WD 02/ 093362 PCT/ US01/ 49282 | SSUANCE AND EXECUTI ON OF MEMORY | NSTRUCTI ONS
TO AVA D READ- AFTER- WRI TE HAZARDS Descri ption Technical Field This

i nventi orwoekabmd2t o a net hod and apparatus for issuing amdTasecw28ng
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 nmask the |atency of nenory accesses,
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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 nmenory designs exhibit linted facilities of pipe |ining and

hi erarchy, we have shown in a co- pDﬁﬁmdpztmmi cation the design of a

scal abl e pipeline hierarchy which gives a linear |atency function at
constant bandw dth. The co-pendi ng application, |BM Docket
YOR920010439US1, is being filed cdgetnieddield with the instant application
and entitled, "Scal able Menory" and is incorporated herein by reference.
However Urren oc i nilg" ipeline
ns.t oy TPEHeon Aled R BER0H Ind BRRRhuCIR e SUE B ARIITBANTERES BEe, T
only figddputéreoemces, they can exploit the nenory pipeline to a very
limted extent. The resources_include a finite nunber of buffers to store
i nformation about an instruct Bagkground obthednyertiony t ag. 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
becaus eAmignifmaetspation af theedimpéexiy of cursamt praesssors anrberaticibuted el thelr atiempts/to
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address i hmited Trothios of Dip2 Tning: and Herafehy, Cws have shonain G coendig Shplication
the design of a scalable pipeline hierarchy which gives a linear latency function at constant
bandwidth. | The co-pending application, IBM Docket YOR920010439US1, is being filed
concurrently ‘with the instant application and entitled, “Scalable Memory” and is incorporated
herein by reference. However, current day processors cannot exploit such an unbounded pipeline
as they tend to remember outstanding memory requests. Since they can have only finite resources,
they can exf)loit the memory pipeline to a very limited extent. The resources include a finite
number of buffers to store information about an instruction associated with a 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 exists 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 response 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



limtation is the finite nunber of registers in the processor and the
processor's inability to operate 1 WD 02/093362 PCT/ USOL/ 49282 on any data
that is nMO¢Y@3At in the registers. In today' s processSorgcT/USIAH2E3t i ONs
can only be executed with operands present in the registers of the
processor, so the nunber of registers inposes a limtation of the number
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mani pul ate data from nenory and packagi ng nenory requests with sufficient

information to process the returned data i ndependently. This aspect
separates the instruction issSemartyefdhetdhoenti@mponents of a processor,
and each of themmaintains very mnimal state information and operates in
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all of the issued instructions have not been executed, that is when there are a large number of

outstanding writes to memory that have not been completed. Such a large number is possible
when using the linear memory described in the previously mentioned co-pending application,
which is assigned to the same assignee as that of the instant application.

This invention avoids the read-after-write hazard by maintaining a fence counter or counter for
each of a number 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.



region is incremented each tinme an instruction, whose target location is in
that region, is issued and decrenented each tine an instruction is

execut ed woioziopigez 0 t hat nmenory region. The threshol d valpaa/uiss/sgept cal ly
set to zero. Brief Description of the Drawings FIG 1 is a schematic

Il lustration of the scal abl e processor .in accordance with this.invention.
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a flow chart of the logic used in the controllers for forwardi ng responses

to requesnsiono the processor. FIG 5 is a state diagram where each state
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is pure conveni ence and does not increase the input bandwidth in any
manner . convenience, we have extended the memory to have one port 3 for read requests and two ports 4

for write requests. This is done purely to match the linear memory 16 which can deliver two
results in each cycle. Two execution units 17 consume these results 14 and submit write requests
independently. The organization ensures that requests on these lines 12 do not interfere with each

other.

The upward 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.

