefficients of the matrix The out puts

of the at |east one input register are used as the address inputs to the
plurality of 3



storage el

enents to select a subset of the partial suns. In addition, a

select circuit is coupled to the storage elenents' address lines to
determne which rowin the matrix the vector forns one el enent of the
i nner product vector. The subset of partial suns fromthe outputs
of the storage elenments are added in an adder circuit to create a sumuation
out put that presents the el enent of the2inner product vector of the matrix
mul tiplied by the vector. BRI EF DESCRI PTION OF THE DRAWNGS Fig. 1

i | ['ust r at esithen the e of ba digitplsoregredevige hasd inothe gammira ¢ Injasdar éelallew athnet i ¢

et hod ¢ 0. BELLAIIN. Aol 0808 BTl il LISl L8LERed DRIRIBEY.

resul t ant
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conventi onal mmentati on

i |1 ustr at dsmi dfimpgedmmpredioe idxedéssanto rdudeghd st@agarequitemesnts met hod f or
Distributed Arith ic Fi i.llustrates the mepory organjzation used in
Mf"n’éﬁs ag? g@? femanging “?‘B?‘?af‘ir'if‘stf’ Fa}? éé"a&ﬁg%ﬁ ﬁ%ﬁ‘&&"%} st or age

the preferred
el ement f q,rrag-eﬂielaxfuéilgmrda tjﬁle,f RivE td1RRll FordkahplaRhier tRansdof8dabikofis? bhiae,

sim | ar net hodol ogy
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ustrates the use of the preferred enbodi nent
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(DA) et heittirseanbe Sepréthiceddirdddy bn 2 26loOfhker] thusibiiphdsial yhegpewesdl sompytera mat ri x
To illustrate the conventional DA nethod, consider multiplying an N=4

el ement cS&MHSHh vect or W X
Cto forma regyibRAd ty@,ﬁbfarthéfdi%%‘§h&6grﬁﬁl%%arﬂt§h;@£8°s{'&tsw difAPERnelh dhudtl - |
Y wh =~ X(i) and Y =~ Y(i)

nunmber of

i nputs of vector X an ere -0 .

be reduced while adding additional functionality. This new digital camera requires that the
electronics within it be versatile enough to provide the additional functionality In addition,
the electronics must require less integrated circuit area so that costs are decreased.

Some previous attempts to reduce size and cost of image processing circuits have
focused on Distributed Arithmetic methods Distributed Arithmetic (DA) gets its name
because the arithmetic functions are distributed among various electronic devices in a non-
conventional sense, rather than in discrete arithmetic blocks that are coupled together (e.g
addition, multiplication) In image processing, the most encountered form of arithmetic is
multiplying a vector (a portion of the image) and a matrix (a transform function, such as image
compression or expansion) to form an inner product. Fortunately, this inner product
arithmetic is performed most efficiently by DA. In fact, previous DA methods have been
successful in reducing the number of transistors used in an image processing integrated circuit
by at least 50-80% over previous conventional architectures However, the continuing need to
reduce cost while providing still more functionality requires that a new DA method be

implemented to further reduce the number of transistors in image processing circuits

SUMMARY OF THE DISCLOSURE

An apparatus computes an inner product vector of a matrix and a vector The matrix
has a first set of coefficients and the vector has a second set of coefficients At least one input
register is used to store the second set of coefficients A pluralty of storage elements are used
to store partial sums that are pre-calculated from the first set of coefficients of the matrix The

outputs of the at least one input register are used as the address inputs to the plurality of

Xwith a4 rowx 4 colum matrix of coefficients C, ~,

N =

.0



4 Y(0) C~-C, CozCo3X

(0)Y(1) _C CC zC X(1)Y(2) CzoCzi CzzCz3X(2) Y(3)C30C3~C3zC33X (3) In digital
circuits, nunmbers are represented in binary form Thus, each elenent of the
vector X can be witten as a row of bits which is a twd's conplinent binary
representation of the value of the elements of X . Those skilled in the art
w | appreciate that other binary representations for the value of the

el enents of X exist and still neet the spirit and scope of the invention.
Those ski | dterdgé elemdnts tarstlestial shbset sfdhapgtid cims. ntabiditiore astleat lcaeritis cmipled can be
represented w th a nunber, bits ., b, required for, a gi.ven precision as
desired foP t?%séorgﬁepaf%% 3 Sgérfﬁémffstgrdemﬂ%ghic r?wnﬁlltaengﬁpxglﬁd‘%gtﬂ hrmfreet t he
spirit andoreRprnodf thdesilianEnidr produliyeway, THe sabNH RrtiabSSisTRneds Buphgnent

of vector Xis 4 (e g b=4) bits wide, the elenments of vector X can be

r epr esent Rf thfyStorggs glements arg adder jn amadderaircgiy Kyfsae 2 sypupption sulguithn X(i) =
X(0)3 23 + + s O~ s :

mul tipli cagtrié(%ﬁt)sg%c?/eer%ep f;éﬂ)))(e wﬁ%rﬁr%%uﬁ ?th%oggﬁ "Elgﬂmﬁ l;[q%lfeéﬁ bggfé Y ((;lt)f)rCZoo Coi Coz
Ca3X(0)a 23 X(0)z 2z X(0)t 2~ X(0)0 2Y(1) _Coo C~i Cu C3X(1)3 23 X(1)z 2z

