This invention relates to array searching operations 5 for a conputer.
convent i ongd optmgs amrabl e processors, such as digital signﬁ&ng§g?ﬁ§§ors
(DSP), support a rich instruction set that includes numerous I nstructions
for mani pul ating arrays of data. These operations are typically 10
conputationally intensive and can require significant conputing tine,

; e3e\\\ YAFf x6TBM a WO 02/ 27-47s PCT/ USOL/ 30309 ARRAY SEARCHI NG OPERATI

dependi nunber @RRA&Ye SHARCHINAI OBERAUTONSS nul ti pl y-accumnul at e
units dﬂg“ﬂﬂmmmm an the processor. 15 DESCRI PTION OF DRAW NGS Figure 1 is
a block diagramillustrating an exanple of a pipelined programmabl e

processor a 3B?ding to the invention.C Figure 2 is a block diagram

illustrating an exanple 20 executi e for the progranmabl e
processor. Figure 3.is a flowhart for inplenenting an exanpl e array
mani pul at i on M&EHENETVRELAGE 61 2EEE0FRI RYTRY ERRYFRYBHL PBATALEPRBre 4 is a
flowhart of an exanple routine for 25 invoking the machi ne instruction.

Fi gure’5 $RGWE &ogggggﬁ‘instruction; and 32 .1 WD 02/2p75 Figure 6

shovs N/ sear Gl aLENRH QR DESCRLPTLON PCTLUSOLL30309 ElLonT 2,115

bl ock di agram strating a pro OCESSor havi'ng an execution

pi peline 4.and. g %&g.ﬁm' P':E%!ctes@voszs)r QBgesor saPPaéteéle:ﬁe@nisergsﬁ%ﬁ. bel ow,

reduces theé~conputational” tinme required by afray manipulation operations.
I'n particul.gr ’tg%i:\%%%%iﬁ'ae% PR URROh=RrBENbAS ERS REALHANatigGerred to

herein as the
arrays of data. These operations are typically
10 computationally intensive and can require significant
computing time, depending upon the number of execution

units, such as multiply-accumulate units (MACs), within the

processor.

15 DESCRIPTION OF DRAWINGS

Figure 1 is a block diagram illustrating an example of
a pipelined programmable processor according to the
invention.

Figure 2 is a block diagram illustrating an example

20 execution pipeline for the programmable processor.

Figure 3 is a flowchart for implementing an example
array manipulation machine instruction according to the
invention.

Figure 4 is a flowchart of an example routine for

25 invoking the machine instruction.

Figure 5 shows a search instruction; and

*OULT



to instruction, that reduces the conputational tinme to search an array of
nunbers in a pipelined processing environnent. Pipeline 4 has a nunber of

stages folyPePEeRsSi Ng instructions. Each stage processes GRHewpiBedy W th
the other stages and passes results to the next stage in 15 pipeline 4 at

each clock cycle. The final results of each instruction energe at the end
of the pipeline in rapid succession. Control unit 6 controls the flow of
instructions angigat@ 6 hslo@s N/1e yé&diausisdtagas idn pi peline 4. During the
20 processing of an instruction, for exanple, control unit 6 directs the
vari ous conponents of the pipelined to fetch and decode the instruction,

. performthe corresponding operation and wite the results back to nmenory or
| ocal registers. ,Figure 2 illustr dESSRARTEQHNP!| e pi peline 4 configured 25
according to the invention. Pipeline 4, for exanple, has five stages:
instruction fetBhoyure)l decadel¢TECliagmhm dslslugtrat \WY G2 /2B rESMRE/dUSO

1/ 30309 calculationdéA(D, execute (EX), and wite back (WB). Instructions

are fetcheBPERFFHRMOr2VHRI f RBNERPCH IR Ribnachand & igrpausd | F st age
by fetch unit 21 and decoded within address registers 22 during the DEC
stage. At thEEse nexlfrc&‘I"?:)%%c”éy%llI 28 (PR RY ShAaL il IR e SRtEesiner e

dat dd t 2 | cul at dd . t hat
necessary [3° perTBIT LRE Bhet BIT oFc THLAThG Y X SHABELIBAAR | on uni ts
25A th Lfled | f | e,
2dding 10 9 oRA P 01 i B BRe T SRS £ 4 Mltpre & 55" ey
contain shRgbALAL ofh har el £ Of e REELEN NG dAPRET At udi ng, for

exanple, one or nore arithnmetic logic units oint units

(FPU) and bRsfphcshbd ! efgatr Ard@hbsd Veid éatéa;t%?dld@falam%ee% GeiRguti on
units 25 such as 15 the addresses generated by data address generator 23,
dat a retrigyeshrfsprotatanbE@r®rin 18 pipsbired @rdwd g eRwidichment .
Pipeline 4 has a number of stages for processing
instructions. Each stage processes concurrently with the
other stages and passes results to the next stage in
15 pipeline 4 at each clock cycle. The final results of each
instruction emerge at the end of the pipeline in rapid
succession.
Control unit 6 controls the flow of instructions and
data through the various stages of pipeline 4. During the
20 processing of an instruction, for example, control unit 6
directs the various components of the pipelined to fetch and
decode the instruction, perform the corresponding operation
and write the results back to memory or local registers.
Figure 2 illustrates an example pipeline 4 configured
25 according to the invention. Pipeline 4, for example, has

five stages: 1nstruction fetch (IF), decode (DEC), address



registers 24. During the final stage (WB), the results are witten back to
data nenory or to data registers 24. The SEARCH i nstruction supported by
processorwg g28yss20 al | ow software applications to search pgiroi/snseef N
data el enents by issuing NNMsearch instructions, where Mis the nunber of
data el enents that can be processed in parallel by execution units 25 of
pi peline 4. Note, however, that a single execution unit may be capabl e of

execut i ng daMxrat i2n MACS ,0RAHRILRNS(HN) RaiRkirake batkexampl.e, an execution
unit -3 WO 02/ 2p75 PCT/ US01/ 30309 may include a 32-bit ALU capabl e of

