27 MAY 2005 | ARRAY SEARCHI NG OPERATI ONS s BACKGROUND 5 This invention

Pel ates to array searching operations for a conputer. Many c ok & iMAY o20d
programuabl e processors, such as digital signal processors (DSP), support
a rich instruction set that includes nunerous instructions for manipul ating
Tarrays of data. These operations are typically conputationalIy,mmwmmmmmmmml
and can require 10 significant conputing time, depending upon t

execution units, such as -accunul ate units é)I\/ACs) within the
processor. SUMMARY OF THE | SEARAHINGHORERAJ]

. NS i nvent i
first aspect, there is provided a nethod conprising: receivi ngﬂmlmmmmumm
instructions directing a processor to search an array of data
where N and M are integers greater than one; and executing a first
instruction by: retrieving Mdata el BREIKGROUND Si ngle fetch cycle ;
concurrently conparing the Mdata elenments to correspondi ng current
extrenme val ues; and updating a 20 set of references based on the conparing
wherein the set of Mreferences corrprise poi nt er regi sters to store
addr esses_of xtre dat a ﬁq&/lntltles in ra {Jlata el ements. 1 27
MAY 2005 %ccgﬁg’lmje Tfion FRates IR AUFRY; § ﬁrcpwgfpg@%% %?ﬁ%‘lpu “here is provided a
nmet hod for searching an array of N data elenents for an extrene val ue, the
met hod conprising: issuing NNM rmachine instructions to a processor,
wherein the processor is adapted to process M data

Many conventional programmable processors, such as digital signal processors (DSP),

support a rich instruction set that includes numerous instructions for manipulating
arrays of data. These operations are typically computationally intensive and can require
10  significant computing time, depending upon the number of execution units, such as

multiply-accumulate units (MACs), within the processor.

SUMMARY OF THE INVENTION

15  According to the invention in a first aspect, there is provided a method comprising:
receiving N/M machine instructions directing a processor to search an array of data
elements, where N and M are integers greater than one; and executing a first machine
instruction by: retrieving M data elements in a single fetch cycle ; concurrently
comparing the M data elements to corresponding current extreme values; and updating a

20  set of references based on the comparing wherein the set of M references comprise
pointer registers to store addresses of extreme data quantities in the array of N data

elements.



elements in parallel; executing a first nmachine instruction by: rew& %Oisng
Mdata 5 el enents; concurrently conparing the Mdata el enents t
corresponding M current extrene val ues, and updating accunul ators and

poi nters associated with the Mcurrent extreme val ues based on said
‘conparing, the pointers including one or nore pointer registers to store
addresses of extrene values in the array of N data elenents; and analyzing
results of the chine instructions to identjfy.the extrene value in the
array. 10 Acé6f nﬁm,g tpdhg Wéemtmléﬁ@.sswqdr@saecﬁ,ﬁmra isprguided ameghed o5 serehingled a
met hod conprising: retrieving a pair of data elenents froman array of

el ement s i n ansiragbeNfdatacdleroess frianextremb ealaethe hethedi compkristhat mswheg MeMt s

i ncl udes an even data el enent and an odd data elenent; substantially
conparing t hensekieo isstraotois toh prévssal whaeid thdygrooekdorck adaiiéd ©fprddest Medaai r;
maintaining a first pointer register to store an address for an extrene

val ue of th%le?dé%& 19? heallgl, eR&ntifg ﬂ@i@st'?@dcﬁfrfé'lﬁﬁtfhgtlén d?‘%@t'?fév INildafa ' €9Si ter
to store an address an extrene val ue of the odd data eFenents; and

Sy 5L Y RRLAR AR SURRAE T g A8 SRRyt B

processed. 20 Accor (Eal invention in a fourth aspect, there is
provi ded an SPPHRGY Bescéﬂ‘g?li’ {iRg accug %t?@cﬁﬁfllpeﬁlt?fﬁ awserigied yitpthe M coreitocess
M data elements in parallel; and a control unit adapted to direct the

execution pi péﬂr¢m©value$@a¢cthn seid apmparingt thy ndénters éhabwding end grmare poénter ene
value in response to N M nmachi ne instructions, the execution pipeline being
la 27 MAY 20@&gistanfio grorecdidtassesrofekir@ue themihahehmyeaiﬁN dataebenidngs; and ay of N
data elenents in a single
analyzing results of the machine instructions to identify the extreme value in the array.
10
According to the invention in a third aspect, there is provided a method comprising:
retrieving a pair of data elements from an array of elements in a single fetch operation,
wherein the pair of data elements includes an even data element and an odd data
element; substantially comparing the even element of the pair and the odd element of
15 the pair; maintaining a first pointer register to store an address for an extreme value of
the even data elements and maintaining a second pointer regsiter to store an address for
an extreme value of the odd data elements; and substantially fetching and comparing the
remaining pairs of data elements of the array until all of the data elements of the array
have been processed.
20
According to the invention in a fourth aspect, there is provided an apparatus comprising:
an execution pipeline adapted to process M data elements in parallel; and a control unit

adapted to direct the execution pipeline to search an array of N data elements for an

extreme value in response to N/M machine instructions, the execution pipeline being

la



fetch cycle; concurrently conpare the retrieved Mdata elenments to
corresponding M current extrene val ues, and update accunul at or € N4y 2005
poi nters associated with the M current extrene val ues based on said
conparing, the pointers including one or nore 5 pointer registers to store
information indicative of addresses of extrene values in the array of N
data el enents. According to the invention in a fifth aspect, there is
provided an article conprising medi um havi ng conput er- execut abl e

i nst ruct i ons cerfiguEesl 1OhEAtIBR)E Mcsiuatacecmmw frgmethe arrayhel Nalata gleraeyitain a singleei n

