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I'NSTRUCTI ONS AVO D READ- AFTER- WRI TE HAZARDS Descri ption 166166* Techﬂi&E@lzgw
Ficel d Thi SYPH¥&4#8¢2n related to a nethod and apparatus for pi$giinNG@nd
executing instructions in a conputer system Background of the Invention A
significant portion of the conplexity of current processors can be
attributed to their attenpts to mask the |latency of nmenory accesses,

Mul ti -t hr eBd{AMNG AYREXEIVTE N IMIBHQYSBSIRAGIIONT o SOCMRINGD-AIMBRDRY N ARY,R 10

specul ati ve executions are all exanples of this. Technol ogy trends indicate
that nenory speeds are unlikely to catch up with processor speeds. Wile

current nenory designs exhibit limted facilities of pip NI

hi erarchy, we have shown in a co-pdddsepiptipi cati on the’mmmﬂmmmﬂ
scal abl e pi peline hierarchy which gives | i near | atency funaggﬁgg_ at
constant bandw dth. The co- pendi ngﬁa plication, |BM Docket Y 0010439US
1, is being filed concurrently wi tkechhigalKietdant application and entitl ed,

"Scal abl e Menory" and is incorporated herein by reference. However,
as they

current s s, canngt exploit sugch.an unbounded pipeline

t end toTﬁ%r’r‘é‘%g(ﬁﬁ%ﬁg%‘f%ﬁFWB’OH?HEPQP‘W’@H% {EUINGjaReE 8X¢OHBYE BEHuetEne iom| y
finite ceapuecsstem t hey can exploit the nmenory pipeline to a very limted
extent. The resources include a finite nunber of buffers to store

i nformati on about an instruct BackgeaadiofitledImichfio® tag. For instance, |BM
Power PC processors can have at nost 8 to 16 outstandi ng nmenory operations
and ot her conpeting processors have even lower limts. This limt exists

, , quti efsorder tprodessisg, F efRiohaE
dat o o e roan b Srect e SORMEEES B YERbplpIE 41, Tarsiomotresdeontiene et
e i bt T I
it at Coupis lgmttcppefapﬁ)lﬁpq ef pipathiingomdrhéggarshg ree havet shewnrin aess péndaiztappiiation
pr oce'ssm@'@esiigﬁa&i hik¥ath® pqgeefi%gthei\er%rchy which gives a linear latency function at constant

bandwidth. The co-pending application, IBM Docket YOR920010439USI, is being filed
concurrently with the instant application and en‘titled, “Scalable Memory” and is incorporated
herein by reference. However, current day processors cam__lot exploit such an unbouﬁded pipeline
as they tend to remember outstanding memory requests. Since they can have only finite resources,
they can explqit the memory pipeline to a very limited extent. The resources include a finite
number of buffers to store information about an instruction associated with é tag. For instance,
IBM PowerPC processors can have at most 8 to 16 outstanding memory operations and other
competing processors have even lower limits, This limit exisfs because a processor has dedicated
resources to remember pending memory requests, and to indicate further processing of the data
after it arrives, For example, when a responsé to an issued memory instruction is returned from
the memory of the computer system, the response would include only data retrieved from
memory and the memory tag. In order to execute the issued instruction, the tag is used to retrieve

the op code and the target address which is stored in buffers the processor. Another source of

limitation is the finite number of registers in the processor and the processor’s inability to operate

R

*G00002+*



*@00002* - 9 DEC 2005 WD 02/093362 PCT/ US01 /49282 on any data t hat -9sDE{0O05
present in the registers, In today's processors, instructions can only be
execut ed wi Wo zpesands present in the registers of the procegsiy/syt he
nunber of registers inposes a limtation of the nunber of instructions

that can be executed concurrently. Summary of the Invention It is an aspect
of this ionvemt daa thad isooispresat imther egistesor It hadays gmodessus insthotiontechnnonip be
of nmenory requests that,can be.prpcessed i pi pe-1i ned nner. This.
Sspect | SXaUEah ST ARGIeRS DGR 2 dentrrs dhofe Rebsesint. 56 R APBRiafs rriT e
from ”En%éoééldd IRREKRY I S d RITeY of BEMERoRs Wal bin b3WkbhgEEnclRbAR ML T ON to
process the returned data i ndependently. This aspect separates fhe
instruction issue and execution conponents of a processor, and each of them
mai ntains very minimal state i nfSupmmatpof drdliopeati@hes in an al nost

"statel ess" manner. The mninmal state information includes a. program

count er gnft an dspaut betiieincauivhes sonsttuci & proestrethataapasstie ofibdunded aumteniot on t o
avoi d reading data froma nmenory before a corresponding w.ite to nenory,
that is teeraQwiraqueREthatsar herrpcassed Hea piperdined manneqy Fhisaspectds accomplished Spect

is partic ey t ant ; [ | ' re |
trom t he OkRlizte pfR{h&RNs W0 fnBptey @ RUSEImAL bl Bidkdeibh MoR FabBSERAN
execut ed,sufffvidnt irforM@idnttH PF el the PethiMbd ath itlapendeiitly. QUlsbperd sépdrardsithes to
menory that have not been conpleted. Such a | arge nunber iIs possible when

usi ng t hdnstiuyséian issemardyexgewtion qeaponents pea proeessel 8nd eash of thenemaiswinseiedi ng