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



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
upwar d pawb oeo93he second | ocation and collects the secomdTfiSev#28f data.
The result travels on the dowward path 13 carrying the pair of data itens
requested. This results a constant increase in the |atency on the pﬁlt gs,
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semant icopies shet datpfomdoeation todesadipnan (op) on the data fromlocations x
and y and store the result into location z. The second operand may be
omtted for unary operations. A unary instruction frequently used is the
nmove(Xx, z) instruction, which copies the data fromlocation x to |ocation

z. I nstyUGhi@oh Issae' GndEebxtfsnit i On: Referring to FIG 1, a processor 9
consists of a single issue unit 19 that issues instructions 50 and _twg
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dual - operand I's submtted to t i near nenory 10. The op code and
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t0 bringged in the same order in which they are listed in the program. Since the memory does not do
any data movement other than what is specified by the instructiqns, the programs have full control
of the memory and do the memory management explicitly by issuing move instructions to bring
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,z), the write

request to z is said to be outstanding during the time interval between issuing and executing that



data closer to the processor as and when they are needed. The pipe |ined
nature of the nenory facilitates concurrent novenent of data while
execut i ngwotokee3sbnst ructi ons. Typically, using this | nvem®Crarsp1/20282
programer woul d use nove instructions to bring data closer to the

processor by the tine the data is needed by the processor.,
Read- afibstruction. tHazhits arelavoididrhyeeepiag fragkal Qptending Wikes LR esions fgmey 25

oper at e, concuyrr.ent nust. eAsyr.a. ' ' : :d ocation

OpeT e aBR e, Y P E (B BRIl Bl A SRS AR 28 00

| ocat i QRedifed WAHeh t96issRRCIdchiion ¢ if Rad and thelddtd it iatb thEekeation nsit Alct i on

op(x,y,z), the wite request to z is said to be_outstandi.ng during téle
ceeds

time i nVeenilexdmmtespthe ressdtiis pent smbe sxeadin losgtietat Howarsrpthedesgg gpit pro

PCT/ US01/ 4928 i nstructjon. Hazar ar e _avoide | Bg: .
out st arf@PFY Ty aad isspes §rdﬂs§nlgflor}§g§8?vln§§t Jgsagild ?%Sél@%ﬁ@ g‘gv?s a?lﬁe%éﬁn@ge o 2 the
path ofg.50) 'Qn"ﬁsg[%% ibh 148 LR txemd R Wath S i RBY Red B tHeUlkhadtind 1l 1as If thisexddt ed.
When itsulﬁsqlhssde , Focation y is r\gad and the ggta flows into the execution
unit 17nstridtienis issued beforethe prévousetark to k sakse place.ovkavetadiedrdi n | ocati on x.
However, the issue unit proceeds concurrently and issues other
I nstructions followng it. The add instruction 22 is an exanple of a
subsequent instruction that uses x and its path is illustrated by the
dashed §d 6 Counfer:! f this add instruction is issued before the previous
store to x takes place, we have a hazard. Fence Counter: The processor is
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forwarded to the execution unit, as shown in 38 of FIG. 3. When the execution unit completes

that operation 33, i.e.. op (data 1, data 2, z), and submits a write request to location z, 33, the
corresponding fence counter (See 18 of FIG. 1) is decremented 34. Thus, the fence counter
contains the number of outstanding writes to locations in its associated range. Fencing is
accomplished explicitly by the program (a la 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



that operation 33, i.e.. op (data 1, data 2, z), and submts a wite
request to location z, 33, the corresponding fence counter (See 18 of FIG
1) is decwermendzse2 34. Thus, the fence counter contains tReTASDE2SDf
outstanding wites to locations in its associated range. Fencing is

acconpl ished explicitly by the program (a |a rel ease consistency nodel) by
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encountered by the issue unit 32, the issue unit stalls 35 until the
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The reagquexptdest 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 | ocation and collects the second piece of data.
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request ed.
system is shown to have a sequence of building blocks laid out in one dimension. The blocks are

numbered starting from L, at the processor and increasing as we go away from the processor.
Each i-th building block L, has unit memory, denoted by m, and two controllers, u, and d.. All the
controllers w 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 responses 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 application,
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).