X(1)i 2~ X(1)o 20Y(2)Cz ' : , 2" X(2)2Y(3)C3 C3,
C3z C33X(3)323 X(3)z2z %%FZ%%WWE%&&?m bit of X(i), bit
0 being the least significant bit. Since the elenments (X(i)3) of vector X
are bits, they can_only have a val ue of one or zero Therefore, the inner
product of any Figoll ilstritas acegvemiogal dmplementasigniof a Pigtrbuted Arithmetia ethedte 16
possi bl e T val ues represent all possible suns of the elenents
(coeffici ?Hgﬁ%?laﬁﬁgjr%q%tén row vector The basic idea behind the

convent i onal DAigréshlbdtratesthe medery argaazatiopned dathe odreveationhiemplementaticml of s uns
for the rgyv\{ector and store these partial sunms in a separate ROM (read
only neno )’/% for each row of C Each colum vector of X was applied, one at
a time, to eaclgseprk@ites RMeferd dmbsEmbmiRLing RS cRRIndRIM f5r DlirBUied WaS
accunul ated to produce the resultant Y vector 5 Fig. 1lillustrates a
convent i orf¥ith®¢ticcui t whi ch cal cul ates Y(0) through Y(3) using the

conventi onal Dg g i : i i : ksed of
parallel-in seﬁ%?éggjgtr?h% ?'tg 9&2“8?’@?‘5@&?{}2}’ %stﬁ]gg{e&tﬁr%ggrgﬁ%@%ggéw and a
clock circuit 40. To begin the calculation the inputs coefficients, X(O0)

t hrough X(3), reﬁﬁl.gcked i nto tre in[put re%i terLZ 10. These f nput
registers 10 cfBckE JUsUBie 2hFiemplanedeiRes Hem t?‘ég’g RY st qpscfielogls| ums of X
) on each a63iebie in #8@AIANeD Brintir hBRod® significant bit These bits
together formthe address to the ROV 20. As shown in Fig 1 A, each ROM
shares t he sanEigadidluatsaes thputef theprefemedenolineatin gidigitabsagigta pre- cal cul at ed
partial suns of data stored inside the ROM ROMO 22 has the pre-cal cul ated
partial sums of row O of the matrix C, ROM 1 24 has the pre-cal cul ated
partial sunms fr @RATARED DROSVRIPTIONOR THERREEERBREDEMBOAMENT suns of row
2, and ROMB 28 has the pre-calculated partial sums of row 3. On each cl ock
cycle, an address is presented to the ROVMs 20 fromthe input registers 10

and a new dat aB%F@dés&iU}deﬁ@?ﬁfeﬁ‘éH eboBA6M oREMinvERBOK Istidlpfi to GRIGHRLROM | S
shown as being 8 bits wide. Those skilled in the art w || als)grem ate that

the data Bissepesactbesed ina enverjodal Ridapseiinigmeic @Y mpsiyidr(ses Y Ssktent Non of
the parti al L r | i t [ each of the
ROV & ¢ 222500 e P RELick 8y 3 diRE L E Ak nd D BltoRH o WY =2

Y(0) - Y(3) comipeemultiplyidglae Noutdhamtenoéoliinie veress utulidt 04 ovwd04 ablumn nafrik dfhe cl ock
cycles fromclock circuit 40 for each row of matrix C have been perforned
Not e t hat cFgfficients @i, SotoHpahp reghitant vestrri Ingrosistangtof peglamastserderef a DA circuit
The first parameter N, the nunber of input registers or el epents
(coefficients) Mf=Xnetof¥inputslef exctoir Xemd ttheheaer&iin Bli) amdc &t DIE(Y equired in
each ROM the nunber of |ocations being on the order of 2N & nce there are
various techni ques known to those skilled in the art for reducing the total
nunber of 2" |ocations (see Wiite, StanleyA, "Applications of Distributed
Arithrmetic to Digital Signal Processing. A Tutorial Review', |EEE ASSP
Magazi ne, July 1989, pp 4-19). In Fig. 1, N4 so each ROM nust have at nost
2' or 16 locations to store all possible suns of the elenents a row vector
of matrix C The second paraneter, b, is the nunber of bits in each of the

input registers 10 This second paraneter, b, determ nes the nunber of clock

cycles that are required to produce the resultant vector Y In Fig 1, the
input registers are 4 bits wwde, so it takes 4 clock cycles to produce the
vector Y However, one di sadvantage of vector multipliers which use the
conventional DA nethod is that the elenents of the vector Y are produced in
parall el on one clock cycle in each sequence of b clock cycles In many
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pi pel i ne processing. Because the conventional DA nmethod generates all the
el ements of the vector Y on one clock cycle during a sequence of b clock
‘cycles, N additional registers coupled to the accunul ator outputs (not

shown in Fig. 1) are required to store the results if they are processed

one-at atinme in a pipeline fashion ile the conventional DA circuit goes
on processing the next set of inputs. In a typi cal VLSI (very large scale

i ntegration) inplenentati p( i s&anq;ard )( t hodol ogy, every bit in
the register can require gS y *as ‘12 ‘at e§ SO [this overhead for N

addi tional registers is s tqmal WT& | Fus t)ﬂé?te the inproved method of
the invention over the copxepti|dhal CPAGet Bigd.x@pnsi der the inner product
of matrix C and vector X %arltverCYg% X (59 C~ Co3X (0)3 23 X(0)z 2z
X(0), 2" X(0)o 2Y(1) _Cto (1Y z X(1)i 2~ X(1) 20Y(2)C0