applicati L ch.i s assigned the same,assjgnee as that of the instant
2bpl | cat (B ma iR ERRRE LGRS Il PE0E. SRR herdE nBip g S

nai nt ai NijdrAafi@NaEug NP Rra cRMHtaal affel fene@eburérsa number of regions of
t he menory, where the counter value is used to control the issuance of

further instructions froma processor. According to this invention , when a
fence i nsisanotiiep Bsﬂ@@bt%kpﬁtih\féﬁtiéh Qﬁé\?oicpﬁéhd%ﬁg R Poh :]E FemBR, Be‘%‘oﬂe%,sc%ﬁ;éspd%ing

further instructions w be issued if the counter for thHe particul ar
menory r egiitertoinsenzypvtbatas thaeshwhet, is khewt eutht eeadt afier-eaité hazand This aspeitn i s
i ncrenmented,each .tine an jnstruction, ose target, location is in that

regi on, ipsaﬁilglgﬂ dmPRHAN MR ATEE SHMPEL R 1RGNS AT ispyed dEQms the REogessas where

‘é"gir E)i ”%r ;[a‘gfé . ﬁiggﬁgﬁﬁ%ﬁfcgghﬁﬁge grggbﬁehgg&ﬁﬁal Hhat/BIHRn tiferd YR Liflak Yumbtr 6°
outstanding writes to memory that have not been completed. Such a large number is possible
when using the linear memory described in thepreviouslyy rﬁéntioned co-pending application,
v_&hjch is assigned to the same assignee as that of the instént application.

This invention avoids the read-after-write hazard by maintaining a fence counter or counter for
each of a ﬁumber of regions of the memory, where the counter value is used to control the
issuance of further instructions from a processor. According to this invention , when a fence
instruction designating a particular memory region is issued, no further instructions will be issued
if the counter for the particular memory region is above a threshold. The counter for each memory
region is incremented each time an instruction, whose target location is in that region, is issued

and decremented each time an instruction is executed writing to that memory region. The

threshold value is typically set to zero.

Brief Description of the Drawings

FIG. 1 is a schematic illustration of the scalable processor in accordance with this invention.
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schemat i caY\ y P14t rates the read after wite hazard whi cRCB@SOV®28then a
read operation is submtted before a corresponding wite operation, FIG 3

i i f 0. h Ld b d wi h
2SBS0 b e

t he contgphltRdDelse afcg{féﬁj’o(ﬂ'uﬁll wikSReBSEsS) t 0 requests to the processor.
FIG 5 is a state diagram whgre ea@ﬁ‘%state i ndi cates the nunber of

r espons d9Gs8 oy @echiematitiof blifidae neemary syateoothit atuldee wbpd Béthahé pbcBascof thisi on of
‘the Invention FIG 1 illustrates the general schene of the scal able
processd?vegﬁg?'em 100, . It uses the linear nenory 16 described in the

ot ended Phe neno e BRUISIOEE Lo MRS i Torn OO FRREAET 10 MEMIRE,
for wi tthepregesest.s.- This is done purely to match the linear menory 16 which

can deliver two results in each cycle. Two execution units 17 consune

t hese r &34l # & asatgliagsamnvherrepehestate indéicstes the madher ofikespanges sTored dn therbusfatsi on
ensureaé)&hat requests on these lines 12 do not interfere with each other.
The upwd¥ @ BR¥PISTdigi vi ded into three concurrent paths I1-12, one path 11

carrying the read requests tao the nmenory, th ther,two paths 12 carrying
wite requests to the msmﬁ?t.a1 'ZDQS§”PEQFé’If}ﬁ%%éYﬁW&ﬂ ence and does not

i ncreas he . bandw dt h i.n _any. manner.. The read req t carries two

t ar get E&g'r zsdslgg&&(esaﬁad%f?erla‘[] sghepic; 8lft tthg\;geﬁ%blq qucﬁqgobayqtqrgﬁ%ﬁo_clétqsgmghe linear

col | ect sndnhgy dag adésafbdd ayeihs. brevt N3 NP YR RetP econd

| ocation and collects the eﬂgecgnd %?lgcgﬁrglﬂﬁggtgB_MTE%c?eetsﬁrfCFRét@gég sg'songf)ﬁe

downwar Gopeanienes wahavientended theanemary toaswe drequuet 3 forqemistegaestsTatdwWoasdHs s a
J but does not change the

.const ' J th hs, .
constant) DELEREAD T hHGRCHcED e Fob T b oce, 10 chanoe the
will haveungid &fthyEES THRCk SR oAl 19 nsTRT e PhBRETE Mo Ei¥imifhhind el @

~ independently. The organization ensures that requests on these lines 12 do not interfere with each

other.

The Ppward path is divided into three concurrent paths 11-12, one path 11 carrying the read
requests to the memory, the other two paths 12 carrying write requests to the memory. This is

purely a convenience and does not increase the input bandwidth in any manner.

i The read request carries two target addresses x and y. It first travels to the earlier location,
collects the data and travels further up on the upward path to the second location and collects the
second piece of data. The result travels on the downward path 13 carrying the pair of data items

- requested. This results a constant increase in the latency on the paths, but does not change the

bandwidth considerations in any manner.

