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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 ementing a new Distributed Arithnmetic architecture for creating an

i nner product of a vector and a matrix ]_and having a particularly useful
application in a digital canera and simlar imge pr ocessi ng appl i cations.
BACKGROUND OF THE | NVENTI ON As consuners he pM th

di gital devi ceSIGNAR PROCBRPRAYE DIFTREBUE Eﬂp{f?@%ﬁ% ers and ceI I
phones, they are nore willing to accept digitally enabl ed technol ogy in
other areas of their lives, such as photography. Indeed, the current trend
in photography is toward di gital photography that elimnates the

requi rement far film and i nst eBELEOF THEINYENIOMNge 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 being takenT% pént.&gretah!& 16 Qphal GROMBssing. PAteEpetifically) hwinvortiomesaes to a
acceptance. In addition to | owering costs, in org{_l to |n [ sefthe demand
for digitaheeaperass antihlrettthagelcqteetlﬂgtay‘ewfﬁ’ttﬁemﬁ‘il H’r"?gcf‘ﬁﬁ BE Cnpar abl e
with that of a pi cal film.b T, arfib@ryt uéefubapgllidasiem by

i ncreasi ng Cf"ﬁ'é“gn%’ PiSAuSs; Ofef%gcq?rt;ﬁgq}@éﬁ %Hdgjalellﬁgg rici tyyt convep?t ers) used
in the inage, &enaedmeth ki mdternmgegxrtcakslrtgawwehﬂatw@nf ortunately, this increase
in the nunber of pixels further drives up the cost of the digital canmera
due to the increased processing denmands required to convert the imge
captured on the inmage sensgidRERCUNPOEPHENNVENDION| 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 stor within it WBEsaa& ARomBadigglessary to
reduce the storgéé "ts‘é'aﬂls P%Cﬁ%]ﬁt"émﬁé{ﬁ% lﬁf’y,tﬁrﬁgﬁlggare al so de?randl ng new
features tQqhakiesasvans agecdiiphbins, weygirt alorqwipere resptohigiehecigbled ures t hey

have taken. For exanple, rather than orrect f 0 G &rendl IOt
level s, comtchaegy lepiher Bpas Ll tré'éfFf‘aF“CESﬁﬁ (é{?ra‘%ﬁ‘yt %dngél%taéuo? phot ogr aphs

have been t (i)ﬂgg pﬁyh?to%ﬁf@igtﬂl?ﬁo@% m\tﬁatbhm&eteopxerraimran@t;ﬁmﬁﬂroambldstead
aut omat i calP he canera i SO the pictures can bt? reproduced
direct!y omsa digithitorpae deviess, mt)heeoﬁ}b‘p&‘%‘ior'i’ﬁldt‘H"ep‘ﬁte'Feéb‘Fteaf érpiter entirely.
Ther ef or e, to ena h ita YidOBE k&kh ot 65t pasple il effodd gi t al
camera nmustBEVE @88%% &?1 a‘t’ca éasﬂﬁmﬁ%‘??‘gr{al funct i onal ?ty This new

di gi tal cagRltRinkeseh | fcﬁﬁ‘mtghﬁé cdsheovat m@tdeom dowipt mpss apgepigacey dp %‘a’(“fqnéoenough

to provide the additi onal functi onal.i t he.ELEGty Qs nust
require | edevdring é@ﬁ‘sat"éﬂ &itp E\Sf“ﬁsea‘tgfége ay(S'd {9 %‘glég%aysepagrtgg decr gasle){:l Sone

previous at Bﬁﬂ?trﬁ Pe & leSLigEth@&t a Gsdal @lfn asaigghopr Gdesisrgruelity ¢ui t s have
focused on rTbut e rithmetic nethods Ftrlbuted Arlthdtth%l&‘ ) gets
its name bedess utdn@mag lltehtnerbﬁrcoffptmEt('ihéﬁéhta‘Péea‘i”§'tt¥?°6‘u‘f[eeﬂs)§ﬁon'g various

el ectronic devices in . a. onconven S faRRd ndnfb@Pofl piketdi fochieet e

arit hmeti c Sgseicydug thgd %?Je"a'é‘f%tﬁ‘m r%érﬁﬁ eltyhtzl?‘iﬁoﬂmél addi tion nﬁt}i tiplication).

I n i mage (prdgggq,?ltmgoost]t&fe?]mgtal eﬂ;ﬁ:@umgeetbeht mqpmd)f)roafrsmt\&ﬁ%ﬁ"és feguirRd|te i pl yi Eg
a vector (a portion of the 1mage) and a matri x suc
as i mage compradtd ionsorPBRESTBN)EE S P YT M AR *F ta%leg:kﬁg]%mafl g{gﬁdﬁ]g{;tel Y,
this inner product arithnmetic is perforned nost effici ently by DA. In fact,
previ ous DA met hods have been successful in reducing the nunber of
transistors used in an imge processing integrated circuit by at |east