t he conputer-executable instructions are adapted to generate N M nmachi ne
i nst ruct i ons fatch syeds; chnamreatly agmpéire thedmtraeved Mretatasel¢merfts todcomresportdi el
val ue, each machine instruction causing a programmabl e processor to:

retrieve M datugentekesmeisluby, and apdaté sRvmulatdys ahé NP@ﬂte‘és as8o@ated MGthahé Bt ch
operation; concurrently conpare the retrieved data elenents to M

corr espondi NQuirtt egf?ém@%lhﬁﬁﬁa%@hﬂ%d c@fﬁga:'ﬁﬁg{e g ueﬁq HHMhEBHé St &gﬂe

p0|nters associ at e e Mcurrent e ased on sal

o et s, DO EER o PO haB0 et St REIEFLof SHeRE SRR M 86" ©

According to the |nvent| on in a sixth aspect, there is provided a system
conprising: arapof Ngsagleents.ce : and a processor coupled to the menory
devi ce, wherein the processor includes a pipeline configured to process M
data elenents in parallel and a control unit configured to direct the
pi peline to search an array of N data elenents for an extrene value in

response to MNebbidptonie inReitionGhiadifth aspb@/ et 16 ProvRiAAASQidOcaapisiRd at he
machi ne instructions, the pipeline being configured to: retrieve M data

el enents fromeyfyn? Ka\p{ﬂ%p Clt Qﬁec%'iafb?é’m@t?uéﬁoﬂ@h@re%l tREPESH ForlcBnipilfiigP! € fetch

cycle; concurrently conpar he retrieved

10  software program, wherein the computer-executable instructions are adapted to generate
N/M machine instructions to search an array of N data elements to find an extreme
value, each machine instruction causing a programmable processor to: retrieve M data
elements from an array of N elements in a single fetch operation; concurrently compare
the retrieved M data elements to M corresponding current extreme values; and update

15 accumulators and pointers associated with the M current extreme values based on said
comparing, the pointers including one or more pointer registers to store information

indicative of extreme values in the array on N elements.

According to the invention in a sixth aspect, there is provided a system comprising: a
20 memory device ; and a processor coupled to the memory device, wherein the processor
includes a pipeline configured to process M data elements in parallel and a control unit
configured to direct the pipeline to search an array of N data elements for an extreme
value in response to N/M machine instructions, wherein in response to each of the

machine instructions, the pipeline being configured to: retrieve M data elements from

1b



M data el enments to a corresponding Mcurrent extreme val ues, and update
accunul ators and pointers associated with the Mcurrent extrene vales00
based on said conparing, the pointers including one or nore pointer
registers to store information indicative of 5 addresses of extrene val ues
in the array of N data elenments. |Ic 27 MAY 2005 DESCRI PTI ON OF DRAW NGS
Figure 1 is a block diagran1i||ustrating an exanpl e of a pipelined
programabl e processor according to the invention. 5 Figure 2 is a block
di agram i | | usierasxay e I\b@at@szlﬁmﬁn@ %ﬁémg!q fstehsvplsl M@ulfr@?ﬂst tanpsre e dptHgnide
processor. Figure 3 is a flowhart for inplenenting an exanple array

mani pul at i on Mrdathielementsoiarestresponidimg Mcuooeindiextremo values,iand @pdato accuRiujatos 4
is a flowhart of an exanple routine for invoking the machine instruction.

Fi gure 5 showid poiaRed 8odiMed Withith©O M ciafeilt direfne/vaWiey baSibon/ @i DedndpAing, fhiegur e
6 shows N M search instruction. DESCRI PTION PCT/US01/30309 Fi gure is a

bl ock di agr agyintdrdflelidd Whetbr M8 HBINER R Ssters to store information indicative of

5  addresses of extreme values in the array of N data elements.

lc




5 processor 2 having an execution pipeline 4 and a control unit 6.
Processor 2, as explained in detail below, reduces the conputatipgnghy t2005e
required by array mani pulation operations. In particular, processor 2 may
support a machine instruction, referred to herein as the SEARCH 10
"instruction, that reduces the conputational tine to search an array of
nunbers in a pipelined processing environnent. Pipeline 4 has a nunber of

stages for processing instructions. Each stage processes concurrently with
the other stages and passes régﬁﬁﬂggﬂggﬁﬂéﬁggggwgﬁgée in 15 pipeline 4 at
each clock cycle. The final results of each instruction enmerge 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 proc&isireyivd bletk diagtaiitlukeatingfanrexemplguia, pipained progiathinabledi r ect s

t he vari ous conmponents of the pipelined to fetch and decode the

instruction, %égsgf ggcbﬁﬁné:g;th@mﬁ%mg operation and wite the results
back to nenDry or local registers. Figure 2 illustrates an exanpl e pipeline

4 configured 25 according to the invention. Pipeline 4, for exanple, has
five stages: instruction fetch (I1F), decode (DEC), address 2 27 MAY 2005

Figure 2 is a block diagram illustrating an example execution pipeline for the

programmable processor.

Figure 3 is a flowchart for implementing an example array manipulation machine

10 instruction according to the invention.
Figure 4 is a flowchart of an example routine for invoking the machine instruction.