Instruction Format:
The processor, will have no registers and uses a linear memory hierarchy for all its data - the

lowest level representing registers. The general form of an instruction is op(x,y,z) where x,y,z are
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addresses ofygwmmmsy, | ocations, and the semantics is to perfgg‘rnhkhm)zs,
operation (op) on the data fromlocations x and y and store the re

into location z. The second operand may be onmtted for unary operations. A
unary i Nsidupeskdsody ﬁérﬁ&vqaédtwny%d thé sdritio® KeloXpetornnihk rapetdtdn. (ophok khe data
copies the data froml ocation x to location z. Instruction |Issue and

Execut i orfrorﬁétb@nmnm:g and yRnd siore éhqomdbmiocgtl%ns'fb@ sccond @peiandmay ibespaitted
unit 19 t i ssues instructions on_un

whi ch ca bé’lnf"é’r BRERP IS pr %%ﬁn%&thont ﬁgq%m@é ”F%“C éhe| QBV%(t )éré%’é'g@?n ‘3@\3@

and exec%}o% thdd S ir6ANo R ioh ARbeS®ALEL i n hardware on a single hardware
chip. An nstruction goes through two phases: |ssue phase and Execution

phase. In the Issue phase, a dual-operand fetch is submtted to the |inear
menory 10. The op code and destination information are attached to the
request and retur ed WI t he, data. The execution phase starts when the
nenory réﬂﬁ?’ﬁ%t'?'h Syand g‘p%‘}"é'r?& data. Each execution unit receives operand
data 14, w&érfrfagw& ;e 109gmbgseﬂ9 BOHLSBUITH il sWel i ToRamasduet ﬁs&mloﬂ?n@wd 10
to store the result. tructions are issued in the same order

they are thioséxeduiion tits p7,ogclarf v8iicicean perfaremanyy operesomuthen dhe daty 1slavalable.

novement ot her .than what js specifjed t he, | uctions,, th

I ARSI & TR S R AR I T A LR
i ssuin t r C
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concur r entualropaamhfetabfis slﬂixmttad1td the Eneac meintogy bd. e opwendlemtnti idestmatidry pfaradakign

using this invention, a programer wou noye instructions to bring
data cl osg atgch etoprrhﬁcrég‘ée& g’é‘; rgthgned tVV‘FFbﬂ‘tehgat%Ia?Qe |e§eq¥ié‘eﬂdﬂ‘aify5tﬁ‘ﬁ% when “the

PrOCESSOrme P\%%ﬁ‘&ﬁs%e l-o‘f)eﬁﬂ& 35SEack! eQ&%tlB ?é&éﬁ/ey éraﬁ‘cﬁ] gatE hg ?ME N
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units operate-concu ensur

| ocat i on dperatloprandt stmite at hﬁterrwquesy t@eﬁ@mem@r}CQOrtesﬂmthQesmdhﬁﬁ&ét&iﬂsoa?e
to that Jlocation is submtted. See FIG 2 for an illustration. For an

i nst ruct i iswed it sheysamp ordeyen rhighethey arguistad in she programi Sineethsememery deasinay do
during t m%ytdaﬁemb%%%y BlnePRENGR: & §3é‘<':lfﬂg b?Qﬁje ﬁé?&&fo'ng%é B%[graf‘fns have full control

of the memory and do the memory manag'ement explicitly by issuing move instructions to bring

n-{

data closer to the processor as and when they are needed. The pipe lined nature of the memory
facilitates concurrent movement of data while executing other instructions. Typically, using this
invention, a programmer would use move instructions to bring data closer to the processor by the

time the data is needed by the processor.

Read-after-write Hazards:

Since the Issue unit and the Execution units operate concurrently, one must ensure that a write
operation to a location is submitted to the memory before a corresponding read operation to that
location is submitted. See FIG. 2 for an illustration. For an instruction op(x,y,2), the write

request to z is said to be outstanding during the time interval between issuing and executing that
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by keeping track of outstanding wites to regions of nmenory as described
bel ow. In Ik\l(dm‘ﬁm‘@he path of solid lines illustrates how tATg/meavay242
instruction 21 is executed. Wien it is issued, location y is read and the

data. flows into_.the execution unit 17. Wen it executes, the result is
sent to BENGtgpdazards ase avqidad by keeping fragk.of Msmg@u&mﬁﬁatogm@@mfsnemory as

concur r efdsk¥h AN o SHESG O3 gy péftlrf'gf" ot ngpmu;t@t e rE10ve-|;Fﬁn{%ﬂon 21 is

instruction 22 is an exanple subs ructlon usés X and

i ts pat hexesuted.| Udien aitie thsi, lobstichas hedad hrlitEthE dagy. ﬂdvf/s inkd the@débytibA Bhit Wet i on
is issued before the previous store to x takes place, we have a hazard.

Fence CoYfhewit-exagyiespthdessddy Seinétcebfmt@q@ém lmcetmnax f Hawewers e isstie finit proceeds
counters

d,
choos: ng PREFy R FySE it Ind Be@SRGhAER 1. diveded sl £1is R eventidg of o
t hus, rmauagea;umtmqstﬂu@ﬁod\kh@pwaé%ﬁd lt§ RAts muﬁﬁa'ié%chh'débﬁeﬂtl €114, ”gfﬂfu@%ace