SO 80% over previous conventional architectures. However,

need to reduce cost while providing still nore functi onal ““‘W‘mmwﬂmwm t hat
a new DA method be inplenmented to further reduce the number of transistors
in imge processing circuits. SUWARY OF THE DI SCLOSURE An appar at us
conputes an inner product vector of a matrix and a vector. The matri x has a
first set of coefficients and the vector has a second set ofmmmmmmn“lﬁmmns
At | east one input register is used to store the second set nts
A plurality of storage elenents are used to store partial suns t&@di-are
pre-calculated fromthe first set of coefficients of the matrix. The
outputs of the at | east one input register are used as the address inputs
to the plurality of 3 storage elenents to select a subset of the parti al
suns. In addition, a select circuit is coupled to the storage el enents’
address lines to determne which rowin the matrix the vector forns one

el enent of the resultant i nner product vector. The subset of partial suns
fromthe outputs of the storage elenents are added in an adder circuit to
create a surrmatl on out put that presents the eI enent of the inner product
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BRI'EF DESCRI PTION OF THE DRAWNGS Fig. | illustrates a conventional

i npl ementation of a Distributed Arithnetic method to performan inner
"product. Fig. IAillustrates the menmory organi zation used in the
conventional inplenmentation of Fig. 1. Fig. 2 illustrates the preferred
enbodi ment using the inventive nethod for Distributed Arithmetic. Fig. 2A
iI'lustrates the menory organization used?in the preferred enbodi nent of
Fig. 2. Fig. 2B illustrates an exenplary storage el ement forned by using
di screte | egihn thythitadf the dipita senaaddviertsed prthesamerarin pElehtAIPYFY). Fig. 3

illustrates the use of the preferred e | I ' b &lat.alni -G
DETAI LED DESCREPTRERPGe" R e R T R R R R
preferred eghogdimentconiprdskion ismeanianom, redice ile shedgefreduirtmeninder st and t he

approach used in a conventional Distributed Arithpetjc (DA)..neth
U.S. Patent No.Ngupdlg, weypre dsodfmapyng iy @é%‘f"c‘ifo ngad%‘%%‘% %?.‘hﬁ‘}‘ f |l(,l:te reate

the conventi ondles BANIBLRAGARSE HREn, TR Lhbhitd Rghed trahicdrra) @smeblor Batdriden

c
vector X wPtWa“2%ro ol'umm matri x of coefficients C;, Cto forma

ot Vgontaom) e op s s e e o
V(0) oo, Bgess st P TR Chreidte B o b r s s Bt
(3) pictures can be reproduced directly on a color printer, thus bypassing the personal computer
entirely.
Therefore, to enable the digital photography market, the cost of a digital camera must
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 plurality 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



In'digital circuits, nunbers are represented in binary form Thus, each

el ement of the vector X can be witten as a row of bits which is a tw's
“conpliment binary representation of the value of the elenments of X . Those
skilled in the art will appreciate that other binary representations for
the value of the elenents of X exist and still neet the spirit and scope of
the invention. Those skilled in the art Will also appreciate that each

el enent of X can be represented with a nunber of bits , b, required for a
gi ven preci sirage cenalgp seect honbsetef thgpprrial st n efditins @ selegt S it wuplepl enent
and still nmeet the spirit.,and sco [ j-an . | e,
assunme eac htozrfeesr"r‘g Ag® eg me\[f?ascfi @“ge&%{‘és%qﬂg%‘é%’g& %@glfmﬁdl l'? sthewrﬁ%{gw%éﬁg&%ﬁqéﬁngg;t s of
vector X CadhebRrmefprasadiuianthiyrier podhct vector. ThX(sui)set i padtiok sueis fnoml the owtpen | =
0 then X(i) = X(0), 2° + X(0)z 2z + X&O), 2" + )égﬁ?%o 2 §.herefore, t he above
mul ti pl i catafds siragredamsntsrrgaddad jpeanadder eirpgtosecald SPERIGLOUIRNINE- ¢ ¢z
C3X(0) 3 23 : 2GhAn il §) e Retol( 1)z 22
X(1).2 X( 1)‘?’%8'#@%@@%%“t@‘%ﬁ%%&%&%@ 2i X( 2‘3"i i 2}? X(2) 2Y(3)Ow Cai
C3z C33X(3)3 23 X(3)Z 2Z X(3), 2' X(3) 2 where X(i)~is the; th bit of
X(i), bit O being the le 1o £ b | ements (X(i);) of
vector X are bits, they @@?ﬁé@?@?%&@@%&ﬁﬁ?gzer 0. Therefore,
the inner product of any columm in X with a given rowin matrix C can only
have 16 possible val ues. These 16 val ues represent all .possible su of the
el ement s (coef f Figi bRugyatesa qopgengprab KRIGHFALRE 8’?4 nguﬁggi"ihﬂi'eggﬁwalgﬁﬁ%d t he
convent i on#rﬁpﬁ J?ﬁﬁ:ﬂ?gro\ﬁ’@é. to derive and pre-calculate these partial sums
for the row vector and store these partial sunms in a separate ROM (read
only menory) f oFigekt Hlustoatesohe Bemixongaortionisedintts coprenyongh snpigssntalign obne at
atinme, to_each separate ROM s address inputs and each ROM s out put was
accumul at ed& E produce the resultant Y vector. 5 Fig. | illustrates a
conventional ciFgui filudates theopbmbdémtsod dd) udidyy theighenyi¢Binethsd fog Disnébuted
conventional DA nethod. It consists of 4 input registers 10 conprised of
paral | el -i Angeretigl - out shift registers, 4 ROMs 20, 4 accunulators 30 and a
clock circuit Touhag AL JshEin IR Srr &R itbiiRicRNfFig, X( 0)

