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2 BACKGROUND OF THE | NVENTI ON Superscal ar processors enpl oy
aggressive techniques to exploit instruction-level parallelism Wde
di spatch and i ssue paths place an upper bound
A METHOD AND SYSTEM FOR OPTIMALLY ISSUING DEPENDENT
INSTRUCTIONS BASED ON SPECULATIVE L2 CACHE HIT IN A DATA
PROCESSING SYSTEM

FIELD OF THE INVENTION

The present invention relates generally to a superscalar processor and more

particularly to optimally issuing dependant instructions in such a system.



o peak: i nstruction throughput. Large issue buffers are used to maintain a
w ndow of instructions necessary for detecting parallelism and a |arge

pool of physical regi sters provides destinations for all of the in-flight
instructions issued-fromthe w ndow beyond the di spatch boundary. To
enabl e concurrent execution of I nstructions, the execution engine is

conposed of nm * paral l el functional units. The fetch engine specul ates
past nul ti pBAGKGRAUND PRTHE INENTKINY a continuous  instruction stream

to t'he decode, dispatch and execution pipelines in order to maintain a

| arge wi ndow of potentially executable instructions. The trend in
super scal ar desi Gupessdalaspcesstressampley mggressive tecthaiquesdo explaith/ i ssue,

| arger wi ndows, nore physical registers, nore functional units, and

deeper speculation. To maintain this trend, it is inportant to bal ance all

parts of thénstrutiondeseirparaelisht W@GWt@Vnaﬁb isHua paths pldue dreappét bolind
aggr essive techni ques.
on peak instruction throughput. Large issue buffers are used to maintain a window
of instructions necessary for detecting parallelism, and a large pool of physical
register§ provides destinations for all of the in-flight instructions issued-from the
Window beyond the d'ispatch boundary. To enable concurrent execution of
instructions, the execution engine is composed of many_parallel functional units.
The fetch engine speculates.past multiple branches in order to supply a continuous -
instruction stream to the de;;ode, dispatch and execution pipelines in order to
maintain a large window of potentially executable instructions.
The '_[rend in superscalar design is to scale these techniques: wider
dispatch/issue, larger windows, more physical registers, more functional units, and

deeper speculation. To maintain this trend, it is important to balance all parts of the

processor--any bottlenecks which diminish the benefit of aggressive techniques.



3 7 i3 Instruction fetch performance depends on a nunber of factors.

I nstruction cache hit rate and branch prediction accuracy has been | ong
recogni zed as i nportant problenms in fetch performance and is

wel | -resear ched areas. Modern n3croprocessors routinely use a
plurality of nmechanisns to inprove their ability to efficiently fetch
past branch instructions. These prediction mechani sns al |l ow a processor
to fetch beyond anstraelion fetch pedoimandsedepandshen a numbermof factorsielnstmctioni s
known. For exanple, sone nechanisns allow a processor to specul atively
fetch beyond a branch before the branch's target address: has been

conput ed. Theexhetldtrate gnddoraneh predictioneadowsacy has bespéang mdogeizedmsedi ct
whi ch instructions should be fetched and elim nate "dead" cycles that m ght
normal | y- be wasted waiting for the actual determ nation of the next

i nstruction iafsbrzee prébléms in fetch performance and is well-researched areas.

Modern microprocessors routinely use a plurality of mechanisms to improve
their ability to efficiently fetch past branch instructions. These prediction
mechaﬁisms allow a processor to fetch beyond a branch instruction before the

|

| outcome of the branéh is known. For example, some mechanisms allow a
processor to speculatively fetch beyond a branch before the branch's target address
has been computed. These techniques use run-time history to speculatively predict
which instructions should be fetched and eliminate "dead" cycles that might normally -
be wasted waiting for the actual determination of the next instruction address. Even
‘with these techrﬁques, current microprocessors are limited in fetching instructions
during a clock cycle. As superscalar processors become more aggressive and

attempt to execute many more instructions per cycle, they must also be able to fetch

many more instructions per cycle.



wth these techniques, current m croprocessors are limted in fetching

I nstructions during a clock cycle. As superscal ar processors becone nore
aggressi ve and attenpt to execute many nore instructions per cycle, they
must al so be able to fetch many nore ignstructions per cycle.