Czi Czz Cz3X (2)3 23 X (2)z 2z X(2)~ 21 X(2) 20Y(3)Cso Csi C32 C33X(3)3 23

X(3)z 22 '~(31llb 2~ Xéfg%é) 20 The convent| onal DA circuit gerformed the i nner
product for Jieite] ¢ mypbegs pge fopreseted ip binapy ey fduResh risme 8ERe el enent  as

shown bel»@Wo( @Q@ﬁ%c{wﬁ@enh@ka@; 6fbitk %‘tﬂa@&w& zé&pmgéh"f&n{:g}(g}es%?atllﬁ&f a OCk
cycl e+( CX ( +Col X (1 )1 _+CozX (2)] +C3X nd cl ock cycleY (O -

+( CooX (I f *eelfm)ﬂzs 4fcE z X hesesilledda the a(tayﬂizappzezlaertw etherdioagy cl el st
ROM#( Co0Xte res)aéatfo@@k%t&xaméom%xﬁe%)s%fﬂm% ah Pl megt the4§phu G dFpetycl e (G OX
(~)o +C~I 1 )o +C12X Zo+ClX 3)0) 21st clock cycle+(C~oX (0)1 +C11X

(1)1 +C1t£zc>4n(ezyqn ithpsexkifla) in ﬂ)eaztvzhelsccalmr,ekta@yl@t eagh elpmgntef X¥ca@x (0)z +Cl1X
(1 )Z +C 2 3 +C1~X (1
) l%ﬁses@& Fwitich %%3% s 26 16tif Océkp%écﬁaﬁ%s%ng%m(ﬁ X (=) (

)3 +ClzX (2)3 +C13X at the nmultiplication
above of applwation'the fserowighes tﬂampbeerpemd‘&biﬂmci thrgppsut angl syople@f the ingéritibe.i ng t he

resul tantg t Nt hes For th cony nti onal
circuit, th| Okgkﬂ[c‘f‘gﬁ As &eegec sl cﬁc cyc Eﬂiﬁb[ts Mg&rm OFS 30 The

new and iaffpectoreld cmbmprlamdteaﬁyt he invention performs t he sane cal cul ati ons
as the conventi,gnal DA nethod, but it perforns themin a different order.
On the fidX6)=Qycd¥0), 7t for s¥ample; pyheni i@ thep Addact (ObR2” F PR of X X @A t h
each of the colums of vector .Y and adds these inner products together to
produce the el ement Y(O0) of vector Y. It repeats this pattern on every

cycl e usithRiclfogahe Srvonuliplication of veckjeX trdth mgrpd{C ednibe grittetas col urms of vect or
X to pr oduce each el enent of vector Y. The operation is shown bel ow (Sel O
and Sel are address inputs to all the ROW) (CooX (~)o ~-CorX (1)0 +CozX

(2)0 +003x ( 3)[@10)20( &, (Cop)C -co, Lom) X ( 0¥(0) aColxxom' ) X(03@82X (2)1 +Co3X
(3)r ) 21 +( {j g, +@l X z(z,mz CoRf ) 2y z;o (CooX (~)3

+Col X (1)3 + +903 3&3’) 0 3 % Cl ZX (2)0 +C13X
(3)0) 20 Y( 1) 2 {B13x 21 +(C~0X (D)z
+Cl1X (1 )z + ~$<u( ﬁa )\’(3222 +()€113DX ( #HR.2Cl m)o(zi 3 +G zX (2)3
+C13X (3)3 ) 23

where X(i), is the jth bit of X(i), bit O being the least significant bit. Since the elements (X(1),)

of vector X are bits, they can only have a value of one or zero Therefore, the inner product

of any column in X with a given row in matnx C can only have 16 possible values These 16

values represent all possible sums of the elements (coefficients) of the given row vector The

basic idea behind the conventional DA method was to derive and pre-calculate these partial

sums for the row vector and store these partial sums in a separate ROM (read only memory)

for each row of C  Each column vector of X was applied, one at a time, to each separate

ROM’s address inputs and each ROM’s output was accumulated to produce the resultant

v vector



ROMO 1 st Cock Cycle ROM1 ROV SelO=0 Sel | = 0 ROMB ROM 0 2nd C ock
Cycle ROM1 RO Sel O = 1 Sel|l =0 ROMB Note that for the new DA nethod, the
mul tiplication of 2' can be performed inherently by the wiring of the

storage el enment outputs 120 to the adder circuit 130 such that ROV 's

output is shifted left j times and the Least significant bits then set to
zero Additionally, rather than be Ilimted to fixed coefficients by using a
static storageggl ef c . ] ngi t he
coefficients ng§ ggﬁl %ﬁ%‘%%ng%ﬂ@g%%%@%ﬂ&%gﬂf%"@ ctPIé)gélé?mélg' ‘size to
sel ect addbiveotialal BAtmsetindd. doedrsisio€ A trpubiegistess 10@mpfised bl parsidel-in sadalsoak ect i on