concur r entlinstconpairdmey a0 fEG-dhicdd firdee memd@gneral fyont be 3egienee ioh
SEARCH i nstructions allow the processor to process Msets of elenents in
paral | el tanrdhe dehtiing drhe' IBxtotage ot fetch smilt 29 andaderodedr a
mnimum for each set. During the execution of the search instructions,
. processor W2 Eiigr exldnsas aradsSterst & |dwanidorhef DERe sErgeemeAtalthe of each
of the Msets of el enents. Upon conpletion of the NNMinstructions, as
descri Bed B FIRARiITY P& oD e Fesiditsndassassl ithgt P6nShkagey zwhetRe
references, to tagire extrene val ues far ea&h set to qui cklg, identify an

d e ten

extreme vaAre fIaRE gsrgraters Safleulehe PRt FEROEYN 280rsRseehe

sof t war e |.ications to quickl idrﬁ.(‘e?ntif ei ther the first or |ast
occu_rrenc%lﬁ}g%t & el TR Y1 On%r‘ﬁr rﬁn\/gﬂ\%\?e.c’pﬁﬁﬂ_tattﬁé’f’nore, as explained in
detai| below RAOGEASQMS dyTIGURNT S L6 ARG L1 bR,a Lashign sy tabl e
or vectorizing In pi peliné rdcessor across the execurron“dnits 25.

As descri YR, i |0 ar.che RLa .data b
§ é%%%éﬁﬁm@gﬁ?&él & ro Lol Al e %o@?s%%y%l%,yaahlﬂg y

i ssui ng ma ne instrdctions to processor ure 3 1S

fl owchart dd |nH§l_ttfiag§1iﬁ91§@nﬁPb@ﬂ§,_e 1P e refl 1ener apkaru2QoholinREacesspgy2 when
it receives a single SEARCH machine instruction. Process 20 is described

with ref eriaaird dtaiitd1fiyedy HaiRlwaasd fRAC perFdeminddthk apehrakAdmsval ue
within the array of elenments; however, process 20 can be easily nodified
to perfor mmilhetidginciomwrxambple, one or more arithmetic logic units
(ALU's), floating-point units (FPU) and barrel shifters. A
variety of data can be applied to execution units 25 such as
15 the addresses generated by data address generator 23, data
retrieved from data memory 18 or data retrieved from data
registers 24. During the final stage (WB), the results are
written back to data memory or to data registers 24.
The SEARCH instruction supported by processor 2, may
20 allow software applications to search an array of N data
elements by issuing N/M search instructions, where M is the
number of data elements that can be processed in parallel by
execution units 25 of pipeline 4. Note, however, that a

single execution unit may be capable of executing two or

25 more operations in parallel. For example, an execution unit



WO 02/ 27.175 PCT/ US01/ 30309 such as identifying the first occurrence of a
m ni rum val ue, the first occurrence of a maxi num value or a | ast occurrence

of a maxi{ygwalde. For exenpl ary purposes, process 20 is pdgaRbi/sRey in 5
assumng Mequals 2, i.e., processor 2 concurrently processes tw sets of

el enments, each set having N2 el enments. However, the process is not limted
as such and is readily extensible to concurrently process nore than two

sets of ehegerrz=lude gerBr-dit PIACespallef ad ldohatieseh® 1yeebaphzahgon of
the search process by fetching pairs of elenents as a single data quantity
and procegsiong el telrenmdrgrspai rs through pipeline 4 in parallel, thereby
_reducing the total nunber of clock cycles necessary to identify the m ni num
val ue wthin tGermnaEhly Althso rgauesicgpoifi SERREH: dnstrectaooki bédbur es,
process 20 is well suited for a pipelined processor 2 having nultiple
execut i on th§l PFAgegIRT B0 RLRRESSFH seieh ofeelemeaitendm parpideds§020

mai ntai ns two poi nter registers, PEven and POdd, that, store |ocations for
the cufrerdtde@iidfeheh al GETHRME HatHe ' 20 THFl ePondNavElEaEr .oF R addi ti on,

process 20 ,nai nt ai t Wo ccuerﬁil ators, AQ.and Al, that Eolgl1 t he current
extreme vAGESTY n\‘isc'rf"e esaéfa}%.s e POEARSr CPEgISSEEIE 19Rd Ot n g BB/EFSt or s,

h , ily be _inpl ted | - d i st

Wthout " dopRrER Rt R, 2 R RE EhEer B et Rhe ISR RS e
t h S i i f h i ts i

' each SEARGHY Ikl A 658300 B SHENSE ,%E B FLAENLS N one
(21). FOr @M QRS chdhyf Ghehrlitl adlacent alfohibeyalyes as one

32 ' bit guantity.” Next, processor 2 conpares the even elenent of the pair

to a qurr Rl JNINIYRIBW.al e fIFthie L \upp1elafBhs apall92ksaRtet he odd el enent
of the pair to a current mninumvalue for the odd elenents (24). Wen a

new m ni myafeidifedHred hthee it il sielss fdet eelcdd sepr eeegadek2yupdat es
accurmul ator AO to hold the new m ni mum val ue and updates a pointer register
PEven to Heleshtd fko spoiarttarenten veduee Span diheg adaby .quantt exawpflki, nthke array
(23). Simlarly, when a new m ninumvalue for the odd el enments has been

det ect ed, ipedonsgoior alpduises e cofliwarer appligatdopsi ivequielilyt er POdd

(25) . In this exanple, each pointer register PEven and POdd points to the
dat a quantiideptify either the first or last occurrence of a maximum or

15 minimum value. Furthermore, as explained in detail below,
processor 2 implements the operation in a fashion suitable
for vectorizing in a pipelined processor across the M
execution units 25.