Referrlng to Fig. 3, each tine an nstructlon as op X,¥,2) 1S TSsued
31, the ifignsior sussued befosatbe prexbus wiotditd hitakes plags weolnivaiahargdz |1 s
increnental 36, and a request is sent to nenory to read the data at

| ocations, for exanple, x and y. See 37 of FIG 3. The data retrieved
(data 1, data 2), for exanple, is then forwarded to the execution unit, as
shown i npe3le eloufitd® 3. Wen the execution unit conpletes that :operation
33, i.e,. op (data 1, data 2, z), and submts a wite request to location

z, 33, tHe prcmssoesg)eqmbmg ufxénm:ﬁumun@i%nc(e%enth& Wack fdace dountét 686 Q8RAL ed
34. Thus,. the f.encge counter ontains the nunber of outstanding writes to

| ocat i o4t H A Te8iGh SEUSEOR: oY ¢ PRIUNE the spn gl the regionbAp PPEREALSX M rmeﬂugg by

the progmamn ser a.speci a

| nat ructt s ARy BARE 1 O Bt LRARL el ) bl 8GERE e Pl o
See 23 ghclFti@e @ instietionasutlens @p(NfEY lCikiuen 31s tl@é‘f&l‘é@tc%ﬁﬁ@r Qééo&xﬁ?ed' WitHCthe
unit 32, the issye unit stalls 35 until the correspondlng ence counter

becomes REFONBIRG FrisdpANeHAIGEn ansba tequest tiy/sept @lgmamsrytt(o readotihe dataeandboationse
hazar ds d i t 00Si nd, pl acenent for
the fendd bttt ARgIY SET A0 R dRRIFT RS (e 1otk SR GG  then

i npl enefomw demi f0athe WRE S mﬁx exd 5"

succeeded ba; a fence onnl0 ts ttar ggeh?)l%olg:&ﬁle(é)fnplG\/\;\)3 :\g}{ ﬁ}’s&%‘g S @%tré)oé%‘flﬁ'?s

t he exedkaticparatign Adar.¢. yOBédm@hI dath 2, B), rand)gulamts:arwme reqL@arthIe@huToaz 33, the
lLe that wite into a region and

| t t
Fhen s Pofre@nlRR ehtoitfer O 18 2aTHEF 0 oS dectementag Siny Thesc dhd Grace rommichat
regi on, ceRampk | @ rﬁﬁ%ﬂcﬂfo&%stﬁﬁ&ng%ﬂgé’ %0188&0%9 in its associated range. Fencing is

accomphshed explicitly by the program (a /a release consistency model) by inserting a special
instruction, in the form of fence (region of memory), where appropriate. See 23 of FIG. 2
When a fence instruction is encountered by the issue unit 32, the issue unit stalls 35 until the
corresponding fence counter becomes zero. This mechanism can be used by programs to avoid
read-write hazards and can be made efficient by choosing the ranges and placement for the fence

operations in a judicious manner. Typically, a counter is implemental in hardware.

The extreme case is to have every operation succeeded by a fence on its target location. While
this works correctly, the execution is nearly sequential. A program can be organized to
accumulate as many instructions as possible that write into a region and then a fence instruction is

posted before accessing any location from that region. Compiler technology can be developed to
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for fence operations, FIG 4 illustrates the general schene of the scalable-

processor systiawsk@0. It uses the linear menory 16. For cqQpveN.¢neR: we
have extended the nenory to have one port 3 for read requests and two
ports 4 for wite requests. This is done purely to match the |linear nmenory

10 whi chjugiioustiedhiowss the positiesyfor fencelogaationsycl e. Two execution units 17
consune these results 14 and submit wite requests independently, The
organi zati on ensures that requests on these lines 12 do not interfere with

each ot el TURslRT FE UL BRER 3 USRI HBloglEF SRRRP Kol ules ik el

travel s he ear ["ocati on, col ravel's Tur

on the upmemibdy pat Rot convbseses we daveoaadnded trendemarylte dtee dreeporse fondadiiequestof
data. The result travels on the dowward path 13 carrying the pair of data
items rewLexe perts fifier witeyeauasts ofhis indopt Byslyda materbihy liggartrasmory 10svigelnogn

in FIG 4. For S fi]lhu atfon, .t ' wo. t V, .
sequenceél% Veb&‘f“?ﬁ?sﬁ‘&gbﬁ 8?:('1950%{0%' d'l \&{)}tcx Jr;iu?l lr@}{’g% ﬁz]ﬁéﬁsga%q}ﬁﬁsee %ﬁ@%k‘g ﬁ}deSme”
nunber edysit@Fdquads fixﬁdbgbfldenﬁy tie @Fa}_ﬁmia@rengnes tHAE F@ASLE Dnathesddlin@® 12V¥RY not
fromthe processor. ach i-th building block L has unit nmenory, denoted by

m, and intwiecemitheatkeether.u, and d,. Al the controllers u, are connected
by single links 5 form ng the "upward path" carrying requests from the
processor to the menory cells. The controllers d, are connected by pairs of

links 7 £Q& Qo réﬁ]g@sc} carBlsUtvib RALR ainds &2k ra%ic(ia aﬁzgtﬁ?ﬁ Qﬁvfefspt't@ ?‘F%F lkérr gﬁéa{dﬁg’t °

the processor. T esi gn can ststal n one per uni
pr ocessocoltzetstthe daavemd drapels firthien up tohehpupead path toshe sgond btation &el colibite theo

receive up tQ 2 respons in one unit tine along the return path. Thus,
thi's destAns Bifse Pbaataat it EpirasananiceR FOTRAAR Path b3 EEEmIHe gRIt(f dararinmes
bandw dt pp,,6its@ shown is a single processor 9 connected to this nmenory
system qurocessor such as that described in a related application, which
is being filed concurrently with and by the assignee of the instant
applicatjpn, ‘could used wth the nmenmpry systemof this invention, A
nenory rtéﬁé’&‘“gﬁf itﬁ? BrOPgsedmermery sustemy Ode shownindilEs 4, Foreaseeé ilksiration, the

the ¢ ar gerem BhodA's Hale b'sodonle W WL BRISAN 1T oul o JFETRIGh. Jhebleefs B

n can benwabeted Gtasting/fraicl, & 1he-PRERERL 228 ifdreding! 36w E8ERPyOfrorH itHe PRicessor.