Anot her approach is S ynam cal | y_updat ahl e st e el ements such as
Fandom acoBESHs ROMae. TepahTeter Yo RRRENPTERL F0-cEf PG SuGen

progr amabhie ihRAccRMdentse NROY thrdugh X5 2h@dloekddihtottBe iAput MOk $0. Frikse
illustrates the preferred enbodiment of the invention in a circuit that
uses t hi s inpaivegistersold dleckomh gnshitofaciNnput(essenially theeplemesraf M 1onedchh t heir
out puts cqupl . a N.storage enments 120 addr,.ess,input,s The

st orage e?‘écﬁ%ﬁ?%&ﬁ%mzlg%heggemcs%nb%a@gﬁ ?Ifhe%%%f §%§}f%f?"%¥tﬁ§rﬁdr§asﬁf’&/l§| ent solid
state st oRads B1CAs showh@gFigt PA Seac ROMshaRETHeamERIRGOMnputs/ tageamROMe Read
Only I\/brmEédJ(ERO\/p or a m%éute t her eof The outputs of the storaag 8

el ement s iierent perprleEpteoPatinl seraee! datarstared inpidpthe BOM qROMOL2Hes st k of

three smapleShaidiRedqAARNints YT w 8¢ fleSnatddel ROMINAIRs f iphd-Sbulafed fARiAr T W | ]
appreciate that the outputs of the storage elenments can be any bit wdth

dependi ngswrs fréte reied RN 26dwb thei posrcaldulatédepartiah sumspf ool 21 and ROQVIB 28 has st i | |
neet the irit .an cO of the invention. .In the cgnventional, circuit,
DTt ho rolee b AP GO i S8 L G e B ok PP SRR R e
regi st er' ROMs Hefrora kheQhiud vdgisterd DR addYoribhw dBQwsidas docktd ostedfieadh IONMPUhS
presents one columm of vector X to all the ROM 20 for each clock cycle In
the i npr of@auiateach ROMFis shpwnpsdeiag 8difs wirso dhpssrtkilledinthesarbvilgpigriaigent s 120
have uni qug, addbESYs bAYtRy bEM: AEE P MBRd FROR;

col ums of &/ect or XS as ar‘i1 Sétdldr e(gléaléﬂr%rﬁugggngl ?ﬁ%&e %@grliﬁgt?ér}%tﬁsélﬁget he

st or age efermattsulapdpphicationeTte awpets & datlr ofilhROM'staneaenmilpted sephacutdlat | on of
vector Y . The input,.to.storage .el t i is . Lhe jt | um aof vector ~Y ,
X(0)i - xPgrrREEdoand e ey YO ICH: ageearat e outpht ol 2hupelrgrs Hown
coupl ed t gfdriap titd sk cGéleChidh clbdPeirdn@ M0 ERCIACHCIONCH nayitd € hatdRespforged bank
select circuit _generates new Sel O and Sel | outputs, which are coupled to

the address |iNes tht Fignd alsp hishtightetworpresant prramqtas 962 Pongircais| Eke firgh gnal s,
Sel O and Sel | re used to.chanage the partial su used tosmyltiply the
chosen '+ o Epes R e WERberio npliRES et 07 BAbL RoaRUEROITC hEr THotklefied
shown i n fhe@mbud, of éRatlord3CRJuired inedaliSRONE thi rambad sfldcati@d bsidgsn tielorgsnef of the
r ows of mfrix C. In the improved circuit of the greferred enbodi nent as
shown in Fi ynepAbere pig vatipisdehaiques kpopn g thoss thilled in the erbfqsredusing thetetal dent i cal
Each stor L Q8 -Gl G 41 . all rows
of matrix C Ekgﬁﬁggadﬁggés% %tg’ﬁ%@%&r? exugﬁjggngfn@g[%%tr% ?ﬁgﬁlﬁ%%ved
circuit hbigtanigmi Btooesage. A JuairiabRevicwialEEE REBP Magidime, bibnlA8AL ppohd?). ci rcui t .

On the fi . C of t cal cul ati on, the er. bits of each,stora
T erme ! ot Y A 8 ep b hetal oyt St HERS o forit a B HBEPTSOE. o1 o
used (€. gthe oRhiehid a ré®vecto) of AP B! PR se®bndifafanRetd el is10é Wahter WF bils it &Ref or e

be Y(0). On the next clock cycle, the pre-calcul ated sunms of row 1 of
matrix C efrthe sphidesislgrsi 9 (This sseand pgemeles e Aetermiey thecqugbergpficloek cyolgst  1=0)
and the adder network produces Y( 1 This, process.i s repeated Wwth a

di ff erent tq@‘eﬁtre Befq"ﬁ?‘%t-od%?‘gﬁf’ gﬁeéasugtﬁ"ﬁﬁ%‘ﬁgﬁ ggln&rﬁ écfs“@d“p(%re EF 2 L(‘)p"&s cycl e by
changing_ SeleQUANMISE! cidat kel iflrbalBcautBHps of vector ¥ are produced An
addi ti onal address 1 nput can t)e added to each storage el enent of storage

el enents 120 tldodenshlose thvaivastagrest veftol moltpliconshigngsettiee neatiensh Dét or age

el enent that presents a choice of matrix coefficients such as)d\/nen nly two
mat r i x-vet‘i‘f‘"&i‘P‘_i B3bat dkg %ﬁ%e“ésr‘%f‘?eeﬁﬁi_ofé/cﬂe Pméucﬁ%f"fRS‘FWF'rfb‘_%‘ed“’g‘éF %" EYSh ne
transfor M HierlcB LD IR 1 PmG ?gﬁ]c_gzsgﬁmsséegirrMqu%Fcﬁﬁbé)ﬂr el gietht | onal

enbodi ment ‘has the storage el enen having at | east one RAM or ot her

vector ¥ once each clock cycle so that it can be stored easily or sent to the next stage of



9 | cadable or re-witeable nenory so that the val ues used for the matrix
coefficients (the partial suns as stored in the storage devices) can be
dynam cal ly updated rather than be statically fixed. Fig. 2B illustrates
the preferred enbodinent to inplenenting the storage el enents when using
standard cell or other |ogic based ci rc%itry. To i npl enent the storage
elenment, a truth table 160 is forned using the address signals as inputs.
The desired e?}ata out