As described above, a software application searches an

20 array of data by issuing N/M SEARCH machine instructions to
processor 2. Figure 3 is a flowchart illustrating an
example mode of operation 20 for processor 2 when it
receives a single SEARCH machine instruction. Process 20 is
described with reference to identifying the last occurrence

25 of a minimum value within the array of elements; however,

process 20 can be easily modified to perform other functions



15 and not the individual elenents, although the process is not limted as
such. Processor 2 repeats the process until all of the elenents within the
array havg, ?'ﬁ Rrocessed (26). Because processor 2 is pi %Irrm%oﬁg ement
pairs may be etched until the array is processed. 20 The fol | ow ng
illustrates exenplary syntax for invoking the machine instruction: (PCQdd,
PEven) - SEARCH RData LE, RData= [Pfetch_addr++] Data register RData is
used as a SudltLd 1RGhSIEYihg ShOrE wachhdwnned®l ded atd mkermnenair,
with the least 25 significant word of RData hol ding the odd el ement and
the -6 MR 02 P So BETF HISE4 3B 0O mmsitmust g fuec ant anvdrastob cidpananke di ng

. the even elenent . Two accunul ators, AO and Al, are inplicitly used to

store the ettaahaxbhwesvaliuehe results. An additional register, Pfetch
addr. is incremented when the SEARCH instruction is 5 issued and is used as
a pointer to itEeuntexevplarhedWpOsSRE a mﬂssi& 4 deiseaifedarimay. The
defined condition, such as " less than or equal” (LE) in the above exanple,
controlfs viFREEREMr eEeRL ?szexibcfht'ed:’%%% 3 If‘émg%mifteé?tlhfegl sters PEven

and POdd, as well as the accu afors AO and Al, are to updated. The " LE
" for exdWRESIRT LY PR RE SFLITY S dAGH fqthé‘-"’IVaIé’tg @urrence of the

I I I I 20
T Vet 2 USSRk SPBLL SSion 3 prosr oy cﬁve B, ons
bably f
Citiert TR BRI MY Mg

| anguage. 4 COMPE| ElehSntypi cal exdpipke LR BE08S tﬁeca*&'e%h | evel

sof tware app I cation a gener at e appropriate nmachi ne I nstructions for

Procesgor ocddie] i Non tHe @E@%f@?@f&éﬁtﬂwcﬁé&”}ﬁr@or 238 ¢ ng the
array of data. Figure 4 is a flowchart of an exanple software routine 25 30

for i nvokidmehdigr £Xa81h es PRGHE NEat A sfuatedi tBnsand Ipisddatistithplreee. First, the
software routine 30 initializes the registers including initializing AO and

Al and poi¢ilémgnPhyabrandhPéulgh teipdieirie rostimagiarailalt,i thhardeldyt n t he array
( 31 ) . In one enbodinent, software routine 30 initializes a |oop
reducing the total number of clock cycles necessary to

identify the minimum value within the array. Although

15 applicable to other architectures, process 20 is well suited
for a pipelined processor 2 having multiple execution units
in the EX stage. For each set of elements, process 20

maintains two pointer registers, P and P,,, that store

Even
locations for the current extreme value within the

20 corresponding set. In addition, process 20 maintains two
accumulators, A0 and Al,that hold the current extreme values
for the sets. The pointer registers and the accumulators,
however, may readily be implemented as general-purpose data
registers without departing from process 30.

25 Referring to Figure 3, in response to each SEARCH

instruction, processor 2 fetches a pair of elements in one



WO 02/27.175 PCT/USI1 1/30309 count register with the nunber of SEARCH
instructions to issue (NNM. Next, routine 30 issues the SEARCH nachi ne
instructiwp oblab7si mes. This can be acconplished a nunber eETN@RYS303¢UCh as
by invoking a hardware | oop construct 5 supported by processor 2. Oten,
however, a conpiler may unroll a software |oop into a sequence of identical
SEARCH i nstructions (32). After issuing NNMsearch instructions, AO and Al
hol d the ldsickoeyairense a0k inkd emdaitaugueanentyal 2e) androbeckah140
occurrence of the m ninum odd val ue, respectively. Furthernore, PEven and
PQdd st or @rdeesisorali oay detiche twmo adgbaeguahébiesvahaeshabdohbes b ast
occurrence of the m nimum even value and the |ast occurrence of the m ninum
odd val uePifeuantatyrdeNexs i @gecerygorheé raspaseguthenewvenfelémens mi ni mum
value for the entire array, routine 30 first_increments PQdd by a single
el enent, SdchbenRBiPOYe PoichEE et Bépipunt vahee nfar nbhtoddenl ehenents3a) .
Rout i ne 30 c?npares t he cc#gulators AO and, Al to determ ne whether the
accurmu? at dP<’c GREaFRS REDs ghEMERUSE Fhe PaliRebRe? FHETOBEMHRHIMTOf t he
odd el ements.equal s the m.ni oum of t ven elenments (34). If so, the
routine SUHigﬁpipgétkﬁeogéiﬁggpsan zgﬁzrnine whet her POdd is | ess than
PEven and, thergfar P ; E e he mi ni hmum even, val ue

el 8 egdﬁ%§3ﬁ855¥33g§22é90%h% &vah ea??%ﬁﬁ? tfe routine 25

occurred earlier in-the a he conp

det er ni negwhelher b%ege\éol%oadubageeBEgeeu&éﬁtgg ap 40,074 21?1%&71;1@'\:7)(:.1_ 'J

SO 1 /30309 When the accunul ators AO and Al are not the sane, e routine

conpar es A@ntiewmlvhnuer das Lpadeker Bi peinbbshrgl dsethp, M phnum yalue (36).
If AL is less than AO then routine 30 sets PEven equal to PQdd, thereby

copyi ng t peipeient €6 tortrhepbndingmdatyakuent oy POEHihntRe PRvesy( 3 7 ) At
this point, PEven points to the | ast occurrence of
(23). Similarly, when a new minimum value for the odd
elements has been detected, processor 2 updates accumulator
Al and a pointer register P,y (25). In this example, each
pointer register P.,., and P,y points to the data quantity
15 and not the individual elements, although the process is not
limited as such. Processor 2 repeats the process until all
of the elements within the array have been processed (26).
Because processor 2 is pipelined, element pairs may be
fetched until the array is processed.
20 The following illustrates exemplary syntax for invoking
the machine instruction:
(Posar Pewen) = SEARCH Rpy,.n LE, Rpaea=[Precch agar++]
Data register Ry, is used as a scratch register to

store each newly fetched data element pair, with the least

25 significant word of Ry, holding the odd element and the



the m ninumvalue for the entire array. Next, routine 30 adjusts PEven to
conpensate for errors introduced to the pipelined architecture of processor
2 (38). Fgio @vamrl e, 10 the conparisons described above apgringdi/sabd y
performed in the EX stage of pipeline 4 while increnenting the pointer