The structure of the proposed nenory system 10 is shown in FIG 4. For ease
of illustration, the systemis shown to have a sequence of building bl ocks
| ai d out Wp oefe33dl nensi on. The bl ocks are nunbered startiPag/disoom282 at the
processor and increasing as we go away fromthe processor. Each i-th
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where x, z, are addresses of nenory |locations, the semantics is to perform
the operation (op) on the data fromlocation x of nenory and to store the

result into |locatign z of nory. For this instruction, the Dr request
submi t t1Baeh; equest (wigh faseeh ‘F{drg%?é,l trav: Pan)q g}ft upward pahy) f“ndl'ﬁecqurs%gﬁ§§aq185 ﬂf’ﬁ s
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processor. In the sanple shown, when the, responseiX is recei \{)ed b{/} tth.
pr ocessganerating anpaiesanss Whereas a read operation causes the request to be converted mto a

response 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,, m and d, are specified below:

Operation in each cycle:

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

for a read operation, or copying data from request into memory for a write operation.



performed on data to obtain a result, say w. Another request is then

forwarded from processor through the first controllers on the upward path
to store whaeznesett w at nmenory |ocation z. The fornmat ofeCrhissi/seguest nay
| ook sonething like [wite, z, w, no-info], which nmeans store the value w

at location z. Each request with target, address.i travels on the

path and a gopy ks showndiadiies 44 hdias F%%W%%Pﬁﬁﬁs é\?’g%cs af%e‘é%amzﬁggmy
unit m reads or storgs. ' | d
T 1ot he. caerbAtape Bt (e GRS KIRAPAD ins QR TaIea pRithd o e s

gener ati ng aNyinksGhdR @S antoViieinfntal duffes dThgre tiat fotiowinguEgarithing See fowsehartoinbe
converted into a response which travels along the return path until it

reaches t he FiGoégdsused topum_smm@ﬁwo optgeing ks {9 dyel the communi cation
links and unit.ti ;%uggﬁ {%cglggx'?ﬁ?s?a[ #Egitﬁ?cﬁ%{ign' &R Laguasd td D'resgoRsO8Ad is

address i taked € abbsence of any congestion during

its travel. Thgjac&Pbh e bRESinaliak dRSidIRRA, tshedeglonsé fibmetha gestnabbufiars of d
ensure the flow of requests or responses subject to the requirenents

stated in the fifendds repaved aidplaceednstihe ontgoing lmkes (Sse 5 REFMEtA) | ed | ogi ¢

for u, , mand_d are specified bel.ow r at. i : 4.
For each requegt é?f@‘le\%e{ﬁmﬁxm tfawnge\r']\{g I%V%ilcssggeoﬁ? hcfgeﬁﬂqesg%sgéa? 79 cﬁ@?a @g%/r i's
sent to uH . fctiBe th@Puf WER feshnsd® fidaetieastenifl beRys bSd Lifanpy)yardraneveded.
m always forwards the request to d, , after copying data frommenory into

request for aanéphicaber tieicorgoingliks|i§4)ng data fromrequest into menory for
has threo’ i Nt epnaf THIERIANA wni Brisaiet VB Saa Ll BREG Bl B4 fe,
e 018 o PSR, (A A i ppoRFR AR 07 ent o
algorithm (See flow chart in FIG 5 ) is used to put responses on the two
out go nlgrolpiepéess (;[f(%hg Model:
We now show the two properties required for scalability: constant buffer size in each unit and
linear access latency:
. 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 di. 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 transition 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



1 If request fromm "is a read to location i, then it is converted to a
response and is placed on the outgoing link. In addition, one response
from t he wotoenpsshb2 buf fers of d (if any) is renoved and plpegatsoomw28he
outgoing links. (See 51 of FIG 5.) 2 If request fromm is a wite to

| ocati on i(Sﬁ), or .the request is targeted to a higher |Ilocation, then up
to two respdheESOMINgATEHEOMther nal buffers of d, (if any) are renoved and
pl aced on the outgqj i : , i

| ocation (55), t h%%be{l}grrelgg%?% (e&?r %nmtg‘tNLﬂereﬁ?ﬁ;é gﬁlrae% (gigfl%eﬂr%sp dg? ¢ Eid)?ti’éfdrg‘\r!l%?ori S
removed and witkif dé-looycldie Thetrgsponse td thie seddejuest Reaohesr tli afer of 1 cyndeshibmbelits e
now show the two properties required for scalabil |t

i ][1 eac hduni ]cpaélhéPngTh a4} and dhere arepQ delgys onr l 5& Py Sg?@%@%ﬁ&gﬁ%g{w@ fe
! _ = N M
2 i ch"t SRS G e SRERik LS 5 pROE bl RS A IABiiRRtd B