t hrough X(3), A]Q% 2c l(I)IE gl?jégit%l{}gerﬁﬂggfgﬁput regi stergﬁlo. ‘These i nput &

regi sters 20 clock out one bit of each input (essentially the colums of X
) on each cycle,. Lnni with the t, Si.gnif] bits
together form ﬁi%l%%gﬁ{aétéag%t%‘ N ﬁ”épl O?a%%.eleﬁgws}h%ﬂvfﬁ%?%s@% Hgl.scr%?@%%ﬁ: each ROM
shar es t he,%adBk iAAAR@SS cdinpLdimilarbasthodalopy. ROM has di fferent pre-cal cul at ed
partial suns of data stored inside the g%ﬂ) ROMD. 22 has the pre-cal cul ated
partial suns ofFigchillotiars thseiseralths Rreforehesmpadipont H‘a"sd‘g'f'?iciﬂ’?eé@cal cul at ed
partial suns fromrow 1, ROWM 26 has the pre-calculated partial suns of row
2, and ROMB 28 has the pre-calculated partial sunms of row 3. On each cl ock
cycl e, an addr esBETAIPER PERCRIPIGONTRF RENE PREFERFED RRBMWMMENEgi sters 10
and a new data word is clocked out of each ROM The output of each ROMis
shown as being 8 bits wide. Those skilled in the art will appreciate that
the data bus cagefdie desapibibg the prefécredadapedidiengpfoie ibveetice 8iis lethful és widetrstand  of
the partial sums for a particular_application.. ou s frome of the
ROM s are theenpiedchted s apefrvartang! I?‘ﬁmg‘é‘&‘iﬁﬂfhﬂeﬁi? @‘gb“‘%{h@éﬁeeuvseg%?’?i\!%'
Y(0)-Y(3), W i ipe Qbivestdnal DR medbl, t he cl ock
cycl es frosm c’ocitoirf“#l%ﬂ??gg%%raqggéﬁ Fg\?vﬁg?ﬂéng%rfx C have been perforned.
Not e that dongder lutiphyingning¥ikd glihant tolomi npmert &nwitipaf aovek dregluph matrdypofci rcui t .
The first paranmeter N, the nunber of input. regi ﬁers or El enment s

(coef fici esoelipicns Cx Girdform 2 repsliast wpGiers! oSO N S'gPe @8t Tons required in
each ROM the nunber of |ocations being on the onder of 2" since there are
various techni quesnlatewf inputs hbeets K dlddtiwhare tthe YaX(i) dndr Yredulhg the tot al
nunber of 2" |ocations (see Wiite, StanleyA, "AppPications o6f D stributed
Arithnetic to Digital Signal Processing: A Tutorial Review', |EEE ASSP
Magazi ne, July 1989, pp 4-19). In Fig. 1, N=4 so each ROM nust have at nost
24 or 16 locations to store all possible sunms of the elenents a row vector
of matrix C. The second paraneter, b, is the nunber of bits in each of the
i nput registers 10. This second paraneter, b, determ nes the nunber of
clock cycles that are required to produce the resultant vector Y. In Fig.
|, the input registers are 4 bits wde, so it takes 4 clock cycles to
produce the vector Y. However, one di sadvantage of vector nultipliers which
use the conventional DA nmethod is that the elenments of the vector Y are
produced in parallel on one clock cycle in each sequence of b clock cycles.
In many instances, it is desirable to produce an el enent of the vector Y
once each clock cycle so that it can be stored easily or sent to the next
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The conventional DA circuit perforned the inner product for each el enent of
the vector Y using one ROM for each el enent as shown below. (CoX (0)0 +Col X
(1) +CozX (2)0 +Co~X (3)0) 20 +(CoX (0)~ +Col X(1)1 +CozX (2)I +C3X (3)1)2
y (0) +(CoX (Oz +C~X (1)z +CozX (2)z +Co~X (3)z)22 +(CooX (0)3 +Co, X (1
)3.+CozX (2)3 +Go~X (3)~) 23 (CtoX (0)Q +C1~X (1 )o +CZX (2)0 +G ~X (3))
20 +(C~oX (0)I +C1~X (1 )1 +CZX (2)1 +C1~X (3)1) 2i Y (1) +(C-oX (0)z
+Cl, X (1 )z +CizX (2)z +C g Sé% 2z +C(01§ ( )}(T) Cl~-X (1 )3 +C1zZX (2)3
+C-3X (3)~ ) 2J 1 st clock 86& e 2hd ck éy I'e ﬁ st ROM 3rd cl ock cycle
4th clock cycle 1 st clock|Eyr :eCanCoI dok ¥ 162nd ROM 3rd cl ock cycle
4th clock cycle Note that {he)mjag, pti,cat,j of,,abtve| of the 2' "~ factor can
be perforned by sinply |ef YéB‘ f d’-}ngc'glhetnr egulityg@s| sumin the inmedi ate
parenthesis j tines. For the convenhtional circuit, this is done after each
clock cycle in the accunul ators 30. The new and i nproved DA nethod of
the invention perforns the sane cal cul atigns as t conye ti n?JhFDA nmet hod,
|