regi ster Pfetch_addr typically occurs during the AC stage, thereby causing
the POdd and PEven to be incorrect by a known quantity. After adjusting
PEven, rouhbse SOgfietleas: Rived @6 B, 15he0a0her the éhen!| asémeseur repse of
the mninumvalue within the array ( 3 9 ) . Figure 5 illustrates the

oper at i on decuBubitngte, SHARGH i ATSt rated i iwp lbisc iganenaldd e tgxdihe tgase where
processor 2 is capable of processing Melenents of the array in parallel,
20 such asaetrenl pvatess ot Xhectesiebt 3 exdt Hddit iovials refies tsFARCH
instruction causes processor 2 to fetch Melenents in a single fetch cycle
(51). Furthecnuie, 1% inneewsnins evhen ddes SHARCHHInstaiues iMmpdisnt er

registers to store addresses {l ocati ons) of a correspondin extrerre val ue
for eaéh ofSeped ang Js%t%s%c% T} Rt ey the #talaﬁqﬁmerre Nremtara
processor 2 congurrent] ares the M Ie s to a V\D 02/ 2p75
PCT/ USO 1 #%BRBY° Lo rEhth TP e fOre t(9RE IMEHEIE ]é?rbnegrﬂc}%éls as
stored in M ccu | at or s e c arisons oce

updat es t he é’toréquﬁg gg&ﬁﬂ pBi GﬁPlSr ngfas?ﬁ?@p%% coggﬁ? ﬁre 6
illustrate [ S [ of tiQn i usN/MSEARCH
instructi o‘?%i gﬁdg&ﬂ% Plsgf? Se\t,\él]}gengut?eﬁhegc?ﬁé r uc ﬁj% g:ftrefrsrﬁ etli‘ls

extreme vapue Loy phe %{E 'vJeel areasa%hé:'a{c%umlfl%%oﬁ%f haLeqapa! i %&Ie' on

initializesV® loop €dunter, 't accunul ators used to store 10 the current

extreng va‘h;?l&été@r thige MﬁJEerrentfo%etécaa@qet hgiMeBeENHBhEcHEEE borgtore the
| ocations of the extrene values (61). Next, the software application issues

N M SEARCH. dgst 1 £1¢t tlaasl4 62)ocAltesncs net af i mofinde vialstg uct i ons, the
software application may adjust the Mpointer registers 15 to correctly
reference its respactypicaktapme vat ey, |angiesg-adndrheledatlaomuant ity

hol di ng the extreme value (63). After adjusting the pointer registers, the
sof t war e appfteare orprbhyrtriown tdre Mxouisime Wliatesi fores KheMM|Menent set s
to identify an extreme value for the entire array, i.e., a 20 naxi mum val ue
or a nini ngeRrvahutngeayct Ivrm, RrRLIREY ViEFQM apifiiidatd oPIRayEARRETURE poi nt er
regi sters to determ ne whether npore than one of the el enent sets have an
extrend valte RFRSFITReY H%‘?‘}ér"t“éjyt%x‘il?%r@ﬁ}a’f% FRPLIGREEN ddt er mi ne whi ch

?ﬁ;gfrgnv?%ugeocﬂf” {aer(ljgtial.égtér o:Lrn a Shigh eJpeve nsgo1‘!'{:pwoa{}:e2%.a'.[nrg;euadgeesI r GI\Ad sear ch

compiler is typically invoked to processes the high-level

software application and generate the appropriate machine

instructions for processor 2, including the SEARCH machine
20 instructions for searching the array of data.

Figure 4 is a flowchart of an example software routine

30 for invoking the example machine instructions illustrated

above. First, the software routine 30 initializes the

registers including initializing A0 and Al and pointing P,
25 and P,y to the first data quantity within the array (31).

In one embodiment, software routine 30 initializes a loop



-10 WO 021 27-47S PCT/ USOL/ 3U3U9 Vari ous enbodi nents of the invention
have been descri bed. For exanple, a single machine instruction has been

descri bedywid@l,sgmar ches an array of data in a manner that gegaidohb@hes
vectorization of the search process within 5 a pipelined processor. The

processor may be inplenented in a variety of systens including general

pur pose conputing systens, digital processing systens, |aptop conputers,
personal diguhil ragssseanistl PEMe spuminsl cef | SEARCH hiaieSrudtoiorex adypl e,

cel lul ar phones often maintain an array of |0 values representing signal
strengt h fossser (R¢Bs. aNeakt abteui3hie a3 duiskidre o BEARCH thichigant ext, the
process di scussed above can be readily used upon initialization of the

cel l ul ar phoservotseanN/Het tvas | abTlel s ecan des arebpil iiad selmotbaheobest
service. In such a system the 15 processor may be coupled to a nmenory

. device, suédYas BUFRASH BENDRYOHEN ce prdvatatieon amhmttess nenory
(SRAM, that storgr% an operating system and ot her software applications.

These and DEPRPTBRBOBY BRPSCSFRE wf t hi LR RIPVE thETRIISH RAXI ai ms.
-11 WO 02/ 27-47s PCT/USII1/30309 What is clainmed js: 1 1. A irethod
conpri si ng".mﬁohgc%i FPhHYAL FrathrtRet P Hdt? RETETHSR r%‘gtjici@“tal‘iﬁ]o%}% to
search a p| lity.of d el ements; and executing the machi ne instruction
by: 5 retr}%%/%l%é%f‘(g%?a%e?)ehents in asingle fetch 6 cycle; 7 concurrently

comparing the Mgala eLepenl sy o L0uk DG G T ol £ Tyl ve; and

9 updating a set ef erences base n the 1o conparisons. e met hod

of clai m lgphdheL s NobehrkeNEQTE Nend R Andn S RIB NS GO THHA S8% Neldd evi ng
the Mdata elenments as a 3 single data quantity containing the M data

el enentos. BoSurt8Bc8EbROEhOT mLh Bk Zoddhed Bhd), thes it Bfelef erences 2
conprise pointer registers to store addresses for data 3 quantities. 1 4.
The met hodrefthéanord, BhHEr end blg dtore the locations of the two
data quantities that hold the last occurrence of the minimum
even value and the last occurrence of the minimum odd value.
Next, in order to identify the last occurrence of the
15 minimum value for the entire array, routine 30 first
increments P,y by a single element, such that P, points
directly at the minimum odd element (33). Routine 30
compares the accumulators A0 and Al to determine whether the
accumulators contain the same value, i.e., whether the
20 minimum of the odd elements equals the minimum of the even
elements (34). If so, the routine 30 compares the pointers
to determine whether P, is less than Py, and, therefore,
Poea and P, whether the minimum even value occurred earlier
in the array (35). Based on the comparison, the routine

25 determines whether to copy P,y into P (37).