submt any real request). 6
Each i-th building block L, has unit memory, denoted by m, and two controllers, u, and d.. All the
controllers u are connected by single links 5 forming the “upward path” carrying requests from
the processor to the memory cells. The controllers d, are connected by pairs of links 7 forming the
“return path” and carry responsés from memory cells to the processor. The design can sustain one
request per unit time from the processor on the upward path, but the processor is required to be
able to receive up to 2 responses in one unit time along the return path. Thus, this design requires
an output bandwidth that is twice that of the input bandwidth. Also shown is a single processor 9
connected to this memory system. A processor such as that described in a related applicétion,
which is being filed concurrently with and by the assignee of the instant application, could be used
with the memory system of this invention. A memory request specifies a target memory cell
address, the operation (read/write) and data if it is a write operation. For a memory of size n, the
target address is any integer between 1 and n. Any number greater than n can be used to simulate

a no-operation (i.e. the processor did not submit any real request).
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addi ti'onal,, i of tion that is not interpreted by nmenmory. For instance, if
t he procej‘s’vsdo@/"ge35 'tutes an instruction of the form op(x,z) 'MQP&"%’,ZQ are
addresses of nenory |ocations, the semantics is to performthe operation

(op) o [}}]etqugg?%h@ &%sﬁgggeg%&étc'hﬁg aédia{mal é”f??ﬁﬁa}ﬁoﬂqgatt@ ndt ﬁ’ﬁ&?rte% tyemiinbry. HoP

| ocat i ort rnstru n, the nmenory equest submtted

is of tihgafder iNthe padesssr exdaatesiah astracnnzef the Tore ogspdndere xzt sreaddegieest s
of the form[read, x, data, sop,gzé where data js the infornat'!é}[ocn.that was
retri eweemémydasationatthesemantiosisi to neslops ibeopesatics (RR) QB Aho ARtE Hom lacation ¥

t hrough_a series, of. secon r f ;

shoun. RFERL HE 18505 8 Tt DhEMeaafoR 7 B HefonE TR B ape it
per f or r}:g@hégp seltifted B SOhaifdimA [fe8§Uk! .noSdiya, Wop\Be]l ITbe réspansestt this reduest is of
forwarded from processor through the first controllers on the upward path

to storthe fdven fresdyl ¥, wWetat <opral yherscdatd trthy information ghataas setrieyadstrora dorasion nay
| ook hi like . it W - i nf, whi ch |

a1 oogt 1N & Teseats i deuetedin e B Bodinolilt SheFREHE 0B Sl o i tie ™
path a o@esg&PWn%e ‘sém@@?iﬁﬁj z\;{hgﬁ ctjhe”i%%n)ée HRbdeivdld BOMRE Yroc8Bt, thel BSerBIRITDK Y

unit m* reads or store ependi ng upon thé operation and forwards

it to thwefoemed oaldaer tdobtainA resilf, apper Ahother tequest rathers fdreasdedi fréro wrocessor
generating any response, whereas a read operation ﬁauses t he ﬁpeq(auest LT% be
conver ttaepughtthe Arst cenialitseomiiecyward pahdo losh e aRilt wWial mempsy 0CaHeR £ jTie
reaches : I 1 . MeS.t o | e e A Bl ON
| i nks afr?hn%n?{ aﬁsler?regl%]@ Sotrljn;r"ye%}(ﬂ%ﬁlt%ﬁn%%W‘F'}e’gﬁ’r ‘gadn(sr"qerggu]g&m{ho?n% tar glle% e

addr essvdlud wle€socdtigrlzunits of tinme in the absence of any congestion during
its travel. The controllers are designed to deal wth congestion and
ensure the flow of requests or responses subject to the requirenents

For o, B Aoy SR ReCREH LB BT o BB Pl

for u, are=speci I n each

4.  FormemelRy tfifldeevery @8Rl TAE ndmdty unitORE @AYol SokeNhe Hata Mep@idthprmsinhehe
copy is sent to At the top (when 1 is n) the second copy is sinply

di scar depgration aad apuarfipritvie dle cortrollsgukst At writg, operafiere teraunesn hergawishdutom

menory into request for a read og%rati an, o cot%gi n dma from [equest

into magﬁﬂggptx[ngr ny Wmnge,oxﬁléeir%siaoﬁ ad operation causes$ request to be converted info a
responée which travels along the return path until it reaches the processor. If we assume unit
times to travel the communication links and unit time for reading the memory, a read request for
target address i takes 2i+1 units of time in the absence of any congestion during its travel. The
controllers are designed to deal with congestion and ensure the flow of requests or responses
subject to the requirements stated in the preceding section. Referring to FIG. 5, the detailed logic

for u,, myand d, are specified below:

Operation in each cycle:

See FIG. 4.
*  For each request received by ui, one copy is sent to m, and another copy is sent to
uw.At the top (when i is n) the second copy is simply discarded.
. m, always forwards the réquest to d., after copying data from memory into request

for a read operation, or copying data from request into memory for a write operation.
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three internal buffers 6 which are organized as a FIFO queue. At the"' 05
begi nni ng o¥O0d3#M363cl e, d, transfers any responses to r equpStRISPlRIENt on
the 2 links fromd,., into its internal buffers. Then, the follow ng

algorithm (See flow chart in FIG 5) is used to put responses on the two
outgoi ng |inks to dbs shownin FIG 4 dlubastithreednternal buffers 6 avhicloarecarganizad 4s,a FIREN

out ¢ . . ; e
Lo i onn one el AT EPRANRE FBitk GoicPu it Sho Bp§iRed T Pyt Breserl apdtie
and pl aced onatifks @tond 6, Mo itk MeSrnal( SeRro TThed, thé %uo'évii% glgbfitmﬁ@%ﬁ%o&rcﬂ%m

is awite to |location i(52), or the request is targe to a er
| ocation, thel1QpS d is usoitorpy pespersss dn the tiioeoritgaing halts tbuf.f ers of d, (if any)

d d d on the.outgoj | i.nk 54). 3 If est from3 m
" 10 a T ower 1 obath GRUBBP™ TG ‘ad GIBLHIEE G iR Eoniered 1hal 1sneAeraad o |
d, (if [ \ Ut goj ' ; ertie
the Model ) W' ndhs ahan e BRI pIBIS R Rhrfiont B ey B 67 &

constant buffer @fiang)ismermewet andiptacehon tHeioU@iing-?llﬁﬂcgsgeb@‘l%lﬁWG. 5.yhe size of
t he internal buf%te of any d, will never exceed 3. FIG 6 shows the .
possi bl e transit o&r@reﬂ‘éﬁ‘“ om my§ & Writata lneatiourGa, afthe request iptargesed ta mhigher

ft h I i i at =F ssert,s.that in that
State ar ot onoea et HeR 1S RS rchBbnskl Siatl BrdatiLonaEE AF ot keredrmonss
ensures that x, amdlplaceewvethesoumigsinl BnksTo4)show the invariant, we exami ne the

2 possi bl e transj tiI ns in{ro the state x1=3: Consider the first transition
to state x=3. de S é)rte%‘féf PBR occlr & thadower fdcation (X5)=zheantl rbspomse Hent wee

[ ' ' : i Fl 4 Y T d
the requeat to- ryon oy oM Gny is (0 fed aBl leiLof e iidite IBRIRRT NG Rowi

cycle, there can be at nost one response over the incomng arcs fromd,.,.

This is pecause , Wi ll process in the next <cycle, a copy of the sane
r esponse® FHPRFIRY gap‘?'@@g%%“éﬂ inthis cycle and hence d*, will do case 3 of

5.3 Now saray o e (R R et O TR St B erz Tt eacharii oM

occur s wlremar aeriets lalehyy:
. The size of the internal buffer of any d will never exceed 3. FIG. 6 shows the
possible transitions for x, which is the number of filled buffers in d, after each cycle. The
invariant for the state x=3 asserts that in that state at most one response can come in
through the incoming links and this ensures that x, will never exceed 3. To show the
invariant, we examine the 2 possible transitions into the state x=3. Consider the first
transition to state x=3. This transition occurs when initially x=2 and both the two
incoming arcs on the link from d.. (See 7 of FIG. 4.) carry responses and the request to m,
is to location i or lower. This ensures that in the next cycle, there can be at most one
response over the incoming arcs from d.. This is because m,, will process in the next
‘cycle, a copy of the same response that m, processed in this cycle and hence d., will do
case 3 of the above algorithm, outputting only one response, (See 55 and 56 of FIG. 5.)
Now consider the second transition to state x=3. This transitionl occurs when initially
x=3, there was one incoming request from d., and the request to m is to location i or

lower. This again ensures that in the next cycle, there can be at most one response over



X, =3, there was one incomng request fromd,, and the request to in i_z) to
|'ocati-on | ( /(lygj r. This again ensures that in the next cycle, ther 8k 2005
be at nost "Oh& gﬁonse over C 8 WD 02/093362 - 9 DEC 2005 PCPUTRI/BALY 49282
the inconming arcs fromd.. A read request to location i wll return a

cor respondi ngy, g processor wthin 4i+1 cycles. The response
to the read re%gﬁﬁﬁﬁgéﬁféémgj)”‘ after i+l cycles since its path length is

i +1 and there are Acesiiteai&t enldchesiei WAL Rurn E%%%H%Lﬁ%ogg? i;o{]%r@n(yr@ée%gé'r

puts it on the outgoing arc as it executes case |
Accor di ng to Wiein 4atlgeycleshFheatsponsef toethe readerequipt reachdsn dRIFeO-Or cletes aideats

the r esponse REDRTELY ST bt nedon iR sbescasitas,” e spmceier o, pubehateb
hes th t ' 4i,+1 f .
Foruarding ot enesy e CTRe pird balRaravthe ab/Te el Pactionde s

the return pagdritbro, 4lheufferoarezapricd WFM@TrdVéeaﬁd1ﬂtle§sh§nQ%%b&&eFf{o‘?l?%?{ﬁ@[ the
order of mem)réﬁ\g erations at each location while the order of conpletion