.puts for each set af address input onpl etes. the |ogic
truch t apiBofopRY Breafte Pacchupriont A BEER Srie b et T heog
conpi | er GRE¥ETLA chdBlobit ol dufiRl & sdfinde@dr® Rk cftiies! RUbLHGANREkRAS and
reduces this set of logic equations using Boolean logic to formthe
si npl est  |cogpledito theadovamblatar otitpats (pefebowvh o Figdg eregaquind tadtore therrsiults dr s
required tp Inplenent, e ut put .of.. t he. st o el enent . many
i nst ances,t&fyhagp%rﬁéﬁ%%erd 06'? %P ? ﬁ?f%i“‘s% Bipeling 2 fiop évcli‘ﬁ'tggleic?rrbvlerét%lﬁlté'tmﬁ‘lrcsuql%’ﬁ? ¢ based
st orage elopesdessig thesskt bdiafinphs. MIABRlcaloVLSIN(@d$ lasgeicale bapehtion) | Npl enent  a

conventional ROM storage el enent. This reduction of transistors is

pri mari | y 'QplemERsataRsepsiindrd cehmehodalesye eYraeht in StdPsisieiia siutRaUARY, sense
anpl i 71 er s 1886e04s Bt oReh@for N {dittion! Bfistbd%s LoRyAL | onal ROM  Storage

el ements with'logic gates have the additional advantage of being able to be
i mpl enent ed usiTagllustsate dretimpreavied siethod af thedmlehtiomroverthe ververtiondl Bomethpd,ogr ans

Thi s advant a | Lows for reducing design tine, test devel opnent and

pr oduct cé’gi‘sg‘feﬁaﬁa\‘f“tefeiﬂdé?w?&a“ﬁ an Be,cg%{ ’%WF’%‘@"W@CW nput and a three bit
out put storage elenent, the reduced logic 170 to inplenent the truth table
woul d require 24 transistors. A conventional ROM storage el enent woul d
require 24 trardi(8}or|sCyf oCot h€,medipryx ©p/22 at@he’plXi®)al ghk(oy,bf ee- i nput
NAND gat es and |tjhfyee ficwverterg ( r st O sin LSCr 4 pgi c gates)
for the address ’gg o actd' tﬁ}’eg@'é p’ﬁ{}?32@uf'¥§)rzgz(a’tg(lﬂggst'\e@ﬁtzg nsi stors).

clede
These additiongl? @}a §1'rzst rs He rfot VE@D:@de X@&i rE@®itzry %@hdifed to
i npl ement the sef®g qms Tor dgt eCfilmoi3h2é ougepet of 3y ke meeRey|core of the
ROM Therefore, the area required to inplenent the storage el enent can be
reduced substantially Fig 3 illustrates a digital canera 200 (still,
notion, or_other image capturing devices such as a radar display, .graphic
mat eri al dingpprrgntioaplDA cirepiy pegiopued the ingerarradyck fpr gpbsismetr! therveeRe Y1 nvent i on
to perf or WingarEROM i ead demeh as hewshBlo¥ssi on These i mage conpression and
deconpressi on operations are generally perfornmed using the discrete cosine
transform (DCT) and inverse discrete cosine transform (I1DCT), respectively,
but ot her transfoyrgp)far,, exapple,x (ast chous)or’t r ansdakrydad i nverse fast
Fourier transforns, spectivel [ ho Ly n the art and
t heir use WulzJ (SIZ%(TIX| (Iro(?‘rrgg’c’kt(zg %%F'?(%’ g’%i\%s]%%‘géh of %? %Zl%{:kné\ygﬁt lstrROke
coefficients oft (Che (fdt T Fa X110t Co Ké2HATCoat 3% DT arecledhfified i nto two
sets to form thac, xl@)pacsixal ) suapxsL e, X i he’ stk ege ggtlenent s 120 and
are selected using the DCI/)DCT signal 140 as shown in Fig 2 and Fig. 2A

The digital canera i ri se f I 0 that, focuses

el ectromagnetic gﬁé(r%gg' 42@’(9%8226“%?19(%52:1’5{@8 2101§81%$fy§ged of an array
of pixels. égg + (Fpgdel Ben€gK (21,0- Bi, XéP 5 +G,an6 )at e t handglaskcy gnae%bﬁ,[ ener gy
260 into el ‘def ri@aly igfpukseq 1 hak &(©)coupked) t 92 a pideisk epet fbodr ment  of
the invention, which is, i'tself, €nbadied’in.4an jmag proce silng i ntegrated
circuit (10 220Cmhé/; ﬁﬁgé@éﬂéﬁﬁx’éé Tgwégf%r’?sed tglfco F’fcfepl e smal |l er
areas 270 (usually 8 x 8 or 16 x 16 pixels). The imge processing |IC 220
processes each smaller area 270 either for an inmage processing application
(filtering, gamma correction, color balance, etc.) or for inmge conpression
| deconpression using the DCT or IDCT partial suns in the storage el enents.
The image processing 1C 220 is further coypled to a camera controller Z40.
The canera contNetsithathomgltipkcatigmabont pfthg 2rifeqiessap beraiormest bysiprlnledat ed
state machi.pe. ..T . t.rol |- L[ eg I s 270 of
the. i mge “LaRE S S4B TEUR, 5 BEE Ry e SR kL PERS, WL S SO Y RS e o
cont r ol | ethi?éQ@osd ditee Bachltirck egald inghodccumaig@ryitocessi ng 1 C 220 in an i nmage
storage device 230 The i mage storage device 230 can be a Liquid Crystal