Even



1 5. The nmethod of claim1l, wherein M= 2. 1 6. The nethod of claim1,
wherein executing the machine 1 2 instruction further includes: - .12

WO 021 27wéihRiEE US01/ 30309 3 storing the current extrempeyalsygsoson M
accurnul ators; 4 and 5 copying the Mdata elenments to the accunul ators based
5 on the conparisons. 1 7. The nethod of claim5, wherein concurrently
conparing 2 the data el enents conprises processing a first data el enent 3
with a first exgeuithie Wddumflaadiigpel aed prnoeessebtantedspnecesaENg a
second data elenent with a second execution 5 unit of the pipelined

pr ocessor roht8nelTmempetdesd A0 ted A1mih, owdereikn deteuwmieet kirieanmpalldeg 2 the
data el enents conprises concurrently processing a first 3 data el enment and
a second ddtea mélndmarmt veilius n(3#)si ndife 29 égedessothani AOothanpikpetined
processor. 1 9. The nethod of claim 1, wherein concurrently conparing 2

. each of tRé G&tE Eren@URl & Rown r ERETERYr eAPYIADUBhS PashbEestdetkeni ni ng
whet her each of the data elenents is |ess than the correspondi ng current
extrene vALGdMUn Ve luphdG5ast Foe SREEI Biven 137Wherein concurrently conparing
2 each of the g$% el enents tqg a current extrene value 3 includes

det ermi ni ng wh TE2 P 1t aved RA BB Fsh S s e AKTIGIERTS F

correspondi.ng._cur.rent extre valkue. 11. A_pnethod r.searchin array of
N dat o of ST TROEN, E o iy rethge 2T5 =Y \iRsr o sosvand 20
PCT/ Cl SOL/_303| j SSui g%@ 2 NSt 15905, r.Qc or, 4
wherein t r?e%gprg%cszg?&? %%g%%%a%%e ton% ocess&% dat a %@e%e&raltt% %il%n parall el ;

and anal yzjin@ el 301 dhe dme e rbeekbuet bonsgho 7rbdeakihiyia, val ue for
the array. 12. The method of claim 11, further conprising: 2 executing

each mgachigpe | GIHRE REsct iRl @vvag avedaipieberpnperifBracgi ngl e fetch
cycle, 4 concurrently conparing each of the Mdata elenents to a 5

corr espondibag EUIstenrfe o e Maadia, whideb inpdaimeng ihbe thef eoeénees based on
the conparisons. 1 13. A nmethod conprising: 2 retrieving the pair of data
el ement s fregmsateram;ay, of. Byplieathysoceouns sdungleg f ehe AGpetrade on, wherein
the pair of data elenents includes an even data el enent and an odd data 5
el ement ; GheuehvamEivaing ddepdoisngnthBeav&e deeimeorsecthdypai knawd t he odd

el enent of the pair; and

quantity. After adjusting Pg,.,, routine 30 returns P as a

Even
15 pointer to the last occurrence of the minimum value within
the array(39).

Figure 5 illustrates the operation for a single SEARCH
instruction as generalized to the case where processor 2 is
capable of processing M elements of the array in parallel,

20 such as when processor 2 includes M execution units. The
SEARCH instruction causes processor 2 to fetch M elements in
a single fetch cycle (51). Furthermore, in this example,
processor 2 maintains M pointer registers to store addresses -
(locations) of a corresponding extreme value for each of the

25 M sets of elements. After fetching the M elements,

processor 2 concurrently compares the M elements to a



s substantially fetching and conparing the remaining 9 pairs of data

el enments of the array until all of the data 1o el enents of the array have
been proc@gsdrek 14. The method of claim 13, wherein subsicanisedbdsye
conparing 2 the pair of data elenents includes setting an even m ni num 3
val ue as function of the even elenent of the elenent pair -14 WO 02/ 2p75
PCT/ USQO / 30309 4 and setting an odd m ni mum value as function of the odd 5
el enent of cttheert eartitepai valde 16or Thike et dypsbtofvee | sl amehd; adier edan
substantially conparing 2 the pair of data elenents includes maintaining a
first 3 aceboukdton Moastanelatoiai (2 valBesddrorm Hehevarmmpeinentss, 4 and a
second accumul ator to store a mninumvalue for the 5 odd el enents. 1 16.
The net hodPBPceEartm 13ubrdatenethe nd| aerwekat orianthgle M fpgisttei nt er
register to store an address for the mninmum 3 val ue of the even data
_elenents ak8IHEFATRI APAY- a second pointer register to store an address for

the m ni mum val ue 5 of thfl odd data el enents. ]él 17. The nethod of claim 16,
further i ncl udi RYTREF Ut FhiPaErateRakie R HESRITYE radict ey &t t er

i Il .of 3 the pai | ts. .t t f mber of
Sl ages | n ERE-HIBET Phot 4048 N SRRFRE ST el faris e 9P Che et hod i s
S18g88 10 bui DL The. N |
or ocessor , CYREFELHOR, QEUETE TRECRUISLONE,  AEeaf el O BB Vatie
equal s thefé&'”@ﬁé oh gak e, plepent 5i LAt {ie o, ALRAGES Y LAMLCcuUrrently

conpare. -1 WO 027 2p75 PCT/ US01/ 303119 1 19. An apparat us conprising: 2

a pi pel i nejadephedzt8 RrP66sScHMiABEA, et ipmatsedind S leded agl st gzent r ol
unit adapted to direct the execution pipeline 5 to search an array of N

dat a elenephe tarrespoaseréne NP Gesatdi Nehe NG telmiiditnSsetls 2thd e M
apparatus of claim 19, wherein in response to the 2 machine instructions,
t he contropointérsiusedsto hetprpethaelGcatwiomnd rofevendV atatzened eragdntess f r om
the array of elenments in a single fetch operation and concurrently conpare
the data 5(élLenentiextp Bheoseftpendi applicawinn caswsse NA REARCH The
apparatus of claim 19, wherein the pipeline 2 includes Mregisters adapted
to store rénReErEHebsoRd (he) 3 ehfrerecomplrision ob thedngyateiignsof claim
21, wherein the registers are 2 pointer registers. 1 23. The apparatus of

claim21, WRerePRtYRESrBPPSteRtigpemay 2 - JORCIRRSE 1R it&S

15 to correctly reference its respective extreme value, instead
of the data guantity holding the extreme wvalue (63). Afterxr
adjusting the pointer registers, the software application
compares the M extreme values for the M element sets to
identify an extreme value for the entire array, i.e., a