but it perfor mi" SiEEAFTGRIS nPYersereispresnigd in by Tomh Thip SO &P © forns the

inner prodyet,r &f cah B Aet&f as TREW bibilcwiich it a@@6hcdaiplinbr baal wipnSentdiovett or X and
adds these inner products together to produce the el erren&i’ﬁrYbsO) of vector Y.
t

I't repeat sthe bl of Hretelerantepl Ky eihpsesiflpdin the arigvilh ppprecits thit © 1Y C t oget her

wth all o 0 RS e YEHL QEmestsid? PlRdUresiBaeh & HIRAI @bpevect or Y.
The oper atrife%’Irel&?tg és?‘ﬁomn be{u(e)w (SeImO etasnd Sgl 1 asre addr es?s i_nputs to all the

ROME) :  ( CoMe in@dntierColhese skillpdin-Hempteill Aly@appisiate thagyach deggof o @30 ey | +C~X (1)1

+CZX (2), +Cx . 0} Fedulra - o il Zorih02X (2) Z +C3X
(3)2) ( 2)2Rd€)ﬂis(°ﬂf§? %"6’? i@@%ﬁ‘é 3ﬂ’+c‘:'2§< ‘%%%g&%)o%xt(gg; %3 G?‘%CJ?\‘/BQ'?CJ x((g)) +G | X
(1) +C ZXapplRationGhe Wt Widhey toimpiment p@-sill rgyt-theisgprit 3nd(sgopp of theipysatipm) ~ 4+ C~~X
(3) - ) 2 ma%(fle)zafnplt,( zicsku)&e(e%zcle-&%ﬁé (%vgcl'or)/% i§'_ gezgxb%)ogs \171@6',’ %eélgr)léﬁs 2Z ROV

of vector X can be represented by:

X(@)= Z::) X(#),2” forexample, when i =0 then X (/)= X(0), 2* + X(0),27 + X(0),2" + X(0),2°

therefore, the above multiplication of vector X with matrix C can be written as:

Y(O) COO COI COZ COJ X(O)J 2] X(O)Z 22 X(O)I 21 X(O)o 20
ray| [Co Cu Cu Gu| X2 X@,2° X2 X(1),2°
Y@)| [Cw Cu Cn CulX(2,2° X(2),20 X@),2' X(2),2°
Y@ [Co Cu Cn CulX3),2° X(3)2" X(3),2' X(3),2°

where X(i); is the jth bit of X(i), bit 0 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 matrix 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

Y vector.



+(C-X (0O)I +CIX (1)~ +gzZX (2)3 +C,X (3)~) 2 ROM 1 st dock Cycle
SelO=0 Sel I =0 2nd Cock Cycle Sel O=1 Sell=0 Note that for the new DA
‘'method, the nultiplication of 2' can be perfornmed inherently by the wiring
of . the storage elenment outputs 120 to the adder circuit 130 such that
ROM's output is shifted left j tinmes aneg the |east significant bits then
set to zero. Additionally, rather than be limted to fixed coefficients by
using a static storage ele i A MRBIV(0) (IRUPIOE S Y ucing tBangi ng
the coefficient 'grrg@%%téﬁﬁsoﬁc%@e'?'{égg C&ajéﬁgIWOach is(?o in%r eg?s?_e tghe ROM
size t0 selglen@sidi DAGRAhods at sorpifstsobéfifputiegintess Iyrompased 6Pyt lehideed9ut | ne

sel ection. Another approach is to use dynam ga t-AbL&iShOL Qi

el ements suykif fa%“ﬁ&ﬁﬁﬁﬁ%@ﬁ@%ﬁ@ﬁlvs ?%ﬂl\?{q 8?4%%%%”%? EEP%C]\/I (el ectri cal | y
er aseabl e Wqu‘;mmiernggd((gmhyougﬁmx)y)reicmble@lriabehk ioput cepistes 6. Theskul es.