D splay (L,CD), flash card, floppy disk, or other nenory that provides an
interface such as RS-232, SCSI, USB, or |EEE-1348 (firewire) for renoval of
the processed i mage by the user. One advantage of this invention over
conventional DA circuits is reduced integrated circuit area. Al though the
storage elenents 120 in the new circuit require nore |ocations than the
conventional, the new nmethod requires fewer two-addend adders than the
conventional and does not require any output registers for storing the
outputs for pipeline operation. The new nethod al so does not require the

-, oy Y o "

h
i
i
|



12 CLAIM5S An apparatus for conputing an inner product vector of a matrix
and a vector, the inner product vector having a set of elenents, the matrix
having a first set of coefficients arranged in a set of rows and a set of
colums, the vector having a second set of coefficients, conprising: at

| east one input register ( 11 0), said at |east one input register ( 110)
storing the second set of coefficients, said at |east one input register

(110) havi ng a Tk nedf andUinpriived DA dthiéBdfthe/inGdntish PErRFRAs Ble CaMNEateulatidQ), sai d
storage elenents ( 120) storing a set of partial suns derived fromthe
first set Hecepentionaf Bitmethad bht ipperfosms themgn a difisreaberden Odhatlystayde)it havi ng
a set of a -1 t nd a set _of. data, qut put,s, sai d set ofsaddress
i nputs cougqqégﬁ}%éﬁx{s}gﬁréﬁ‘s}%tog{ﬁwgﬁ %En%(%;}"ﬂlslg?c Og%helcgélgltns8nvee°’i°ﬁ;5{|tamf§cgjissster (

110), sai di@seSifker pFoddads FogtiePtd Stodice SR Hdntalt §((56PS&tor . 1BRbEhtSEEs pafiepar ti al
suns, said subset of said set of partial suns selected by said set of

addr ess i nputery eyckelsing oneiavwcof matfix CX0}ectha avith all @ff detcolninngofi viector T56) coupl ed

to said set of address inguts of said plurality of storage elenents ( 120),
sai d sel ecProgpgecasl elemqnt ghyectas| Yo ckive pgergtionsis shayn belowelojand Seji ageaddigssat i on

of one el egpnt (pPhn deR@NVNer product vector fromsaid sel ected row of the
matrix and the vector; an adder circuit ( 130), said adder circuit having a
sumat i on output and a plurality of addend inputs, said plurality of addend
inputs coupled to said set of data_ outputs of sajd rage elenments ( 120),
wher ei n each dat ‘acvo’ﬁf%mt*"c@tfx(sldd Hlpl Ul tyX6F € or 8 RliSok(CylR0) S
coupled to ?gﬁ_ adapKdo ), rpTt X L), fop X @ner agaeny) of tR@Mdu E‘#é’fn out put ,

sai d summal i on ' 0

rese i 6,00 elin DY oduct
vector. 2. The ggé"gsrdg?%sﬁ%’fﬁg élgrngs"% d"r ?%&’?A (?gzgrrpr%ji giicr)lma cl Kk =<drcuit (
140), said cl ock ¥ st Gt 40))s tGupi @b t6oZdPd/dt 1BAYE one i nput register

(110) and said storage bank select circuit ( 150), said clock circuit (
140) creating a set xofo)clogk (eyclesxeos, nespongi g t @ove nunber of rows of

the matrix, and rej i der.” Gi rcui 30): pr, t s28kleckdpclee| ement
of the inney(19&0%1)?{/@:?%1‘9{0@%%%150rﬁ%f’ﬁgéff%(%)a)lo%l s&%;g ed rosmeetit he
matrix multiplietdhyX (e +Fect@r, f6r,Xdaeht €1,8¢R,e ¢t RMM2 sa d st of cl ock

cycles 3. The appasatus, Qt“(}J@i)gmtu,x(Me;@Iijm(§gi)Q’ apoaat s i's fabricat ed
as an integrated circuit.

Note that for the new DA method, the multiplication of 2! can be performed inherently
by the wiring of the storage element outputs 120 to the adder circuit 130 such that ROMj’s
output is shifted left j times and the least significant bits then set to zero

Additionally, rather than be limited to fixed coefficients by using a static storage
element such as a ROM, dynamic methods for changing the coefficients may be considered
One approach is to increase the ROM size to select additional sets of coefficients by the use
of address line selection Another approach is to use dynamically updatable storage elements
such as random access memory (RAM), flash, or EEPROM (electrically eraseable
programable read only memory) integrated circuits or modules

Fig 2 illustrates the preferred embodiment of the invention in a circuit that uses this
new method It consists of N (4) input registers 110 with their outputs coupled to a set of N
storage elements 120 address inputs The storage elements 120 can be comprised of ROM,
RAM or other equivalent solid state storage such as registers, flash memory, EEPROM,

“programmable Read Only Memory (PROM) or a mixture thereof The outputs of the storage