20 maximum value or a minimum value (64). Then, the software
application may use the pointer registers to determine
whether more than one of the element sets have an extreme
value equal to the array extreme value and, if so, determine
which extreme value occurred first, or last, depending upon

25 the desired search function (65).

-10 -



1 24. The apparatus of claim 18, wherein the pipeline 2 includes M
accunul ators to store Mcurrent extrene values. 1 25. The apparatus of

cl ai m 18, ywheyLifx the pipeline 2 includes M general - pur pos@ig@igEess to
store Mcurrent 3 extrenme values. - 16 WO 02/27.17S PCT/ USOL/ 30309 1 26.

An article conprising a nedium having conputer 2 executable instructions
stored thereon for conpiling a 3 software program wherein the

conput er - executwdt Bous 4enisd imert ORSE atee adafired dno hgerebaledy N M machi ne 5
instructions to search an array of N data el enents, each 6 machine

i nstructi clesaushaerd. a Programds e Pproogsisomaadiing rietstirene iMrdaiazs el enent s
froman array o N elenents in 8 a single fetch operation; and 9

sust ant i albser oipeeileat H ot tdemivids @relaamant ©ft dagal dncer mespedi ng
current extrenme value. s 27. The article of claim 26, wherein each machine
. 2 instructilat cRagksl tHeprmdsysizattlapdit £he seprsh proslessendddiipased on
the conparisons._. 1 28. The article of claim 26, wherein each machi ne 2

i nstruéti dh REIRRENIMPIRFETIor T RFRAFTEH MpYpPScd&lementacsing a
el emrent and a, second data el ene tuéﬁthi n a si.ngle 4 execut iu%n unit of a

pi pel i ned ‘ﬁ%’cﬁa%%o‘?. Y PN 0 sy U’fﬁgsﬁem dvike; ?ng 3 a
o R e .

Dl pel 1 ne. GO TR ed 14 D ARG RS By e et SPIRRER 2 control

uni t conf 'M&é’néﬁ digital asé&%ﬁ'{@7é’ﬁcg)u§9$ %E%Q%lgxdg{h%%test.he

pi peline to search an array of ata elenents in response to N M machi ne

instructi ofSr dydmplle, Thel BYSILBHSnSS &R0 malRE8N arh o Rge to each 2
machi ne instructions, the control unit directs the pipeline toretrieve M

dat a ebenBrdBuds oredResatidly ofigamstheridtia fbrsigegha degt elraapenatd on and
concurrently conpare the data 5 elenents to a correspondi ng current extrene

value. 1 BB&1e dheursy stlesnpmiiord aiIn 2% iswheriaxtt, hehe peldcesd ncl udes 2 M
regi sters configured to store references to the extrene 3 values. 1 1 32.
The syst emigcwsdsedn Sdovenmmreibe ttemdigdy stamds wpoa Anggilatldrzateginstodr s.

the cellular phone to scan the available services and
quickly select the best service. In such a system, the

15 processor may be coupled to a memory device, such as a
FLASH memory device or a static random access memory
(SRAM), that stores an operating system and other software
applications. These and other embodiments are within the

gscope of the following claims.

-11 -



) ] ca] caJ ca]ca] c

1 1 33. The systemof claim31, wherein the registers are 2 general - purpose
data registers. 1 1 34. The systemof claim29, wherein the nenory device 2
conpri sesygf gbd7¢7s" andom access nenory. 1 -18 WO (12/ 27 .pki/Re1/34469 1/ 30309
2 35. The systemof claim 29, wherein the nenory device 3 conprises FLASH
menory. .AE A A As. A As. A{s. Ah. A A{.A Aa2. A;s. A

. A@ As. As. Af(.A s9:0)*v@Q[ | wgl ga\ W ca] ca] c*a] ca] cal] ca] caU] ca] caU] ca] ca] ca]
ca] ca] ca] ca] ca]pHca] £ & Lalsplical cal ca) ca] ca] cR*alU] caU]ca]cajca 6 B w
+gOMIt V] a

K| wrmhc™ Y | ca] {él(fcg!'i]ﬁmﬁﬁé]cﬂlaqjca] cal] ca] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca] ca

‘cal K#& =x*+4R: V\BI’ TU| wr mhc”X] U] ca] ca] ca] ca
| cal ca ]Cg;]cgg,cg% aledlsplealaalsd el hethagled grded gy calcale
. =T1(dOo|] wmhc”~Y] U] ca] ca] ca] cal ca] ca] ca] ca] cal] ca] ca] ca}] ca] cal ca]ca]ca]caJca]c
a] ca] cé] cé]%ae]??a’]fc}a]%a‘]]da‘]@d]téa] al B alomentsy a
"6t _tfrtnttttaSH # #>#| ##' $f $${ val gb] X] ] ca] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca]
ca] ca] éaU ca] caqwlc‘al]r@]ﬁhﬂ ced duinsa) igwjteajata]aralbya) ca] cal cal ca] cal $$$$9846:%
$YRYESYg Y BB " " (((()
)#)-)>pW) ) ) I xr nhCAYJJ]e]mﬂlmalmﬁlb’taiamﬂ@@mﬂm]lmma]m@]l@a]f@&ma] Ca} ca] Ca} c
a]J ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca] ca] ca]cal)*Z****+O+++, : | , V- -
1Akl 0Gycle;