i nvari ant f aiigdrditBms hihbeffers 2k angdtis FlF@orden ahdat leastaine responsesfromacbuffer is

response can come in through the incom ng links and this ensures that Y.
will never exrowEed 51 evesy shidey Eorsequantins thefespopee BRI AN eRBeTIENER 3 JNgHiEuUM

transitions jnto o T i [ ey

w250 Tt s iR T Guh B len YR R Serdp it The A TRRL R AR BB
arcs on the forwlrdingOdirdduest (cCaeie GpWardpseh afid the edrtsspoRbERO AHonsa It th @eturn
request tom is to location i or lower. This ensures that in the next
cycl e, therebatutp the paeceaipst one response over the inconming arcs fromd.,.
This is because m'., will process in the next «cycle, a copy of the sane
response that m processed in this cycle and hence d. will do case 3 of
the abowg obh&QE ikt the BkidUbrkbddeesARb ﬁ;&?%fhfeﬁwﬁﬁeraﬁéﬁeat%ic@mam hilé e
5.) Now consider the second transition to state x,=3. This transition
occur s andemnof ndmplativty of operBtionshen diffeasnt doeations nimsgecifiefliclite froposed. memaryd

the request to jn.is to |Qcation i,o | ower,. .-Thi s .agajin ensures that in
the nexDSIERcFaR be implemenied ising stapard aneunark dpgin Suhich & mogrporated into memory
chips.



WO 02/ 093362 PCT/ US01/49282 the incomng arcs fromd.. A read request to
| ocation i wll return a correspondi ng response to the processor wthin

4i +1 cyclwe.02/0p3362 esponse to the read request reaches d, @&Cwarsoi/49szrycl es
since its path length is i+1 and there are no del ays on these paths. The
controller d, imediately puts it 2& the outgoing arc as it executes case
1 of the algorithm According to th lal@kﬁrithm all buffers are enptied in
FI FO order and at | east one response froma buffer is renoved in every
cycle. Consequently, the response fromd can experience a maxi rum delay of
3i  uni Eavhefthueddstribeanmdsentien, yhat esstim apoe end Hesitedo aecuaebuletids at  nost
4i +1 for forwarding a request on the upward path and the correspondi ng
respond&te®ts Bhe return path to the processor. We observe that the design
preserves the order of nenory operations at each |location while the order

of conpl etion of .operatia £ f i i LEaed. The
pr opos d%ﬁ@f’@ of g&&%ﬁﬂgégsﬁn%gogﬁélagﬁeﬁﬁ%é&g S|I%8§a§t%§tgggg&ﬁngﬁn%¢€ | ogi c
which is incorporated into nmenmory chips. 9 WO 02/ 093362 PCT/ US01/ 49282

G ainme Having thus described our invention, what we claimas new and
desi r e detersining i theynuneter of sutstendiag wite wstractions isswed O paid PERESSOT A

instructions.in a.co ter syste sai.d nmethq ) ising: determning if
t he nuﬁ%ﬁ%ftoatﬁ@s&%&ﬁél%@@ %ﬁ@@f’? Bhlgeﬁ?g(ﬁggéf rom sai d processor and
targeted to a designated region of nmenory is above a threshold; and issuing
a fence instruction designating said region of nenory, where no further

i nst r udssuimgs fenee instastied dtsignmtingisald pegiorestmemonys whersaioduriberbestrugtions are

»? m Zts ﬁggségg fr\évrmI st'a.iedS prtc)(élersgce{\rt uen(%il tszgd %grlngerdo?‘sohgs?é?ntdﬁ% wrrit%g ‘Ica(l?gnetledS tobs%{do (Ygsigg%!at%d

region is below said threshold.
2 . A apparatus for processing instructions in a computer system, said apparatus comprising:

an issue unit for determining if the number of outstanding write instructions issued from said
processor is above a threshold, and for issuing a fence instruction designating a region of memory,
where no further instructions are issued from the processor until said number of writes to said

designated region is below said threshold.