13 4. The apparatus of claim1l, wherein said plurality of storage el enents
( 120) store nultiple sets of partial suns, and said plurality of storage
el enents ( 120) further conprise a selector, said selector coupled to said
plurality of storage elements (120) to select that set of partial sunms to
be presented on said data outputs of saigd plurality of storage elenments (
| 20). 5. The apparatus of claim4, wherein said selector selects a set of

partial suEnentyi 120 ard doRpRd td1gh ARBARLE$30 RrREd b & work b hFRlsfal@ $ivhe
transform 6. The apparatus of claim4, wherein said selector selects a set

of parti al2ddenddniihpederal Agnits thase slalinddn thewst wilh aprrediase thabifie putpets obthdi scr et e
cosine tr r Mol : [ 51 ratus qf claim
1A et haip g ettt Sy ENRNFucp &ty SPBLRES B o P BR e Bro Bl o |
t he mat ri xedul\andgfillbméat tigt spsie tandfcopoef the tivemios. &rthacgnvedtions cacEehll te r ows

d t th t havi d.set of ficj ts,
compr i o1 ndCoME TP Ine e s topuh g eael ol UF B BLIBtEE A0 -l SBY1 rom
the secondrhe@@m Lepls®Rd 309k Bﬁpmgﬁé&éms ﬁe%!m Ave&br & ﬁo%%ﬁa&ﬁbw?@%@d

e Ir st orage

partial sumns rived fromthe t coefficients in a plurality o
el enent s (cadockgwtlecin theinsprowddrdincuit ofwhe prefeeredainbodiherndchllsidrigetelemensct or t o

f ' f.the. | t tor. selecti t of

pr e- cal oul' 20 Be<aief & B et daPE o Bens Yt ot ey e aD¥topar ¢ al
sums basedgof 2§ @lidteS GpuPhnd BEeSHEesAHIRMoShE stdrhBd elbdidr®s Siatk nﬂ@u&é&kea{ny of
storage elenments (120); adding said subset of pre-calculated partial suns

i n an addelirooghoouiht eftirg 3fljulitipnafeadter BaiThe pput foGforade eldanid innehe ithcoldmat ; and
repeating the steps of selecti E%t'a matri x row, selecting a subset of
1

pr e- cal culPA¥&¢PTpd s K(AK - X(hs, Ingdditian gistrgassdinak wipsseitcuisd Shis shaven eouplad &l

o e SRR g Sl T BB s o

t he step @fd 86l ectpunngwhiclomeruliiledioghsatdsesofings wEthe alocagk alementpd2a. i Thessuns.
bank select signals, Sel0 and Sell, are used to change the partial sums used to multiply the
chosen row of matrix C with the vector X

In the conventional circuit as shown in Fig 1A, each ROM contains the pre-calculated
sums for one of the rows of matrix C. In the improved circuit of the preferred embodiment as
shown in Fig 2A, the contents of all the storage elements 120 are identical Each storage
element contains the pre-calculated partial sums for all rows of matrix C  This requires that
the storage elements for the improved circuit have more storage locations than a ROM in the
conventional circuit. On the first cycle of the calculation, the upper bits of each storage
element’s addresses are set such that the sums from row 0 of matrix C are used (e.g. Sel0=0,
Sel1=0) The output of the adder network will therefore be Y(0). On the next clock cycle,
the pre-calculated sums of row 1 of matrix C are selected in the storage elements 120 (e g.
Sel0=1, Sell1=0) and the adder network produces Y(1) This process is repeated with a
different set of pre-calculated sums being selected on each clock cycle by changing Sel0 and
Sell until all the outputs of vector ¥ are produced
An additional address input can be added to each storage element of storage elements

120 to double the number of locations and to create a storage element that presents a choice
of matrix coefficients such as when only two matrix-vector operations are required, 1 €
performing a discrete cosine transform or inverse discrete cosine transform operation. An

additional embodiment has the storage elements 120 having at least one RAM or other



14 10. A digital camera (200) using the nethod of claim8.
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YS | 109&' (h)at- uses thp Tedstmount of transistors required to implement each output of the storage
element. In many instances, the number of transistors required to implement this logic based
storage element is less than the number of transistors used to implement a conventional ROM
storage element. This reduction of transistors is primarily due to the elimination of the
conventional address decoder, sense amplifiers, and output buffer circuits of the conventional
ROM. Storage elements with logic gates have the additional advantage of being able to be
implemented using conventional standard cell or equivalent layout programs This advantage
allows for reducing design time, test development and product cost

In particular for Fig. 2B, a three bit input and a three bit output storage element, the
reduced logic 170 to implement the truth table would require 24 transistors. A conventional
ROM storage element would require 24 transistors for the memory core alone plus eight
three-input NAND gates and three inverters (48 transistors using discrete logic gates) for the
address decoder and three output buffers (at least 6 transistors). These additional transistors
do not include the circuitry required to implement the sense amps for detecting the output of
the memory core of the ROM. Therefore, the area required to implement the storage element
can be reduced substantiaily
Fig 3 illustrates a digital camera 200 (still, motion, or other image capturing devices

such as a radar display, graphic material display, etc ) that uses the preferred embodiment of
the invention to perform image compression and decompression These image compression
and decompression operations are generally performed using the discrete cosine transform
(DCT) and inverse discrete cosine transform (IDCT), respectively, but other transforms, for
example, fast Fourier transform and inverse fast Fourier transforms, respectively, are known to
those skilled in the art and their use would still meet the spirit and scope of the invention The

coefTicients of the matrix C for the DCT and IDCT are combined into two sets to form the
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focuses electromagnetic energy 260 onto an image sensor 210 comprised of an array of pixels.
The image sensor 210 pixels translate the electromagnetic energy 260 into electrical impulses
that are coupled to a preferred embodiment of the invention, which is, itself, embodied in an
image processing integrated circuit (IC) 220. The image sensor 210 is comprised of multiple
smaller areas 270 (usually 8 x 8 or 16 x 16 pixels). The image processing IC 220 processes
each smaller area 270 either for an image processing application (filtering, gamma correction,
color balance, etc.) or for image compression / decompression using the DCT or IDCT partial
sums in the storage elements. The image processing IC 220 is further coupled to a camera
controller 240. The camera controller 240 is typically a microprocessor or a dedicated state
machine. The camera controller 240 directs which smaller areas 270 of the image sensor 240
to process by the image processing IC 220 The camera controller 240 stores the results of
image processing IC 220 in an image storage device 230 The image storage device 230 can
be a Liquid Crystal Display (LCD), flash card, floppy disk, or other memory that provides an
interface such as RS-232, SCSI, USB, or IEEE-1348 (firewire) for removal of the processed
image by the user.