Figure 5 shows a search instruction; and



WO 02/ 27475 PCT/ US01/ 30309 cal cul ation (AC), execute (EX) and v iMAh! e6c k

¢ \B) . Instruc s are fetched fromnenory, or froman ins 9ache
during t heW g% by fetch unit 21 and decoded wthin ad ess reglsters
22 during the DEC stage. At the 5 next clock cycle, the results pass to the
‘AC stage, where data address generators 23 cal culate any nmenory addresses
that are necess pgr t he EX stage, execution
units 25A througﬁy%éﬁf %e% %gE1§250§%%%F 3SEEEF§?F%h such as, for

exanpl e, adding 10 or nultiplying nunbers, in parallel. Execution units 25
may contain specialized hardware for perform ng the operations including,
for exanple, one or nore arithnetic poeprerpiidls (ALU s), floating-point
units (FPU) and barrel shifters. A variety of data can be applied to
execution units Rbgtrehiassla bheckddiegsen dulestired by datpregkkimasble
generator 23, data retrieved fromdata nmenory 18 or data retrieved from
data regi speoSeddorDpr haginke ahi exlecsitdge PdBelimnee 4 end ts asetrokitten
back to data nmenory or to data registers 24. The SEARCH i nstruction
supported bynpto6essBrogessay 220 a8l leowladhedaria sigiaidathekew oredeees an
array of N data elenents by issuing NMsearch instructions, where Mis
the nunberthé dempubhsiens g« thae ceauEes by SrEaY Manrnlatioy

execution units 25 of pipeline 4. Note, however, that a
operations. n partlcular, processor 2 may support a

machine instruction, referred to herein as the SEARCH
10 instruction, that reduces the computational time to search
an array of numbers in a pipelined processing environment.
Pipeline 4 has a number of stages for procs-ising
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 acqo?ding to the invention. Pipeline 4, for example, has

five stages: instruction fetch (IF), decode (DEC), address



single execution unit may be capable of executing two or 25 norg7oggr Zighons
rn parallel. For exanple, an execution unit -3 27 MAY 2005 WO 02/27475
PCT/ US01/ 30%002/8 S i ncl ude a 32-bit ALU capabl e of concurreIYUOSRHRP | ng
two 16-bit nunbers. Cenerally, the sequence of SEARCH instructions allow
"t he processor to process Msets of elenents in parallel to 5 identify an
"extrenme val u as.a nmaxi num or % m ni mum for each _set. During the

"', such [
executi on o’FaiﬁB]'?'é&P@h (A gt EFECUESs, (B olss s ik e RAds MBer ences to the

| ocat i t t | f the Msets of elements. Upo
compl et1 on SPoPRECHAE FuCERoTEd SEBLREBRY 147 SHPHAT ARk e

sof tware applLi.cati S ref er s.to. t.he tre val ues for
each set togéslﬁgkl %@xﬁ.@%}n#@y I%%é:x r%eﬁaf%%&éz %@rﬂt ﬁ?a dgffl.ecif’o#echanpl e,
the 'nstrugata@na'a' W3 e g edlshiale z@owﬁ% U WhdUiGd. idensddy
either the first or last occdrrence of a nmaxi~hum or m M mum val Ue.

Furthernprepeas el REle) eleide RAIMNpadY LTI 2 IJHYLERIAde

operation in a fashion suitable for vectorizing in a pipeli'med processor

across the Nht8Xaddredy YRinkeyatdrs D 3dedldet ARRME meinSf e sses
application searches an
that are necessary to perform the operation.
During the EX stage, execution units 25A through 25M
perform the specified operation such as, for example, adding
10 or multiplying numbers, in parallel. Execution units 25 may
contain specialized hardware for performing the operations
including, for example, 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, howeve;, that a
single execution unit may be capable of executing two or

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



20 array of data by issuing N M SEARCH machi ne instructions t027pﬂgP9 or
2. Figure 3 is a flowhart illustrating an exanple node of operation for
processor AWOMy2r4#75 receives a single SEARCH nmachi ne i nstr ugdt/g801/30509CeSS
20 is described with reference to identifying the |ast occurrence 25 of a
‘m nimum value within the array of el enents; however, process 20 can be
easily nodified to_performother functions -4 27 MAY 2005 WD 02/27475
PCT/ US01/ 30839 sRehude iaddRtibiyi Mgt leepeblst aft aonenuemily denpdeingal ue,
the first occurrence of a_maxi numvalue or a |last occurrence of a maxinmum
val ue. For e¥%R@npf alytpBBesEs - process 20 is described in 5 assuning M
equals 2, i.e., QrocessqQr 2 concurrently rocesses two sets of elenents,
each set having Eeréﬁgﬁénﬁig [HRRREERCE Fﬁ2§§AR§§x#nﬁtruﬂtﬂdnﬂt&iﬂqm such
and is rea%ﬁly extensigjg to _concurrently process nore than two sets of
I 0]

el enents. YREPEFPSProlEs PTAFRIM e OF & TS Zdy iRRFaflehesear ch
b ocessing TREICLPE BR “DaRbueRrr Santes periil 2% A PEFAFESI 0%t Ber cby
o end o Lk O neERCeath S0 DUELEY REL WA On ' Yaddlen
instructions, processor 2 stores references to the location
of the extreme value of each of the M sets of elements.
Upon completion of the N/M instructions, as described in
10 detail below, the software application analyzes the
references to the extreme values for each set to quickly
identify an extreme value for the array. For example, the
instruction allows the software applications to quickly
identify 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 yhen it
receives a single SﬁARCH 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 applicable to other architectures, process 20 is well suited 7y A05

pi pel i ned processor 2 having nmultiple execution units in the EX stage. For
each set ofWQI¥AHE s, process 20 maintains two pointer regi%qugpl ea
and Podd, that store |locations for the current extrenme value within the 20
‘corresponding set. In addition, process 20 maintains two accumulators, AO
and Al,that d_t . ext Vi e ts._Jhe pointer
registers ar?gl%!t%ea sgg'c%elr#[u'{]g{%?@ Ekﬁéor\‘/a\f/elvlgérg %§&$%3%$$y§ e Tipr e ‘ﬂt%ﬁf‘ég'
general - pur e ' | ty r r S wn2D

Ref erring tg@%i ﬁ?ﬁS,aﬁJ%%%n&E %ﬁ%%ﬁ%%léi%ﬂ%ug%lggn?gg?ﬁE%ggSr 2
fetches a pajg Oh=SlieENtvalieone -5 2 7 MAY 2005 WO 02/ 27475