3. 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

10



2. A apparatus for processing instructions in a conputer system said
apparatus conprising: an issue unit for determning if the nunber of

out st andi W@ oa0p3362 i nstructions issued fromsaid processorCrasabemes: a
t hreshold, and for issuing a fence instruction designating a region of

. f d.nst ti = he . il
cai . nipbaEnary seetien of g e ael AR Bl R Gl Lol GiREPEERT AN
3. A SYSLEM ARE oRR6HNS Bkaid SLbuion @RS, Sai d system comprising:  a memory

for storing data; an issue unit for, in response to each of a nunber of
instructions, retrieving operand data from said nenory, and for

instructi ons, retrieving operand da or’
code. 1 Adsethed i ormete bbb Ay SR gLn leph R B gl o7 P

instruction; and an execution unit for executing each of said nunber of
instructions by operating on said data in accordance with said op code and
for st aoriesgpnsesubdch ofh nesiber effseidanstorctiors: sai d data at a location in 10 WD
02/ 093362 PCT/ US01/ 49282 said nmenory specified by said target |ocation,
wherein said target |ocation, said op code and said operand data are

recei ved by rétﬁk&lg?é@é;r%d %g(% E@H{ 3 m%moﬁré IR R arfindaRr SeeAddda ) ghr uct i ons in

a conputer syste onpri'éing: I n response to each of a nunber

of said insopuplié,and a thgel loeamiorgoapexevaton ahia agsociated withsaidysystent afidr war di ng
sai d operand data, an op code, and a target |location to an execution unit
associated with said system and executing each instruction by operating

on sai d operand,.data.i.n_ accordan i th id rds .esul ts
of said oporariune shrulhARGRhPY Rt 2 Sperl FERR ACRAR RN

speci fied bypsaiéahdstefhg ta6idd bARid dperaioN®hReid opbranl AaRAS hNeLaBAR $4id
instructions in a co%t er system said nmethod conprising: in response to
each of an mugmwy spdcifredriyrspidi target locatiadns: retri evi ng operand data from a
menory, and forwardi ng said operand data, an

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

in response to each of an number of memory instructions:
retrieving operand data from a 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 by operating on said operand data in accordance with said
op code and storing results of said operation on said operand data at a location in said

memory specified by said target location; and

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

issued from the processor until a number of writes to said designated region is below said
threshold.

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

a memory for storing data,

11



op code, and a target location to an execution unit associated with said
system and executing each instruction by operating on said operand data

i n accor dapae/onbh said op code and storing results of sa&cd/uspeses:t on on
said operand data at a location in said nenory specified by said target

| ocation; and.jssuing fence.instrucgtions desi.qnatj.n regi on of ry,
where ABISPH WM FORRTTSE R FRSh ot A PO lemery ARROREOTS, frasitisvilg Speididiate o,
of wites to said designated region is below said threshold. 6. A system
for processing instructions, said systemconprising: a nenory for_ storing
data; fbmMMBIDRENOR36R oPCTALSDMIUGRE Memory Msiection and ajtargetlopdinpeofisaidegelh of
a nunber of npenory instructions, for retrieving operand data fromsaid
nenoryﬁmﬁﬁ”ﬁﬁmgﬂﬁémof sai d each nenory instruction and a target |ocation of
said each nenory instruction; an execution unit for executing each of said
nunber of menory instructions by operating on said data in accordance with
sai d opnerebetiamdnit for exearting gactesii satdsuofbes of mempariastiustionnbseperating on #id a

| ocation i.n said menpry specifjed said target, l.ocation, wherein said

t ar get dpgdRAFeoRdansa PiEhSRId oporpde 2R, %&W%ﬁ%‘g a& g Sperpor eR whig gﬁfa@ws ai d
execution unit fromsaid issue unit through said nenory; and said issue
unit also issuing fence instructions for designating regions of nenory,
wher ei odation @il mehosaspdcifledbysuid tegdt dgpatios, whtteifi waid beapetrieeation, said op
instructions are issued until a nunber of outstanding wites to said each
r egi on cpde #d wid epesandrdaspensdeseived hy said erecutipn unit fionhepid issuejimiideigh gaid
instru9§k£ﬂ§e%ﬂ a conputer system said nethod conprising: when a nenory

i nstruction’is issued froma processor of said system increnenting a
counter associated with a nenory region that contains a nenory | ocation
specified by a target address of said issued instruction, each nenory

i nst r ustiddssué it alee iswigs tce instruetions fondesighatipgdagiany offoemory, wherein for each

of said designated regions, no further memory instructions are issued until a number of

outstanding writes to said each region is below a corresponding threshold.