Fig. 2 illustrates the preferred enbodinent of th in acircuit

| ) i nventi.o
that uses fidpusregistersvk dhostk.out pnechinefieselsinpit (pgsqnsglly; tﬁ‘fnﬁfﬂ”r?’égdifé? 2P5%h0 wi t h
t hei r out put oupl.ed to.,.a,set .of - OF t8b AEStofe theaddle 836 thenput s.
The stor agéyiﬁ’gﬁ%ﬁ'ﬂg Yﬁ@thgéeﬁg Ségn(l:ﬁocfr%ptfb?t'se g%f RAM or other equival ent
solid stat @oMPIRgEs SU6R iBBigl BAlcatleROM dhhms the menoaddyesEpreut pAch bl e

Read Only Menor P or a mxture thereof,.Th u S t rage 8
el enent syl hes Cﬁﬁ%eq(fd’?‘i%ﬂ‘lﬁ“iﬂi %ﬁ“%&&%sroflé‘ia%ﬁ%‘?d Tg% t?‘%?% %?Me? Ztr%glta s\glrgk gf

three smal | orc oy AGURNHsR#ToA0dPTS mabGaCROMIGaGs i pleodlituctipertal t wi ||
appreci ate at the outputs of the storage el ements can_be m?% wi dt h
dependi ng e frem des il yRAM2ESd1as thiere-eiculaed Ragbiums S iRv & g BSstil
neet the spirit and scope.of t i, RV i REaCANNEITE pREsAtedGd fHoU T,
all the @%Cﬂﬁgﬁe‘f%ﬁt'aslg?r"és %eawgs?ﬁéﬁgﬁfloé?g%d s coupl eg to the | nput
regi ster' s RUMSHS firéth tiRUAGUY FepistaFh €0 hrtputewr dag wordnsclocked getraf gachgiuise

presents one colum of vector X to all the Q f.or, each. ycle. In
t he i nmpr oveutpel efcash RGM i Hé’“ﬁ‘r‘éﬁ)é'f‘ggcﬁ”t%mﬂj(?dmtsgﬂg{'I" t%%agf‘glggbgrﬁéﬁgnts 120
have uni qug, adesSul BAWeSny BRGIS HYJAER; & @BERIred AL6LN@SOfOftepagial fune
colums of "vector X as an address input and these address mgécjts to, the
storage el &maphsicid0amlieatioel heorpatafemeash i g OMSHE ERTHECESPREIEY: | on of
vector Y .. The input .to ora T [ Lo SrehddBBudflaty@abor X |
X(0)i - X( gyﬁc?u"l“ﬂgaﬁ&?)taf‘ih‘,e faﬁﬁf'ﬁﬁggﬁ%ﬁﬁ‘eﬁé@?t" I“té’i rcuit 150 i s shown
coupl ed t 0,khaleheadkckGlEleUidm 21b6k cifcnn 4@ fntradi oelofoytixeC hevedeen rerfageedbank

select circuit generates new Sel O and .Sel | outpuyts, . led to
the address i n’ggteélﬁatf e | also higdlshyy té”ﬁéﬂ?%“aféﬁéra%{ers or { DAl SR

1,C
ese %ar’?k seF‘ect si gnal s,
Sel O and Sell, arg used to gha . I SLHB MO & hdHi| ddidtinshet he
chosen rovvp‘ijrf““?‘l‘ﬁrtI§it eE’"\}\}l’etrI%)Fi"ﬁléqgr\%%:tt@%rop%&rﬁérl@t he go?vent_i onal circuit as
shown i n Fitg.ambu, of @etiorR@uired inaactsRONe themember of Idcatiand beipmgn tePrashel of the

rows of matrix C. In the inproved circuit of the. kignt as
Chown | n FP psinceAbert i VauptsamPa gt gpr oS IS sRLF LSk Pa R RE KR

| dentical . | 0P 30208 0 (s ERMlte, BRAMFANSA pliEatiohEofiaibiabitat Adthpatid foal  suns
for all rows of matrix C  This r_e&w res that the storag e1|9$ﬂent4sl or the

i nproved cDigital SighrbPecesmng 4 ToroageReviseat W%?awa&azﬁ@\j"*yn Pfohvent i onal
circuit. On the tjrst c f hahi Pocdiidhs RRSE albpdssible bureasth
storage el ﬁ'tL’iJ—écfaF%%‘?é@'{g"r“éS{E%te%gbgﬁ t hat the suns fromrow 0 of matrix
Care USedt)h@%leﬁren@%'r@ﬁ@ect&ﬁiﬂrﬁ@ﬁx CThies secdndparagieter, e isgbicleumbseeiis kK SAPH |
therefore be Y(0). On the next clock cycle, the.pre-calcul of row
1 of matri xf @ awpet seibtestl@d This S?W@d§§f69‘5ﬁjb?’e1jeé?@r‘fﬁ”§ﬁ‘fé‘ﬁmﬁeer.og.%ﬁé(e% , Sel |
=0) and the adder npetwork, prqduce 7 S 1PRGRSSrebStefsGREABIRD W th a
di fferent g’ét“&feqﬁfrﬁi‘(?dﬁr% c‘éﬁgdesgazﬁ%('ﬁ‘%[?')n}é I-sl;g]:l dted on rgg%h clock cycle by
changi ng Sgl Q)qgta§§é4élo&rgyi:lles @ldro&ﬂ@t&%&w g of vector Y are produced. An
addi tional "address 1 nput can be added to each storage el enent Plf) st orage