PCT/ US01/ 30309 clock cycle as a single data quantity (21). For exanple,
processor 2 may freir etamoBaRGRtpdéed) tp¥abess 86 o8eddderbbéaquantity.
Next, processor 2 conpares the even element of the pair to a current

m ni mum yal aedarindd e expaks e2eni se 5, (RP)cedsothe edbcetearptyof the pair
to a current mninum value for the odd el enents (24). Wien a new m ni num
val ue for tipronemses dinisets oflet batetk s preaeksset Zhapiag e/ 2accunul at or
AOto hold the new mninmmvalue and updates a pointer register Pzven to
hold a elements. However, the process is not limited as such and

is readily extensible to concurrently process more than two
gets of elements. In general, process 20 facilitates

10 vectorization of the search process by fetching pairs of
elements as a single data quantity and processing the
element pairs through pipeline 4 in parallel, thexeby
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 ﬁwo pointer registers, Pg., and Py, that store
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 extremé 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



10 pointer to corresponding data quantity within the array (23)27 MAY 2005
Simlarly, when a new m ni nrumvalue for the odd elenents has been

det ected, PMYQO¥ZHA 2 updates accunulator Al and a poi nt er BGHUSAEP300dd
(25) . In this exanple, each pointer register Pzven and POdd points to the
‘data quantity 15 and not the individual elenents, although the process is
not limted asksuch Processar repeat s the,proces% until all of the

el enents wi ThPRKt F¥CAPr &Y ﬁa@é"@é@h C%rtt?cé%’éé’(’fl("‘,}’G)(.zl Bec e §faessor 2 is
pi pel i ned, elenment pairs_na %% fetch until .t array. is processed. 20
The fol | ow 5°iq§?ﬁ?tgr % DeYoss B P ARIRE T ’14:‘32}3'1 MRLYGR Fhdhhe2-

I nstructiony. (P " = S ata=.[ Ptatch addr ++

Dat a regi st%%ERgg?gtlggydseg)egst'aiscragtgcarg)q% ?gk&mﬁ%eos tSI{%reeV%c el
fetched dat ggelgagegt ; paik vvictuth:tégpc I;ﬁ?ﬁk}]}%ﬁ I1qy fé f t

hol di ng the odé el gmjént actynéI the - 2‘@8&'{8\/\5%@/ %&%%%309
most si gni fiigant apar dhef Jddata dilfl e e @B eleng Grit ators,
AO and A, are inplicitly used to store the™ actual vg%ﬁégﬂg%t?he results.

An addi ti onghl1h80EskeEhePbdidclk 1adlntd S(d4)cr enent ed when the SEARCH
instruction is 5 issued and is used as a pointer to iterate over the N2

dat a When a new minimum value for the even elements is
detected, processor 2 updates accumulator A0 to hold the new
minimum value and updates a pointer register P,, to hold a
10 pointer to corresponding data quantity within the array
(23). Similarly, when a new minimum value for the odd
elements has been detected, processor 2 updates accumulator
Al and a pointer register Py, (25). In this example, each
pointer register Pg,, and P, 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 1is pipelined, element pairs may be
fetched until the array is processed.
20 The following illustrates exemplary syntax for invoking
the machine instruction:
(Pogar Pewa) = SEARCH Ry, LE, Rpsa= [P,,tch_,dd,++]
Data register Rp,., i8 used és a scratch.register to
store each newly fetched data element pair, with the least

25 significant word of Rp,., holding the odd element and the



gquantities wthin the array. The defined condition, such as "I 23smahagsor
equal'' (LE) .in the above exanple, controls which conparisaon_is executed
and when t OHB?ﬁVér regi sters PEven and Podd' as well as TR M at or s
AO and Al, are 10 updated. The "LE", for exanple, directs processor 2 to
‘identify the last occurrence of the mnimmvalue. In a typical

application r S sof I Lcat.ion_or _subrout] ne
t hat issues qﬂisebol\?oﬁr?{sgér%rﬂ?%fr u%_ i%"n?, h}é’?gg&%f)gi‘ﬁ%ew £ !eﬁxe& I*oop W°
construct. 15 The, PIORAMERY JHRY Y tey hﬁ@ﬁ#iﬂ@%ﬁ @é’@&'@@tét?gr{anthe
assenbly | anguage or 1n a high-lTevel software [anguage. A conpiler Ts

typi cal |y | meakiarh | Ga RIS SBad o AiDls| eveh adal§ Y881 2pRbi gabkon and

generate the appropriate nmachine instructions for processo I hcl udi ng
the SEARCH mgghi ng., A% iisdrei@int@ies Witdn seed diargcl e Fayve pbndata. Figure

et

4 is a flowchart of an exanpl e software routine 30 for invoking the
exanpl e smchigmeddsdndicis ansed |ldaisd rpdEtenboyeit &tdtséd , ovde chétMARedata
routine 30 initializes the registers including initializing AO and Al and
poi nti ng PEgmarit5i ahels Rodchim the diray. daThe gdafined adndinidhe antayae3l)
. I'n one enbodi nent, software routine 30 initializes aloop -7 2 7 MAY
2005 WD 02/7214#s ROBNUSOL/REJY' (LE) in the above example, controls
which comparison is executed and when the pointer registers
Poren and Py, as well as the accumulators A0 and Al, are
10 updated. The “"LE'', for example, directs processor 2 to
identify the last occurrence of the minimum value.
In a typical application, a programmer develops a
software application or subroutine that issues the N/M
search instructions, probably from within a loop construct.
15 The programmer may write the software application in
assembly language or in a high-level software language; A
compiler is typically invoked to processes the high-level
.software application and generate the appropriate machine
instructions for processbr 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 bointing Prve
25 and Py, to the first data quantity within the array (31).