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 from 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.
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menory; when a nmenory instruction is executed by a processor of said
system decrenenting a counter associated with a nenory region that

cont ai ns wortefeddy2 | ocati on specified by a target address @CT/Gsal/gh28xecut ed
instruction; and issuing a fence instruction designating a region of
menory, where no further instructions are issued until said counter
associated with said designated region is below a threshold. 12 WO

02/ 093362 PCT/ USOL/ . 8 t ' ' i in a
conput o AR 5 STea i npfABRER Wbl PRORSN Dl cHiisRE " &
i ssued froma processor of said system increnenting a counter associated

with a nenory region that contains a nenory |ocation specifi.ed bé a target
addr esswhen asaemiolydasiamtia iigssped fom yptocesior ebel SYSiHy JICTemantine & CoWntEh

readi ng_dat r and writi.ng.d . : £
et rucegirtedwER a Bt Y s B b BieolPRRANn $08ReTorE MRk address o
count erg,idasses nthRey MstrictonYe it e Gig iimsirubtici foe oeudaigdutafrommnd yvritgataton
specified by a target address of said executed instruction; and issuing a

fence iintamempdyn, where no further instructions are issued until said
counter associated wth said designated region is below a threshold. 9. A
nmet hod of processing instructions in a conputer system said nethod

conpri sifigr a WBRBryARsthittoh iCédetited By b HPdLRESOF LO i@ syRiE RERmenfingsACclstst em
increnenting a counter associated wth a menory region that contains a
menory dssactedwith penéthomydegipn shat soujeins agpmosy loshtiernspecified by a targeistddiass pbn,
each instyuction, for reading data fromand witing data into a nenory; when
a nmenorit ?@F‘?@@HSHHCW@’QQ‘QCM ed by a processor of said system
decrenenting a counter associated with a nmenory region that contains a
menory | ocation specified by a target address of said executed ]

i nst r ucksuing a fehes mstnuatmahwhersweduithertinsimctiions aretssuedamtitisaidicounteriagsasintéd om

said nenpr an op code and . tarqget |oqcation; and
w{trl? sz%{d designated region 1s below agt esho? :

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

when an 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;

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, wherein each issued instruction includes data retrieved from said

memory, an op code 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.
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issuing a fence instruction designating a region of nenory, where no
further instructions are issued until said counter associated with said
desi gnat eaoroe@psn2 i s bel ow a threshold. 13 WO 02/ 093362 PECTTuUS01/4929282 10.
A apparatus for processing instructions in a conputer system said
apparatus conprising: when an instruction is issued froma processor of
said system increnenting a counter associated wth a nenory region that

cont ai f@_@aﬁﬁ%ﬁyfdrg;g@ée%ﬁﬁg RBEGione th DoorBputdr Febmaskid emmrahs sanghisimgsued

instruction, each instruction for reading data fromand witing data into a
menory; when an instruction is executed by a processor of said system

decrenenting, a counter asspciated wth a nenory reagi t L:NS, (@
reror y e B PORIGISBds 1 THgP A Pratest oLt By g s Bl Bt
| NSt rugty ,mgr 1iBn B¢ Bont iﬁys%em%' [deetidibetiied Helg Sargdataddress of @iedsfedom
sai d rrgﬁr%%gne a rg%aréggle %ng targe ocat i oﬁ),”so ?ﬂat gach i ssued

i nst r uinkiradtionaeachénstruetion & reatiegpdatal fom apd ofritingriiatd Wi MEMIOBA not | ncl uded
in each issued instruction; and issuing a fence instruction designating a
region of nmenory, where no further instructions are issued until said

count eg;35 30 fsAh&fbntl bRecifldbydestbealast sty QB! decREhdifing a CBRE RLGLidEd

with a memory region that contains a memory 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

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
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