el ements 120 t cHowelet,@nt HieadvanthesrofopotpiometPISHRSV AN PePBRPEOR Re'or age

el ement that presents a choice of matrix coeffici 1S nBUE RloAScyM3gNeRRl Y tWwo
matri x-vect"é‘thoé)ﬁéP%it”i“‘(frlu"é“e&Psepfr“éeq‘(fiC‘roég,ami ‘?rg.ucﬁelrnfpgr%mmg ng a diosc?yte]léfelE cosi ne
transform gr invergse di 8clst B GRSiiReantEsansf dsimbrpepatduamn ekmeaddittd onal
enbodi ment Qeﬁaésn@%!ﬁe stoorggg el errge){%ts 120 having at | east one RAM qr ot her

| oadabl e ofeck®@-Fict ealalcckeyme 3o at it drate stoeedeatily@s sens Kthe BI< #A% trat ri x
coefficients (the partial sunms as stored in the storage devices) can be
dynami cal |y updated rather than be statically fixed. Fig. 2B illustrates
the preferred enbodinent to inplenenting the storage el enents when using
standard cell or other logic based circuitry. To inplenment the storage
elenent, a truth table 160 is formed using the address signals as inputs.
The desired data outputs for each set of address inputs conpletes the |ogic
truth table 160. For a standard cell or simlar inplenmentation, a logic

L oy " N . Y. o o,



Fig. 3 illustrates a digital canera 200 (still, notion, or other inage
capturing devices such as a radar display, graphic material display) etc.)
‘that uses the preferred enbodi mrent of the invention to performinage
conpressi on and deconpressi on. These inage conpression and deconpression
operations are generally performed using the discrete cosine transform
(DCT) and inverse discrete cosine transform (1 DCT), respectively) but other
transforns) for exanple, fast Fourier.tr for I V.8 Jronr i er
transforns)pwg§586Fg£@Ey?egW§3Wﬁﬁ%ﬁe %"?ﬁggéggﬁﬁﬁggﬁh?ﬁﬁfﬁidgﬁf&gnd t hei r
use woul d 5£éclo'fr F{Eﬁ%etcn)%k Spid &Jﬁngrelﬁe@éﬂ&eomclMﬂ&y&mymﬂaiﬁanaJ Eters

coefficients o e matrix C for the DCT and I DCT are conbined into. two

sets to foreuplé to tht Bequaiater outputs(ngt ewa it gt Heraedtizd e dpediiedlts o and

are sel ected using the DCT/I .Si 140, hRnfd k9. 2A
febapReb) PEL SR AL RALBEgR R pE R

The digital "¢
el ect r omagngf hrocBH8 Q¥ nd QetwTipua Ih Aegicab¥hShiver? 10gcwoaipritegetionf an array
of pixels. The inmage sensor 210 l{i)i xelg transl aE.e. tpe el tect ronagneti ¢ _ener gy
260 into el iewteneptation yhngl skawdard el msthadelagy evqyy PHINANGFETEr PEE“ERD I Nt  of
the inventig I I: J N Sdhasi LA saNsubfR@Rl. Pr ocessi ng i ntegrated
circuit (I dsq%fé\d.uﬁﬁéﬂlléﬁgé%égg%s%? Zloaﬁgglgtgrr?pri sed of multiple smaller
areas 270 (usualToyili8irxte8haoimpid e neghodiof Hheshventipreovenhg soyegad Qmgethed.220
processes each snaller area 270 eigher for an. i enar ocessing application
(filtering,cogusarahednner BEIPEHPT MabinE aphreiFet TPV FAUT for i mmge conpressi on
1 deconpression using the DCT or )DCT partial suns in the storage el enents.
The image processing I1C 220 is further coupled to a canera controller 240.

The canera contrpr@opf RA9 iG, t ¥pi c@lifyX @)@ crb@odes¥®, 20r HO0Had( cat ed

state machi ne. C a nt ol | er |2 Bre whi shal Y@y 20feas 270 of
t he i nage sensor }1)0 4|0 'pr occfi)'esg"@lby@'t3 e/élggr‘% e gtlﬁcze;ssgg)' I.Cé,%(?(r?) o The canera
control ler 240 stldees the Cosufts o i%&gpr‘g{?gszsi rfg ?'é 2 1"% n i mage
storage device 23Qg3) [Thec, mage €t,0ragg xieyj2e 230 28anY Gy 28 Li@yRY] Cryst al