In one embodiment, software routine 30 initializes a loop



count register with the nunber of SEARCH instructions to issuezril\llw 005
Next, routine 30 issues t~:e SEARCH machine instruction NMti MA %

can be accow@bi/ghiegsi a nunber of ways, such as by invoking a per/ds@rsdooop

construct 5 supported by processor 2. Oten, however, a conpiler may

‘unroll a software loop into a sequence of identical SEARCH instructions

(32). After issuing NNMsearch instructions, A0 and Al hold the |ast

occurrence 6Pulfe Negiishen avidrh aigumkrx hef | SBARCH Oinstmmethors ofot he

m ni mum odd  val ue, respectively. Furthernore, PE,,,n and Podd store the

| ocati ons of-88HE tW/MdatNedfuamqutiiae tHationes t hee| 3BARGHCDACkILe of the

m ni mum even val ue ,and tre | ast occyrrence of the m nimm odd val ue. Next,

in order tolPSEAUSEEAh MRS urr Anthe agcomphiahafval bember ofie
entire arraﬁ routiQ§b30 first increnments Podd by a single el enment, such

that Podd pBP¥Fs SHGe@S PhATIRKIRS THIREE ehBAP FRBFEXREEt i ne 30

h I O, and Al ' whet h he ., I
contai n 1t no ROV bacdiionay © FEE G ASAYRF of = hEvBATeE B o
s th Wall f 4 ti
Compar s heTRONL & SOTG R grodh S o o amante 0f AdSphEibotaricy

therefore, 4R AL (Iet her the mni mum even val ue occurred earlier
in the array (35). Based on the conparison, the routine

After issuing N/M search instructions, A0 and Al hold
the last occurrence of the minimum even value and the last
10 occurrence of the minimum odd value, respectively.
Furthermore, Pg,. and P, store 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 P4 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 Pg,., and, therefore,
Posa and Py, 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 Py, (37).



25 determ nes whether to copy Podd into PE,,,. (37) . -8 27 MHVMQQQQE WO
02/ 27475 PCT/ USO01/ 30309 When the accunul ators AO and Al are not the sarne,
the routi YEO8YAPEdPes AOto Al in order to determ ne which HSITES01{3pH9

m ni mum value (36). If Al is less than AO then routine 30 sets PEven equa
to Podd' thereby copying the pointer to the 5 mininumval ue from Podd into

T Mok e oliBeRO e ACEUEIRR NS alo” Al A1t e St i aerth

t i d tq.th i | i d hi t ect yr, f
Compensal o Bl ke canbl I E Bl NG RSl bne A i St 1e
typically peaéomgpgﬁd@ggﬁfﬁﬁfge A Rel 1y s4.t¥1@a4 2 ;&gegq”grg}é;t”i%é he

poi nter reglster i‘cal Ty “6ccur s during

t her eby caushn e pPod to ' Ly : uant i, ty.
After adj us?lbngelt%%vgﬁ"f“ r cﬁﬁﬁnﬁ%‘gﬁét &?%gegggﬁ%%@/l%e;g%%&&t ?ﬁ ﬁ:éyﬁ ast
occurrence @inihamTvALREMAII® W §heB plhe @mhay(39). Figure 5 illustrates

Ve

the operation for a single SEARCH “instriction as generalized to the case
where processor Ati $higapadid 0fp DI 06658t H0cM cheneaks 8kctibeeassaysin

parallel, 20 such as when processor 2 includes M execution units. The
the minimum value for the entire array. Next, routine 30
adjusts Pg,., to compensate for errors introduced to the
pipelined architecture of processor 2 (38). For example,

10 the comparisons described above are typically performed in
the EX stage of pipeline 4 while incrementing the pointer
register Pgeen aaar tYPically occurs during the AC stage,
thereby causing the Pém and Pg,., to be incorrect by a known
quantity. After adjusting Pg,,, routine 30 returns P, as a

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 pointef registers to store addresses -
(locations) of a corresponding extreme value fof each of the

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

processor 2 concurrently compares the M elements to a



SEARCH i nstruction causes processor 2 to fetch Melements in 2794985
fetch cycle (51). Furthernore, in this exanple, processor 2 nmaintains M
poi nter redf@P¥H75 0 store addresses (locations) of a corr eIRIUSH1(30309
extreme value for each of the 25 Msets of elenents. After fetching the M
‘el ements, processor 2 concurrently conpares the Melenents to a -9 2 7
MAY 2005 WO 02/27475 PCT/ USO1/ 30309 current extreme value for the
respective E'SHERE SHtrefe @ Hedeh WMadeirRaibre ¢bemenBased, oast he

t he, M accumul at or s

t he M pointer

i 2 updat d
registers (B5FTS8 ArbA ST IRTIER cPthe (URAQIOR A0k vFEPRALEORS war o
i cation | ti |etiop of th
hetr et OB SRBERC e SRR 8 it Vaf o1 R g (PHE ) pafnler of

the softwareg Gt | initializes a | oop counter, the M accunul ators
used to store%? t he é%??ént extrene values for the Melenent sets and the

M pointers used ﬁi%@eoree,ﬂl%éﬁﬁ%és’g}h%géﬁ@rﬂtéﬁﬁ Nﬁ%%g)sa é?%t)éya{}@)(t’

the software appli ation issues I nstructions

conpl etion appifedtigh Udduuts N/t hermedtl Wit ARP 1 S12d | SR By

pointer registers 15 to correctly reference its respective ex

P

8dj ust the M
reme val ue,

i nst ead completion of the instructions, determines the extreme value

for the entire array. First, the software application

initializes a loop counter, the M accumulators used to store

10 the current extreme values for the M element sets and the M

pointers used to store the locations of the extreme values

(61). Next, the software application issues N/M SEARCH

instructions (62). After completion of the instructions,

the software application may adjust the M pointer registers

15 to correctly reference its respective extreme value, instead

of the data quantity holding the extreme value (63). After

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 desgired search function (65).
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of the data quantity holding the extrene value (63). After adjaiBtmavgzgde