00- O] w nhc"Y] ]1ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caU] ca] ca] ca] ca] ca]ca]ca]ca]ca

cal] calca] ca] ca] ca L POf P 2 30344 444
]444]650]%55]667]8{ v!ql gLf@)%@a%m@aﬁfca%?ﬁa]ggaﬁégqga g;aq%% q’l]%ca]%(%:)ai]%ca] caj] ca]

ca] ca] ga] cca] é;?olﬂfé}lj%ucﬁle%at] a]t%aénca] aal] ca] C%' 3i8/88W:4: == @J:QRY:::7

TV <<U<<o:::>
@vpkf a\Wca] ca] ca] cal] ca cal.calca] ca]l ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
caU] cafca] cay ca] ca]‘tpé% ]a]c ]‘Jcﬁg!g@gg}MB%ase% on the

BBY®8] Bc BBCDEf FFFFFFGHIf KoKr KzKKKLMzuoj e [ V] ca] ca] ca] ca] caU] ca] ca] ca] ca] ca] c
aU] cateaU|sajet oo ca] ca] ca] ca] ca ca] ca] caU] ca] ca] ca] ca] ca] ca] ca] cal MNOCO
OOPRR- SS" T, THTPVWWNXCXXXX[ [[ [\ @\ \ zt 0] ezuoj e [ V] ca] ca] ca] ca] ca] cal] ca] ca]
ca] cal] ca] ca] ca] ca] ca] %ca] ca] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca] ca]
ca:o)i K* 2 10938 (metdhorh i qain) & WHer3Z 10 ¥e& i pvdngl 0desM Pata
L109%<& () - 910%<& ()-M X*cA* 3 10%<<! S, #10%<G<& ()-!, #109%&' () -
f 10%<&2 () -3- SR § ) CRUBOHES )Ietgi}mt(l'be- M, Yetpe glements as a

0, 0, 0, 1] *gl 0 | *gl 0, 0, - 12! 0,

L0 aMO% () SOV 0y oAt e W AL o -3 S10%
10<<! 9S10%<<& ()-'19*}10% t & ()-!S510%<& ()-410%& ()- @MLO¥%&' () - @[ aBW1

1 3. The method of claim 2, wherein the set of references
2 comprise pointer registers to store addresses for data

3 quantities.

1 4, The method of claim 1, wherein M = 1.
1 5. The method of claim 1, wherein M = 2.
1 6. The method of claim 1, wherein executing the machine 1

2 instruction further includes:
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10<< 11 109%& ()- !> 109@<2<& ()- F"10%& ()- &810%& ()-F
310%& () - 10%<& ()-#6 B }A2MP1 10<<FO40%& () - f #10%& () - &" 10%<& ()-F
! a&" 109804 0(ohnafy7k k&' 10% <_<& ()-F 11 10%<& ()-sB w  +gdEMB&T/US01/30309
10<<s010%<&’ ()-1. 109%& ()-1,!10%& ()-* "10%& ()-1(g 10%& ()-3
" 10%<& () - OTUMAVK@ 10<< 10< 10< 10<,Y: 10%<& ()-! 9F6' 10% <- <& ()- 4
"10%& () - 353MLO%&’ () - M S210%& () - Wit V dBVK@ 10<< ! +&10%<& () -
F10%8&5 () - F&! 1Q8eR iy Ml QUr&ehn)- BxE0URE’ (h1 40%<&h( M- Yooumukd EMK@ 10<<
| 8310%<&' () - 3Y! 10%&’ () -

4 and

5 copying the M data elements to the accumulators based

6 on the comparisons.

1 7. The method of claim 5, wherein concurrently comparing
2 the data elements comprises processing a first data element
3 with a first execution unit of a pipelined processor and

4 processing a second data element with a second execution

5 unit of the pipelined processor.

1 8. The method of claim 5, wherein concurrently comparing
2 the data elements comprises concurrently processing a first
3 data element and a second data element within a single

4 execution unit of a pipelined processor.

1 9. The method of claim 1, wherein concurrently comparing
2 each of the data elements to a current extreme value
3 includes determining whether each of the data elements is

4 less than the corresponding current extreme value.

1 10. The wmethod of claim 1, wherein concurrently comparing
2 each of the data elements to a current extreme value
3 includes determining whether each of the data elements is

4 greater than the corresponding current extreme value.

1 11. A method for searching an array of N data elements for

2 a value comprising:
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y10%<&' ()-3s10%& ()-310%& ()- @ 10%& () - KIEVK@ 10<< !

) 10%<& ()-3& 10%<& ()-3F% 109%<& () - 3f #10%<& ()-!"10%& ()-3! 10%<&" () -

1" #dYNC 1Qs5022732< 10< PCT/US01/30309

10<Y: 10%<&' () - 34#10%<& () - Fs3: 10%& () - M, ! 10%& ()-*! 10%<& () -#. =xa?YNC
10<<! +&10%<& ()-! &10%<& ()- 3 10%& ()- 3

10%<& ()-3"s10%& ()-10%& ()- 4R WdEYNC 10<<! +3St#y

10%<& B) - s! " 10%=UInd IN0Y@FJhis®] (% (YctIcRIsts @) pirobe¥edr() - 3r TUJEYNC
10<<! +Fs3MLO%&' () - MB, | 10%<& () - s*f#10%<& () - (MLO%& () - 3'

10%<&' @) - FEORE e W ddxedr3 i) EORN(Dedl (0P Ocesk0d tata elements

. 10<Y: 10%<& ()-Y5s' 10%<& ()- 4!10%& ()-20}"?bC 10<<Y! 10%0& () - MLO%O& ()-!C
%4.0%) O3 0L i) Payalibed ()-Y& 10%08 ()-YF | 10%0& ()- =dEbC
10<<l, t 1 10%08 ()-,* . o ,

. "109%085() - Yf #! BRI 7InG 138098 OF |thro e hine LnsgeRctiopentse

10<<s10%& () - 100 100.100@: 10%0%' ()-16g 10%0& () -, 34g
10908 () - ﬁéi‘%fb%‘g}’ J -¥atE %‘&@.(l)fd%g' ()- ! 1(()%/&)&' ()- &10%& () -
10%& () -3310%& ()-"10%& ()-0m dEnbC 10<<! 10%H& ()-! 10%& ()-3z 10%& ()-

S 10%& () SMLOMRE fdendd @ Lsim 118" FudAC 55240 p& () - 110%& () -, G
2 executing each machine instruction by:
3 retrieving M data elements in a single fetch cycle,
4 concurrently comparing each of the M data elements to a
5 corresponding current extreme wvalue, and

6 updating the references based on the comparisons.