D splay (LCD), frash card, floppy disk, or other nenory that provides an
interface such as RS-232, SCSI, USB, or IEEE-1 348 (firewire) for renoval
of the processed inmage by the user. One advant age OE] [hi S, if?h\éev@tti op over
convent i onalhepanveptional P4 cirquit pegioames the fagh P B salticteS§Pieh A Rolgh t he
storage el eweapae BOM for caefeeleraspt a5 fountelodqui re nore 1 ocations than the
conventional, the new nethod requires fewer two-addend adders than the
conventional and does not require any output registers for storing the
outputs for pi pelicpa (operay i on), +Thex (ywepad)al so ldadecksutle require the
registers used in c I r nti onad clBAk Gtlecuit. |f the
st orage el ejnmjhsﬂf[?gg(g?‘eg??qrypl(gﬁnﬁs"ég?%éu%&’gip@% £d 32‘5 qQr %9&%01 1 \érdHtd, and
because | 0gi ¢ bas€eh X108 h§eXdll bmere € (wheitafpfenent €4 Prop r%y occupy
relatively littlecspaes, sorangd¢oxthg wregk 61)pra’ uséclodk cvele adders of the
conventional circult, the new circuit | ayout is actually smaller than the
conventional layout. In addjtipn,.f her. i rat ed;gklbGudtiear ea reduction
i s achi eved becadSe*t'Ré T(g'p%ld}lzerlgqlé)%}r)ggfiﬁpéﬁ‘gtzﬁe nlesq Bi ,gu't require
fewer gates {0 iniol,Qheh+Ehan1e,heCpifdl X Plgeti al %f\t’sydf"‘:gﬁ’f"*"t H ROM

regi sters 10W&quir ed dyy+ehe @onvenkional c DA8),y eli t 3rdichclaeycxenpl ary

conmpari son, an 8x8'Discrete in r.gnsf or ) i ppl dlusing the
convent i onal DAYﬁQWﬁﬁ%Gfgdéﬁaiﬁ+gsgéggé?gég&%gfg ingpgﬁgﬁﬁ?%g the sane 8x8
DCT function using the new DA nethod of the invention requires fewer than
7500 .gates. Each gate conprises typically four transistors. 11 Furt her,
a second advantage of the new nethod can be useful in sone situations. For
exanpl e, the order of the output terns can be controlled very easily by
controlling the upper address bits of the storage elenents. The preferred
embodi nent shO\ANOienhdiiﬂgﬂsmulﬁplalﬁdOWO&‘hﬂf‘H%%%f?%&a’h‘éer‘?ﬁ”?myiswl@ﬁgt t hese
bits are coptrol | ed 2,59y :QNichdS Foibe B Edindieireliid ven in
any arbitrégbm§§5UgW§é“f8mﬁ?g%ﬁ%ge$ﬁ%pé%§%?g nttl)dlIJ(%;!put of the resultant

el ement s ofiyR@LAY af¥r eacbitk bgclcin aenaedurivglators 302 CLAIMS 1. 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 colunmms, the vector
havi ng a second set of coefficients, conprising:



at ‘'l east one input register (110), said at |east one input register (110)
storing the second set of coefficients, said at |east one input register (
"110) having a set of outputs; a plurality of storage elenments (|20), said
storage elenments (120) storing a set of partial suns derived fromthe first
set of coefficients, said plurality of storage elenents (120) having a set
of address inputs and a set of data outputs, said set of address inputs
coupl ed to sai d HRleRf n@UhRYL& A nfRidd Rihd iBRRGoOREfoIE sinRghBlletionk 2d.10) ,
said a set of data outputs presenting a subset of said set of partial suns,
sai d subset thetosantibrelP A afetpdr butal pestarmas them éca differsyt wdsrOsle fint cxlfelitess
i nputs; a select circui | 50), said.select cireuit (150 -ed tq.said
set of addriesss ?hﬁWF%pFB%“%S?@P“b? ﬁg'ﬁ?tf"[( ‘8@] %atCltl)P gégcgﬁ%ﬁ%%tvg&?ﬁ%%d aggsl d
sel ect ci Tyl ykPRloaSEl BELHG0HARNE (1R clehniTof biveb@F FCAMBIALIO @ One
el ement of said I nher product vector fromsaid selected row of the matrix
and the vec§méveryaycladslag ofd oeibfimai30 ) ogesiar dithdiief the paleuistof heakorny @
sumat i on out put and a plurality of addend inputs, sakiq pl u%?l i t%dgf addend
i nputs coupirediice eachalemenkef vsptog Xt Ihe apgsettos ipthowa below (3%l 2 learg Addeest 120)
wherei n each dat a,Qut f said plurality of storage elenents (120) is
coupled to '8%”35 {faaclll%%ﬁwr\]dﬁ it to formone addend of the summati on out put,
said sunmati on output presenting said one el enent of the inner product
vector. 2. The apparatus of claim 1 further conpri sSi g clock circuit (
140), said cl ock (€ha*ci@i + CAXOY bctapt 68 t6osalih/dt | gﬁg‘f OffiR CRBKEydEYI St er
(1 10) and zzﬁit)d $@@{ﬁggl banlk sel-ect xery e, ix (pY', FaM!cl ocge@i_rcuit (140)
creating a =of I COL.r ndi. n he piigber o ows of the
(I o Dl A T

matri x, and whereii’ Tireuit ﬁf)re,sego ald &¢é&=@l enent of
the inner product(Ggetds +EarriddpbhdXig)tifshi 48l e zﬁfr ow of the matrix
multiplied by the vector for each clock cycle of said set of clock cycles.
3. The apparat us p(fmgl(gj md x (whereixyzsaid appay al usROM O

ricated as an
integrated circuit.” REPLACE 10/.1 3 The egﬂﬁéﬁ)é‘l]fg%C Bf
claim1, wherein *¢aiod (BI)IUJ?%!II%(?/Eﬁrgrféﬁéﬁagg”g(g%’é%tzszowm st 6ele=rul tipl e
sets of parti a( SUMTR X (@ndr Gak dI 1, aX (2N 6%, %6t0r/ate BPM¥dent s §o1129) further
conprise a sel ect,oF, y58) d,. sekegs arc coupl ed Loy vaid promal ity of storage