poi nt er rewosézgﬁ.,s the software application conpares the Mexhissi5syp! ues
for the Melenent sets to identify an extrenme value for the entire array,

i.e., a 20 maximumvalue or a mninmmvalue (64). Then, the software
application may use the pointer registers to determ ne whether nore than

one of the el enephrs6ts SaNSddMeRXEN 8FELh¥al HeAHYSh hAvEhBeahray extrene
value and, if so, determ ne which extrenme value occurred first, or |ast,

dependi ng wWxscZbbéle desiredampdechaf ghaglenmébhine- 1Ast2udétBY 23885 WO
02/ 27475 PCT/ US01/ 30309 Vari ous enbodi nents of the invention have been

descri bed. Yexn elaspribed shaygl seancheneannatrrugt ofindhaa iheanmaaseti bed
that searches an array of data in a manner that facilitates vectorization
of the seartdmtprbzesditatbasnvéchopipekinedofr bhessearcBhprpresessdthimy be
inplenented in a variety of systens including general purpose conputing
systens’ digjipipepivedspragesgarenthel ppropseonpuayr be ipplensaked dint al
assistants (PDA s) and cel |l ul ar phones. For exanple, cellular phones often
mai nt ai n arvaFiely oL 16Y§heNEsiRepHEeIBAt PRPSERNBHIBOPENGORPREA er vi ces

avai l abl e 3600 arougd t he phone. In this %ontex&, t he process
systems, digital processing systems, laptop computers,

personal digital assistants (PDA's) and cellular phones.
For example, cellular phones often maintain an array of

10 values representing signal strength for services available
360° around the phone. In this context, the process
discussed above can be readily used upon initialization of

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

scope of the following claims.

-11 -



di scussed above can be readily used upon initialization of the cellular
phone to scan the available services and quickly select the bdst M&¢radi5ce.
In such a system the 15 processor nay be coupled to a nenory device, such
as a FLASH nenory device or a static random access nenory (SRAM, that
‘stores an operating system and other software applications. These and

ot her enbodi nents are within the scope of the followng clains. 2 7 MAY
2005 CLAIMS 1. A nethod conprising: receiving NNM machine instructions
directing a ﬁﬁégég%or to 5 search an array of data elenents, where N and M
are integers greater than one; and executing a first machine instruction
by: retrieving Mdata elenents in a single fetch cycle ; concurrently
conparing the Mdata el enments to corresponding current extrene val ues; and
updating a set of references based on the conparing wherein the set of M
references 1o conprise pointer registers to store addresses of extrene

data quantitilea rhéthéd€ordprisig: déceNing BRI RADRThSruchons'fifeciBE APo@Esgeh@i m 1,
wherein retrieving the data el enents conprises retrieving the Mdata

I J i ol wndD 3.
O o8 oo L AR A ML R oD ) BRI 3pd
extrene val ue based ﬁ?gdﬁ"ﬁ%‘al ue.in.a BOi nter register and based on a

correction f&EYGHE8 HEARUIUCHP 8%e or nore errors. .

retrieving M data elements in a single fetch cycle ;

concurrently comparing the M data elements to corresponding current extreme values;

and updating a set of references based on the comparing wherein the set of M references
10  comprise pointer registers to store addresses of extreme data quantities in the array of N

data elements.

2. The method of claim 1, wherein retrieving the M data elements comprises retrieving
the M data elements as a single data quantity containing the M data elements.

15
3. The method of claim 1, further comprising determining an address of an extreme
value based on a value in a pointer register and based on a correction factor to

compensate for one or more errors..

20 4. The method of claim 1, wherein M = 2 and N is greater than two.

5. The method of claim 1, wherein executing the first machine instruction further
includes: storing the current M extreme values in M accumulators; and copying the M

data elements to the accumulators based on the comparing.

12



20 4. The nethod of claim1l, wherein M= 2 and Nis greater than two. 5.
The method of claim1, wherein executing the first machine inst&dc¥AYo@005
further includes: storing the current Mextrene values in M accunul ators;
and copying the M data elenents to the accunul ators based on the
conparing. 12 2 7 MAY 2005 6. The nethod of claim4, wherein concurrently
conparing the Mdata elenents conprises processing a first data el enent
with a first execution unit of a pipelined processor and processing a
second data el enment with a second execution unit of the 5 pipelined
processor. 7. The nethod of claim4, wherein concurrently conparing the M
dat a el erment é. Thompthod of claimduwhemin epnpuroaglysionpacing thes ddtt edereémmsrent and a
second data element within a single execution unit of a pipelined
processor. 1Gofprislerovetdingla Gitst dhtaictendent Wiktracfirst éxeo@ivn @it o4 ging the
M data el enments to M correspondi ng current extrene val ues incl udes

det erm ni ng WAREQBF arkBSBcQkink R edliaat £ EMBR IwitH §se1ﬁ:81§@e)%&ﬁ‘ﬁoﬁ Gﬁiof th, .
correspondi ng current extrene value. 15 9. The nethod of claim1l, erein
concurrently i e Mdata elenents to M correspondi ng current
extrene v%l u @%Hﬁ%{%rgg%sg éterm ni ng whet her each of the data elenments is
greater than the corresponding current extrene value. 10. A nethod for
searching an array of N data elenents for an extrene value, the 20 nethod
conprising: issuing NM nmachine instructions to a processor, wherein the
processor i s’abzpnedodef cloimdewhemingeneurednslysamparing therMIdatl elements

comprises concurrently processing a first data element and a second data element within

a single execution unit of a pipelined processor.

8. The method of claim 1, wherein concurrently comparing the M data elements to M
corresponding current extreme values includes determining whether each of the data

elements is less than the corresponding current extreme value.