of operations®t i "é’re@’nﬁyqlf‘pé@tﬂis%lﬂﬁﬂﬁl}s thorsgseonsei feetm dThan prpmpiesds waRiviYm
Tho memory. Sl STRR SRR 'S MR Be R Hengt Hiefiotel dSiy it R for
processi ng i rfetwarding ansqigst an ¢Wﬁﬂ_p§ﬂ§5m11e%m8ﬂﬁﬁ{ﬁgq‘eéﬁrﬂp€ bﬁglp?qt;eggﬁn

determning if the nunber of outstanding wite instructifons 1ssue

said processéPﬂthh?BFﬁ@¥@H to a designated region of nenory is above a
threshol d; and issuing a fence instruction designating said region of
menory, where no further instructions are issued fromsaid processor until

sai d nuiieobsdveothasthanidhips préskhestheasrg&! @fdmérﬂoﬁadp%ra%ﬁg 9@ gz}cﬁqocation while the

order of completion of operations on different locations is unspecified. The proposed memory

system can be implemented using standard memory logic which is incorporated into memory
chips. |



region fall below said threshold. 2. An apparatus for processing -9
instructions in a conputer system said apparatus conprising: an issuUe EQ]?QUS
for determining if the nunber of outstanding wite instructions issued from
said processor is above a threshold, amgfor issuing a fence instruction
designating a region of nenory, where no further instructions are issued
from said processor until said nunber dﬁAIM§tes to said designated region
is below said threshold. 3. An apparatus as recited in claim2, wherein
said device is a counter. 4. A system for processing instructions, said
system c[ocrl’g%rrni,si ng: a nenory for storing data; an issue unit for, in
response 10 eéach of a nunber of instructions, retrieving operand data from
said nenory, and for forwarding, w thout storing in said nmenory or in said
issue unit, an op caode of said each instruction and a target |ocation of
sai d each in¢t F\ﬁ@pﬁ@ﬁpmammannmmnm cemputerf systemy stdi triethgpdeaniprisihg:s ai d
nunber of in I i on. said data .in.accordance with said
op code and f§1 %{ems:l%% rprllrgtﬁ)érllésu {r;%tfgp %gag?1(r]ago q? é‘fslgréfﬁtmd]ﬁ I?HF‘gﬁBH‘c spid,progessor and

| ocat i orargeted md desngmaed yegmedf theraeryhy ateat d tiiradhgRt, ahdcat i on, wherein said
target |ocat i.onf sati dCng"Fl code and sgid operand data are received by said
execution uni'tUing 2 KGFORBIFIER W%@B&F%grwfy@‘ﬁ@b’r whenegesfuttherdnstiepionser
system asalsshteftdin daiaQiBedssr il sdid niRBEUNIRtAARRDRL (o QLI BRLai helIEIRLY
instructiaogns:; retrieving operand data from nenory,” an ftogwar I ng sai

oper and rﬁ%l?‘h,fa”a{’r?l%saé‘bﬁ’é?smlénd a target location to an execution unit
associated with said system and executing each instruction

[ R\ LI BCC] 04909. doc: gmm - 9 DEC 2005 -11 by operating on said operand data
i n accordancénripphragmifor ppcestoginamebtiohoimi a@nipasd k&ﬁer&fsaﬁ!adpgaraﬁﬂa%ﬁbﬁﬂﬂ%zo”

sai d operand gata at. ocat.i on an sai d nenory specified by said targe
| ocati on; and

| . . || € . .
i‘SsS%‘ﬁF’Hb?QF&ﬁtSHmi“H’@t‘ the nreRer foutshnding yits instyrtinns dssuedsfvemypaid
wher e n@rdcdssoh &rabions b IktesHoR) Sn@ k& issu Sor j nber
of wri tg to s iad desi gnat ed ?e_gi 01?1 ?%%%P%%ﬁg&%cﬁﬁggﬁggﬁlﬁg.a r%\&él;g{%%%&,
pr oc essi“ﬁ‘ﬁr“? B dyrther jipshictians; axe dspueds fromosair procesgor watilrseitonymbar ofstoites ng said

dat a; a@egi%@&jfé%ioh,isge@(gwgzg&mrgs‘ﬁg{ag operand data from said nenory, an op
code of sald each nenory 1nstruction and a target |ocation of said each

menory instruction;

3. An apparatus as recited in claim 2, wherein said device is a counter.

4. A system for processing instructions, said system comprising:

a memory for storing data;

an issue unit for, in response to each of a number of instructions, retrieving operand data
from said memory, and for forwarding, without storing in said memory or in said issue unit, an op
code of said each instruction and a target location of said each instruction; and

an execution unit for executing each of said number of instructions by operating on said data
in accordance with said op code and for storing results of said operation on said data at a location in

said memory specified by said target location, wherein said target location, said op code and said

operand data are received by said execution unit.