1

el ements (120) to s&ect’ that sét of partial sunms to be presented on said
data outputs of said plurality of storage elenents (120). The apparatus of
claim4, wherein said selector selects a set of partial suns which allows
the apparatus to performa discrete cosine transform 6. The apparatus of

R
by the wiring of the storage element outputs 120 to the adder circuit 130 such that ROMj’s
output is shified 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



7. 'A digital canera (200) conprising the apparatus of [

‘of conmputing an inner product vecto? of a ggtrix and acbggpgg. ?heAngfﬁPgd
having a first set of coefficients arraigned in a set of rows and a set of
colums, the vector having a second set of coefficients, conprising the
steps of: generating a set of register ogtputs (110) fr6n1the second
coefficients of the vector; storing a set of pre-calculated partial suns

derived fro i i .
ement% lEb Lteofl QJ fd £ LBbidoit 83 Plothall dftaynendorls bitheg emalcetven
120); sel ec natrlerOM/to be multiplied with th@ tgé?%r tge .

ptt

portion ofaam&dmnmemMpmodw@m,v@@t@ﬂkd§EWééﬂﬂ%5a%ﬁ§ﬁ%% ?O%P%SE%L%ulated

partial suns fromsaid s ore S8k 10
sai d set OftArE§iCEMER 5§81 Bu fT hCERQMEfa &ﬁ%ﬁﬁﬁnffﬁﬂ%?@E?gfggébgfggeﬁ?s

(120); adding .afbif rﬁéébﬁ@tspﬂf arﬁfﬁoﬁeﬁd)f(lblé avedopalnthaonsentignd! sirat, eittier

circuit (130) to create d
the st eps. GIOMsHRbEy At P PRl By e LIREEE S RPEruERER 1T,

parti al ?ﬁ]ﬁ Hg‘)n%gggrsn gq_g "Hapoﬁﬁvg§ ﬁlte]gé?llis cnlre%oﬁﬁl!n(aﬂlvé&&d/\’ parall iR RGMEB0 foor

eafh row o claim8, wherein said ste
sel ecting a,guhstlcy@é. Pride tgretdairad: gfthe prafeﬁsdlﬁ@b(@dﬁ%%agé?ratgﬁégg‘fa@ﬁ of

selecting fromnultiple set f
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. Al R AY&. AF; AA?. Al [ vRE}nt
V] ca] caV] cat]4f &k ess]‘"@af\%%’] ca Ea c?]lcgﬁg]t%ﬁt?y??ﬁﬁﬁgfgﬁgg] ca] caiscr:lgﬂ\a/tv

] ca] ca] cTalgTalical akaak eadaloRéY huddr 12 BhEirplino sjora
- ge element i is the ith column
))-~ytojd_ J@ ﬁ% ] caV] ca] caV] ca] ca] ca] ca] ca] ca] ¢ sYo
of vector X, X(0)i - X(3)i. In addition, a storage bank select circuit 150 is shown coupled to

the clock circuit 140. For each clock cycle, the storage bank select circuit generates new Sel0
and Sell outputs, which are coupled to the address lines of the storage elements 120. These

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 (eg.
ted with a

Sel0 and

Sel0=1, Sell1=0) and the adder network produces Y(1). This process 1S repea

different set of pre-calculated sums being selected on each clock cycle by changing

Sell until all the outputs of vector Y 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
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"109&' () - ! kiial QAR 16abt AmioLP/SE tfansiCMI¥qui@d t<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 ]ogic 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 substantially.

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

coefficients of the matrix C for the DCT and IDCT are combined into two sets to form the



109%<& ()- 10%& ()-, 10%& ()- 10 10 10!'F 2109% ()--F
2109& () - - aei mgvwe/ UV<EW G’ 109%& ()- 10%& ()- 10%& ()- 10%& ()-
“109%<& ()-W }n00<5 10%& ()- 10%& ()- 10%& ()- 10%& ()- 10%& ()-
109%8& () - 10%<& ()-wX90<5 10%& ()- 10%<& ()-

10

partial sums stored in the storage elements 120 and are selected using the DCT/IDCT signal
140 as shown in Fig. 2 and Fig. 2A. The digital camera 200 is comprised of a lens 250 that
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 proceséing 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 [C 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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MLO% Ri T & (d)dress 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 f .

What is claimed is:
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An appard
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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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 matnx

having a first set of coefficients arraigned in a set of rows and a set of columnms, t_he 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 dernived 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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