15 9. The method of claim 1, wherein concurrently comparing the M data elements to M
corresponding current extreme values includes determining whether each of the data

elements is greater than the corresponding current extreme value.

10. A method for searching an array of N data elements for an extreme value, the
20  method comprising:
issuing N/M machine instructions to a processor, wherein the processor is adapted to
process M data elements in parallel;
executing a first machine instruction by:

retrieving M data elements;



executing a first machine instruction by: retrieving Mdata elenents; 13 2
7 MAY 2005 concurrently conparing the Mdata el ements to corresppadsayd i
current extrene values, and updating accunmul ators and poi nters associ at ed
with the Mcurrent extrene values based on said conparing, the pointers
‘including one or nore pointer registers to store 5 addresses of extrene
values in the array of N data el enents; and anal yzing results of the

machi ne instructioni to identify the extrene value in the array. 11. The
method of cl SPRAUIIENY Lﬂomi’@%m%ﬁwﬁ\did@raﬁg@m%% for sogrespending Micurrent Gytreme

accunul ators and pointers. 10 12. A nethod conprising: retrieving a pair of
dat a el ement saluep@ndn array of elenents in a single fetch operation,
wherein the pair of data el enents includes an even data el enent and an odd
data el enenupddimgacbshalatoraaddypoinepasioegitddwite terMeuasrixtremetvaiep dagedand
the odd elenent of the pair; maintaining a first pointer register to store

an address f@h said BHiphRAE N@piiBteR intlNBIng\WAB or HRtSpEhRIRY SerdiflstoRI Nt ai ni ng
a second pointer regsiter to store an address for an exXtrene value of the

odd data gle , HRSE Is y. . fet GRi ring the remaining
pairs of gat g@d;fegsﬁseﬁfésktge t aZ&%rn?glf an%g Om‘ﬁqa %Pﬁlegtg’@ﬁ‘e data el ements of
the array have@gﬁggﬁ%ﬁgsc Sﬁtgeegglc%i%'sﬁl;rsgigtgg[@ng?@?}]Cigfctlhglegrgrgé vmg gnetlhg array.

substanti al | §*

11. The method of claim 10, further comprising: setting up registers for accumulators
and pointers.

10
12. A method comprising:
retrieving a pair of data elements from an array of elements in a single fetch operation,
wherein the pair of data elements includes an even data element and an odd data
element;

15 substantially comparing the even element of the pair and the odd element of the pair;
maintaining a first pointer register to store an address for an extreme value of the even
data elements and maintaining a second pointer regsiter to store an address for an
extreme value of the odd data elements; and
substantially fetching and comparing the remaining pairs of data elements of the array

20  until all of the data elements of the array have been processed.

13. The method of claim 12, wherein substantially comparing the pair of data elements

includes setting an even minimum value as function of the even element of the element

14




i ncludes setting an even m ni num val ue as function of the even el enent of
the el enent 14 27 MAY 2005 pair and setting an odd mi ni mum val ue? A& 2005
function of the odd el enent of the elenent pair. 14. The nmethod of claim
12, wherein substantially conparing the pair of data elements 5 includes
mai ntaining a first accunulator to store a mninumvalue for the even

el ements and a second accunulator to store a mnimumvalue for the odd

el enents. 15. The_ nethod of claim 12, wherein_ the extrene val ue of the even
data el ement 82ir 8ndsetiinganodd Rampwm walee drctuastion ¢fdhe odd elgmeniafithe gemene odd
data elenments is a mninum 10 value. 16. The nethod of claim 12, further

i ncl udi ng adpasti ng at | east one of the pointer registers after processing
all of the pairs of data elenents to account for a nunmber of stages in the
pi peline. 15 17. The method of claim 12, wherein the nethod is invoked by
issuing Y M machine instructions to a programmabl e processor, wherein N

equal s the nupbpKe AbtheH BFBIAIS 10 'Whdrbi@ s@bdtaiall 3 REmMGIHAE ?gfr t&g 8&%?&%&#@

data el enents that the processor can concurrently conpa

appar at us coail Fgrﬁnntglﬁgﬁéfﬁxg{ é]c%pm@agc%hé U@L ARLG it QarBL REre evl\éln% W ents

el ements in para

and a second accumulator to store a minimum value for the odd elements.

15. The method of claim 12, wherein the extreme value of the even data elements is a
minimum value, and wherein the extreme value of the odd data elements is a minimum

10  value.

16. The method of claim 12, further including adjusting at least one of the pointer
registers after processing all of the pairs of data elements to account for a number of

stages in the pipeline.

17. The method of claim 12, wherein the method is invoked by issuing N/M machine
instructions to a programmable processor, wherein N equals the number of elements in
the array, and M equals the number of data elements that the processor can concurrently
compare.

20
18. An apparatus comprising: an execution pipeline adapted to process M data elements

in parallel; and

15



a control unit adapted to direct the execution pipeline to search%zn ar rngtg/
of N data elenents for an extrene value in response to N M nmachi MAY 2
instructions, the execution pipeline being configured to: retrieve Mdata
el ements fromthe array of N data elenents in a single fetch cycle; 5
‘concurrently conpare the retrieved Mdata el enents to corresponding M
current extrene values, and update accumul ators and poi nters associ at ed
with the Mcurrent extrene val ues gased .on sajd conparing, the pointers

i ncl udi ng one® ANtRbHRIt pdAPRAdP dirsefthe exesution Ripeline tojsgdreh A eiranof Nelet#at i ve of
addresses of extrenme values in the array of N data elenents. 10 19. The
appar at us of elsinzints fo8an oxfeanas velugminrespooseste N/ tfachine dfstrnetianssthe gs¢dutins, t he
control unit directs the pipeline to set up registers for accumul ators and
poi nters. 20piptliae dpipgcadfigured tocl ai m 18, wherein the pipeline includes M
regi sters adapted to 15 store accunul ators and pointers associated with the