One advantage of this invention over conventional DA circuits is reduced integrated
circuit area. Although the storage elements 120 in the new circuit require more locations than
the conventional, the new method requires fewer two-addend adders than the conventional
and does not require any output registers for storing the outputs for pipeline operation. The
new method also does not require the registers used in the accumulators of the conventional
DA circuit. If the storage elements 120 are implemented as logic based storage elements, and
because logic based storage elements when implemented properly occupy relatively little space
compared to the registers used in the adders of the conventional circuit, the new circuit layout
is actually smaller than the conventional layout In addition, further integrated circuit area
reduction is achieved because the input registers 110 in the new circuit require fewer gates to
implement than the parallel-in serial-out shift input registers 10 required by the conventional
DA circuit In an exemplary comparison, an 8x8 Discrete Cosine Transform (DCT)
implemented using the conventional DA circuit required 9560 gates while implementing the
same 8x8 DCT function using the new DA method of the invention requires fewer than 7500

gates Each gate comprises typically four transistors
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Further, a second advantage of the new method can be useful in some situations. For
example, the order of the output terms can be controlled very easily by controlling the upper
address bits of the storage elements. The preferred embodiment shown in Figs. 2 and 2A and

described herein implies that these bits are controlled by a counter, but they can just as easily

be driven in any arbitrary sequence to produce the desired output of the resultant elements of

vector 17 .

What is claimed is:
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1. An apparatus for computing an inner product vector of a matrix and a vector, the inner
product vector having a set of elements, the matrix having a first set of coefficients arranged
in a set of rows and a set of columns, the vector having a second set of coefficients,
comprising:
at least one input register (110), said at least one input register (110) storing the
second set of coefficients, said at least one input register (110) having a set of outputs;
a plurality of storage elements (120), said storage elements (120) storing a set of
partial sums derived from the first set of coefficients, said plurality of storage elements (120)
having a set of address inputs and a set of data outputs, said set of address inputs coupled to
said set of outputs of said at least one input register (110), said a set of data outputs
presenting a subset of said set of partial sums, said subset of said set of partial sums selected
by said set of address inputs;
a select circuit (150), said select circuit (150) coupled to said set of address inputs of
said plurality of storage elements (120), said select circuit (150) selecting a row in the matrix
for computation of one element of said inner product vector from said selected row of the
matrix and the vector;
an adder circuit (130), said adder circuit having a summation output and a plurality of
addend inputs, said plurality of addend inputs coupled to said set of data outputs of said
storage elements (120), wherein each data output of said plurality of storage elements (120) is

coupled to one addend input to form one addend of the summation output, said summation

output presenting said one element of the inner product vector.

2. The apparatus of claim 1 further comprising a clock circuit (140), said clock circuit
(140) coupled to said at least one input register (110) and said storage bank select circuit
(150), said clock circuit (140) creating a set of clock cycles corresponding to the number of
rows of the matrix, and wherein said adder circuit (130) presents said one element of the inner
product vector corresponding to said selected row of the matrix multiplied by the vector for

each clock cycle of said set of clock cycles

3. The apparatus of claim 1, wherein said apparatus is fabricated as an integrated circuit.
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4. The apparatus of claim 1, wherein said plurality of storage elements (120) store
multiple sets of partial sums, and said plurality of storage elements (120) further comprise a
selector, said selector coupled to said plurality of storage elements (120) to select that set of

partial sums to be presented on said data outputs of said plurality of storage elements (120).

5. The apparatus of claim 4, wherein said selector selects a set of partial sums which

allows the apparatus to perform a discrete cosine transform.

6. The apparatus of claim 4, wherein said selector selects a set of partial sums which

allows the apparatus to perform an inverse discrete cosine transform.
7. A digital camera (200) comprising the apparatus of claim 1.

8. A method of computing an inner product vector of a matrix and a vector, the matrix
having a first set of coefficients arraigned in a set of rows and a set of columns, the vector
having a second set of coefficients, comprising the steps of:

generating a set of register outputs (110) from the second coefficients of the vector;

storing a set of pre-calculated partial sums dertved from the first coefficients in a
plurality of storage elements (120);

selecting a matrix row to be multiplied with the vector to form a portion of the inner
product vector;

selecting a subset of pre-calculated partial sums from said stored set of pre-calculated
partial sums based on said set of register outputs (110) into said plurality of storage elements
(120);

adding said subset of pre-calculated partial sums in an adder circuit (130) to create
said portion of the inner product; and

repeating the steps of selecting a matrix row, selecting a subset of pre-calculated

partial sums, and adding said subset or pre-calculated partial sums for each row of the matrix.

9. The method of claim 8, wherein said step of selecting a subset of pre-calculated

partial sums comprises the step of selecting from multiple sets of pre-calculated partial sums.
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