1 13. A method comprising:

2 retrieving the pair of data elements from an array of
3 elements in a single fetch operation, wherein the pair of
4 data elements includes an even data element and an odd data
5 element;

6 substantially comparing the even element of the pair

7 and the odd element of the pair; and

8 substantially fetching and comparing the remaining

9 pairs of data elements of the array until all of the data

10 elementgs of the array have been processed.

1 14. The method of claim 13, wherein substantially comparing
2 the pair of data elements includes setting an even minimum

3 value as function of the even element of the element pair
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10<<Y! 109B& () - z#109B& ()-! z#10%& () -1 &L0YB& () - Y3M 109B& () -

"s10988&' () - SRABEMA&IENDC 10<<| : 109B& () - +109B& ()-!1098& ()-Y

:109B& ()-1109B& ()- & 109B& ()-1&& ' ' () dEmbC

10<<| . # 10%R( JseBt ik %3 ddd MYALAUBSvELlue a81@UB&L(bnl br 10HB&AR- 3 |
109B& ()-)))) )-)>)w)bC 10<<| 10%08& ()-13Z10%& ()- 3" 10%08& ()- 10%0& ()- 10B

10B 10BSY:c1ed@sit( of) et eleaBnC pase3 S10%08 () -1 10908 ()|

10908 ()-! 10%08 ()- YI0%0& ()-! (10%008&' ()-*+O+++, :, dEbC 10<<3

10%08 ()-1t! 10908 ()-1!10%% () -1 10%0& () - &LOYOK! () -1 Fz

10908 ) - 15, vThe metded ofpolada@l310 TeLn substantially comparing

4109 () -1, llom&m% s*" 10%08 ()-| @ 10%08& ()-! Z10%0& () - 1 QXY ]
1008s! 20%t8g PR daty RLemEpiEUANCL eS8 nERINIBGORUBLTFE10% UL () -

" 0, 0,
1007/ - Of Oogjé%lrznu/la]tooclx'ggéolost/‘?o% (a) mlnji(r)m{m value for the even elements

4 and a second accumulator to store a minimum value for the

5 odd elements.

1 16. The method of claim 13, further including maintaining a
2 first pointer register to store an address for the minimum

3 value of the even data elements and maintaining a second

4 pointer register to store an address for the minimum value

5 of the odd data elements.

1 17. The method of claim 16, further including adjusting at
2 least one of the pointer registers after processing all of
3 the pairs of data elements to account for a number of stages

4 in the pipeline.

1 18. The method of claim 13, wherein the method is invoked
2 by issuing N/M machine instructions to a programmable

3 processor, wherein N equals the number of elements in the
4 array and M equals the number of data elements that the

5 processor can concurrently compare.
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U& ()-3f MLO% U&' ()-310% U& ()-10% U& ()-1310% & ()-1P112F2Z722dE: /
1038F% 10% U&' () - 3f #10% U& ()-!"10% U& ()-3 110% U& ()-3y 10% %' ()-310%
U () - 223RRAAIA4AE: /| 1008 610% U&' ()- 410% U& ()- , "10% ; &ciusbiiadsid%
U& ()-3(- 10% U& ()-F 10% U& ()-44444446505bC 100
Z109%&' ()-3109& ()-3"10%& ()-10%& ()- 10 U 10 U 10 UF: 10% U&' () - 05556678dEbC
100 s!#109%&' ()-1!109%&' ()-, @10%&' ()-s!'109%& ()-"109%& ()-,10%& ()-889®:4:::;
: <: =1 d¥YNC1BQO B Hpparatus comprising:

2 a pipeline adapted to process M data elements in

3 parallel; and

4 a control unit adapted to direct the execution pipeline

5 to search an array of N data elements in response to N/M

6 machine instructions.

1  20. The apparatus of claim 19, wherein in response to the
2 machine instructions, the control unit directs the pipeline
3 to retrieve M data elements from the array of elements in a
4 gingle fetch operation and concurrently compare the data

5 elements to a corresponding current extreme value.

1 21. The apparatus of claim 19, wherein the pipeline
2 includes M registers adapted to store references to the

3 extreme values.

1 22. The apparatus of claim 21, wherein the registers are

2 pointer registers.

1 23. The apparatus of claim 21, wherein the registers are

2 general-purpose data registers.

1 24. The apparatus of claim 18, wherein the pipeline

2 includes M accumulators to store M current extreme values.

1 25. The apparatus of claim 18, wherein the pipeline
2 1includes M general-purpose registers to store M current

3 extreme values.
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2 executable instructions stored thereon for compiling a

3 software program, wherein the computer-executable

4 instructions are adapted to generate N/M machine

5 instructions to search an array of N data elements, each

6 machine instruction causing a programmable processor to:

7 retrieve M data elements from an array of N elements in

8 a single fetch operation; and

9 sustantially compare each of the M data elements to a

10 corresponding current extreme value.

1 27. The article of claim 26, wherein each machine
2 instruction causes the processor to update a set of

3 references based on the comparisons.

1 28. The article of claim 26, wherein each machine
2 instruction causes the processor to concurrently process a
3 first data element and a second data element within a single

4 execution unit of a pipelined processor.

1 29. A system comprising:
2 a memory device; and
3 a processor coupled to the memory device, wherein the
4 processor includes a pipeline configured to process M data

5 elements in parallel and a control unit configured to
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machine instructions, the control 'unit directs the pipeline
3 to retrieve M data elements from the array of elements in a

4 single fetch operation and concurrently compare the data

5 elements to a corresponding current extreme value.

1 31. The system of claim 29, wherein the pipeline includes
2 M registers configured to store references to the extreme

3 values.

1 32. The system of claim 31, wherein the registers are

2 pointer registers.

1 33. The system of claim 31, wherein the registers are

2 general-purpose data registers.

1 34. The system of claim 29, wherein the memory device

2 comprises static random access memory.
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