extrenme val Ug§rieddlM ddtSelRRBAS @Foﬂ?th@fartﬁﬂf B N &h elWERECE N %iglglerf@@h %&@IE,S

include first and second pointer registers to store In mat 1 on” 1 ndi cative

of addresges I ondl. Vv, of the array. 20 22. The
appar at us§of c§ Céllfnl r%@% ,(:‘gll\l%/ﬁaerrﬁZ]i%nl%f1 heg)égr] é)g {ag%aee?éslﬁgnﬁsetogcé) e Bl%’a%o%‘éreaét a
registers. 23. The alggara us of claim 18, wherein the pipeline includes M
accumul at or s S¥ECRE ¥PECHPRYr rent extreme val ues. 16 27 MAY 2005 24. The

apparatus of claim 18, wherein the pipeline includes M general-purpose
update accumulators and pointers associated with the M current extreme values based

on said comparing, the pointers including one or more pointer registers to store

information indicative of addresses of extreme values in the array of N data elements.
10

19. The apparatus of claim 18, wherein in response to the machine instructions, the

control unit directs the pipeline to set up registers for accumulators and pointers.

20. The apparatus of claim 18, wherein the pipeline includes M registers adapted to

15  store accumulators and pointers associated with the extreme values.

21. The apparatus of claim 20, wherein the registers include first and second pointer
registers to store information indicative of addresses of first and second extreme values
of the array.

20

22, The apparatus of claim 20, wherein the registers are general-purpose data registers.

23. The apparatus of claim 18, wherein the pipeline includes M accumulators to store M

current extreme values,

16



registers to store Mcurrent extrene values. 5 25. An article conprising a
fredi um havi ng conputer- executable instructions stored thereon2flfoMAY 2009
conpiling a software program wherein the conputer-executable instructions
are adapted to generate NN M machine instructions to search an array of N
data elenents to find an extreme val ue, each machi ne instruction causing a
programmabl e processor to: 10 retrieve Mdata elenents froman array of N
elenents in a single fetch operation; concurrently conpare the retrieved M
data elenents to M correspondi ng current extrene val ues; and update
accunul ators _and pointers associated with the Mcurrent extrene val ues
based on sait Esapparatis oficksmp$i whetein thapinetine inchides M gensrad-pumiase er
registers to store 15 information indicative of extrene values in the array
on N el enent segiR@s td stereavitducient extrealeaiaine®5, wherein the first nmachi ne
instruction causes the processor to concurrently process a first data

el enent and a second data elenent within a single execution unit of a

pi pel i ned processor. 20 27. A systemconprising: a nenory device ; and a
processor s coypl %_ I 1CR: ey . 1N es a
pi peline f:omg ?gﬁ?gltdtfe%%&g?ﬂggggsynhlﬂe giﬂa}{agfncgvrr}%ﬁ%@wi %&gg@g@ﬁgﬁ&gﬁ%ﬁ%&#}égt r ol
unit configu Lrect. the pipeline to search an array of 17 27 NAY
2005 data el Eehﬁregeréngo?%grm lilm%ﬁts?@ e \PAYRIET; Wﬁ?rgglpt f SEMPYeRFRAC ne
instructions, wherein in response to each of the nmachine instructions, the
pi pel i ne bei HTESHISGUF tapted 1o generate WeMynachine isptavations to searehtanarmay 0N of N

data elenents in a single fetch cycle;
data elements to find an extreme value, each machine instruction causing a

programmable processor to:

10 retrieve M data elements from an array of N elements in a single fetch operation;
concurrently compare the retrieved M data elements to M corresponding current
extreme values; and
update accumulators and pointers associated with the M current extreme values based
on said comparing, the pointers including one or more pointer registers to store

15 information indicative of extreme values in the array on N elements.

26. The article of claim 25, wherein the first machine instruction causes the processor to
concurrently process a first data element and a second data element within a single
execution unit of a pipelined processor.

20
27. A system comprising: a memory device ; and a processor coupled to the memory
device, wherein the processor includes a pipeline configured to process M data elements

in parallel and a control unit configured to direct the pipeline to search an array of N



concurrently conpare the retrieved Mdata elenents to a corresponding M
¢urrent 5 extrene values, and update accunul ators and poi nt er s2 AsMAYcoeg ed
with the Mcurrent extrenme values based on said conparing, the pointers
i ncluding one or nore pointer registers to store information indicative of
‘addresses of extrene values in the array of N data el ements. 10 28. The
system of claim 27, wherein the pipeline includes Mregisters configured to
store refereréces to the extrene \g/azl ues. 29. The system of claim 28, wherein

the regi st er $8P GRS for AL ExtEgRe Yaltpirepnomsg torN/M aching instigtiesisoerein in

information indicative of addresses of first and second extrene values 15
of the arrayresgonsetpgachyafithgngehios iisict®nsithe pigieling bring eqjifigneadstoar e
general - purpose data registers. 31. The system of claim 27, wherein the
menory devi cectdeveivli dagselements ronsthd arrap of Biskata?2femedt® iya sidgle fJtok cpolet em of
claim 27, wherein the nenory device conprises FLASH nenory. 18

concurrently compare the retrieved M data elements to a corresponding M current

5  extreme values, and
update accumulators and pointers associated with the M current extreme values based

on said comparing, the pointers including one or more pointer registers to store

information indicative of addresses of extreme values in the array of N data elements.

10 28. The system of claim 27, wherein the pipeline includes M registers configured to

store references to the extreme values.

29. The system of claim 28, wherein the registers include first and second pointer

registers to store information indicative of addresses of first and second extreme values
15 of the array.

30. The system of claim 28, wherein the registers are general-purpose data registers.

31. The system of claim 27, wherein the memory device comprises static random access

20 memory.

32. The system of claim 27, wherein the memory device comprises FLASH memory.