5. A method of processing memory instructions in a computer system, said method comprising:

in response to each of a number of memory instructions:

retrieving operand data from memory, and forwarding said operand data, an op code,

and a target location to an execution unit associated with said system, and executing each instruction

[RALIBCC]04909.doc:gmm



an execution unit for executing each of said nunber of menory instruc.t'$
by operating on said data in accordance with said op code and for sto ichEZUUS
results of said operation on said data at a location in said menmory
specified by said target |location, wherelh-said target |ocation, said op
code and said operand data are received by said execution unit fromsaid

i ssue unbyt opdratinggbn ssauddopmﬁrda‘ta 1rﬁld:oi§cﬁlnde ingthURidIBp tcodd 3Ad isodiiy NGsull@ Wesaid
i nstructions, for desi ions of nmenory, wherein for each of said

desi gnat W¥4HiggoBsa Oﬁ ‘Ejflﬁthé %ﬂﬂnyn FHd Memery esifigd by sajd tasget deratipn;and
nunber of  OUERAMNRhAGINYWICSSs dQignfifk g’egibnr(ﬁgﬁé?ﬁbr}r swﬁe% %Vfl?l‘cl?e?rﬁs?rﬁ?tgonlﬂglap

threshold. 7. A method of processing 1nstructions ute

sai d netirBgd éf@ﬁvﬂifv' srasgssonimsil aaumbamefywritestorseididesipnatad negﬁm égbdl 6w Mtlreshold.
processor of said system increnenting a counter associated with a nmenory
region that contains a nenory |ocation specified by a target address of

sai d issiled iAsystant for@ioceSminBRIBEbYs, kA8 bystdt Eprispfg: F eadi ng data form and
witing data into a  nmenpry; when a nenory |nstruct|on is executed by a

processor of as‘BF‘HO%’yf%‘t%?ﬁm&j@éaﬁerrentl ng a counter associated with a rrermry
t hat {
regi on that c@antAL Nt %PFcEF%}hé o%%l%hﬂi Qhka ?B?rﬂaid £dmf A uc?ﬁ? é%]% of §i“g ﬁa(ﬁ] Iﬁamary

sai d executed instruction; I'ssui ng ence I'ns
regi on ofnstrsten gnd W@eequaildmnftsmdremmemummnmtlm e issued until said

counter asso al id d ed r.eaqi bel ow a threshold. 8. An
appar at us fo%h%%gcglggglg’ﬂlt% e%‘?? %6%’5 fdsﬁ 91 @Fmgﬂys‘f‘@FHCtlg‘éﬁW@ﬁ’ﬁﬁmﬂt%s

conpr i sisagh datcimuntedaearish §a0d op vhRnd BB ﬂe&lﬁisrdf%ﬁl'd%efaﬁoh %ﬁl ued da{aoema
pr Ocessqr f said,s H‘éSt em {}Crementl ng a count er associ at ed

region tf 1op ghtald Remery,snesiipd by said; tygetd peation, wepreip paid t@ractdecatladmaaisqa cxide

d g 1 1 .
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nmenory, afld for, when a nmenory instruction is executed by a processor of

d t ' Qi t i at ed t.h t hat
cal St om OGO LR LT BRI B e b b

i nst ructeadnpf anid designated tregiondyaRN furfheF menfory RebtAchGRCEe RSEA WGkl gnnun‘h%?ro?
no furthe structi ons. dar Eihl ssued until said counter associ ate th said

desi gnat e%tapgﬁﬁg&{‘tﬁmﬁéﬁ Fegion s e 2 comresmonding Baesbeldpr ocessi ng
instructions in a conputer system said nmethod conprising:

7. A method of processing instructions in a computer system, said method comprising:

when a memory instruction is issued from a processor of said system, incrementing a counter
associated with a memory region that contains a memory location specified by a target address of
said issued instruction, each memory instruction for reading data form and writing data into a
memory;

when a memory instruction is executed by a processor of said system, decrementing a
counter associated with a memory region that contains a memory location specified by a target
address of said executed instruction; and

issuing a fence instruction designating a region of memory, where no further instructions are

issued until said counter associated with said designated region is below a threshold.

8. An apparatus for processing instructions in a computer system, said apparatus comprising:
counter means for, when a memory instruction is issued from a processor of said system,

incrementing a counter associated with a memory region that contains a memory location specified

by a target address of said issued memory instruction, each memory instruction for reading data
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when a menory instruction is issued froma processor of said syste_nlg DgCZUUS
incrementing a counter associated with a menory region that containS =
menory |ocation specified by a target address of said issued instruction,
each instruction for reading data from-a2d witing data into a menory; when
a menmory instruction is executed by a processor of said system
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menory instruction is issued froma processor of said system |ncremenjt| ng
a counter associated with a nmenory region that contains a nenory | ocation
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of nenor urt%gfgénstructl ons are i.ssued untjl said counter

associ af (ge% ?efr saj af:)aecgjtgg rvéﬁfeﬂ)‘h €3 15%1p6wsgucq% weldesydata retrieved from
[ R\ LI BeXifl 0249y, d@Gp@BHe and target location; and

issuing a fence instruction designating a region of memory, where no further instructions are

issued until said counter associated with said designated region is below a threshold.

10.  Anapparatus for processing instructions in a computer system, said apparatus comprising;:

counter means for, when a memory instruction is issued from a processor of said system,
incrementing a counter associated with a memory region that contains a memory location specified
by a target address of said issued instruction, each instruction for reading data from and writing data
into a memory, and when an instruction is executed by a processor of said system, decrementing
said counter associated with a memory region that contains a merhory location specified by a target
address of said executed instruction, wherein each issued instruction includes data retrieved from
said memory, an op code and target location, so that each issued instruction can be executed
independently of any information not included in each issued instruction; and

instruction means for issuing a fence instruction designating a région of memory, where no

further instructions are issued until said counter associated with said designated region is below a
threshold.
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