4 Hi gh performance superscal ar processor organizations divide
naturally into an instruction fetch nmechani smand_ an insf{ruction

execut i on mechanitigh PeRfermanes supersgalax pERREssAr RianzAtIoRS divide sapyally Edopy
i nstruction issue buffer(s), for exanpl-e, queues, reservation stations,
etc. Conceptually, the instruction fetch nmechanismacts as a "producer"”
whi ch f et ches, ingtuctibrsfetemohechanism amd andnstruntion exesution mashenism.odibedetch
The i nstruction execution engine "prepares" instructions for
and execution mechanisms are separated by instruction issue buffer(s), for
example, queues, reservation stations, etc. Conceptually, the instruction fetch
mechanism acts as a "producer” which fetches, decodes, and places instructions
into a reorder buffer. The instruction execution engine “prepares” instructions for
completions. The cdmpletion engine is the "consumer" which removes instructions
from the buffer and executes them, subject to data dependence and resource

constraints. Control dependencies (branches and jumps) provide a feedback

mechanism between the producer and consumer.



conpl eti ons. The conpl etion engine is the "consuner"” which renoves

i nstructions fromthe buffer and executes them subject to data
dependence and resource constraints. Control dependencies (branches and
junps) provide a feedback mechani sm bgt ween t he producer and consuner.

5 Di spat ching and conpletion of instructions are typically in
program or der. However, issuance and_execution are noﬁ necessarily in
program or der. ARISPatalingand epmpletion of stivetions ag typically i) RERAEAFLPragr.
particul ar execution unit, or at |east a particular type of execution
unit (aka functional unit). A load/store unit is a type of f uncti onal

uni t. for ex&lQwevey, isstance and exeeutionare Relnecgssardy i pragsamrordernéiy uct i on
to its functional unit responsive to the instruction's operands bei ng
avai l abl e for execution, i.e., when results are available fromany earlier
di spat ched instruction is dispatched to an issue queue for a particular execution unit, or at least

a particular type of execution unit (aka functional unit). A load/store unit is a type of
functional unit for executing memory accesses. An issue queué issues an
instruct_ion to its functional unit responsive to the instruction’s operands being
available for execution, i.e., when results are available from any earlier dispatched

instructions upon which the instruction is dependent.



st ructions upon which the instruction is dependent.

6 SUMMVARY OF THE | NVENTI ON In a high-speed highly specul ative
processor, groups of -instructions are i ssued based on interdependenci es.
Some operations such as Load instructions can have vari abl e and

unpr edi ct a@WWRMFWHEhNVEiRHﬂOIMt erdependency anal ysis difficult. A
solution is needed th formance:-of instr on. gr oups
dependent on Loa n@d@é‘é—wggdmﬁy ﬁB??‘iﬂe{ﬁY%PT%Fesﬁﬂ%tgr?%p%%é {ﬁu&é&}f %rpfst em
and - met hod for efficiently issuing dependent instruct | ons in such a
processor. The present invention addresses such a nee

met hod f or @ﬁuewlabasyed R intagleprodencies.oSomaaperations sHeh @a m@danshrv%ttons
instruction in a data processing systemis disclosed. The processing system

can have variable and unpredictable latency which makes interdependency analysis
difficult. A solution is needed that improves the performance of instruction groups
dependent on Load operands. More particularly,.what is needed is a system and
method' for efficiently issuing dependent instructions in such a processor. The
present invention addresses such a need.

A method for optimally issuing instructions that are related to a first
instruction in a data processing system is disck.)sed. The processing system
includes a primary and secondary cache. The method and system comprises
speculatively indicating a hit of the ﬁfst instruction in a secondary cache and
releasing the dépendent instructions. Thie method and system includes determining
if the first instruction is within the secondary cache. The method and system fﬁrther
ihclﬂdes providing data related to the first instruction from the secondary cache to

the primary cache when the instruction is within the secondary cache.



includes a primary and secondary cache. The nmethod and system conpri ses
specul atively indicating a hit of the first instruction in a secondary
cache and rel easi ng the dependent instructions. The nethod and system

i ncl udes determ ning if the first insjruction is within the secondary
cache. The nmethod and system further I ncludes providing data related to
the first instruction from.the secondary.cache, t the.prinary cache when
the instruction ié "W%?ﬁ’ ﬁ"f’r%éfs?é%haa??%éﬁ%wﬁh the presen(%l ventionrcauses

7 A nmet hod and systemin accordance with the present invention
causes instructjons that create dependencjes (such as 3.l oad |nstruction)
Lo s gnal | annyibiions thedeateApemndarcias surs % Ao natudion) 1 sihed i e
with resolved conflicts) in advance, that the instruction will conplete

in a predeterm ned nunber of c%cl es. In i i L.
gueue (which is responsible for issuing instructions with resolved conflicts) in

advance, that the instruction will complete in a predetermined number of cycles. In
an embodiment, a core interface unit (CIU) will signal an execution unit such as the
Load S;core U.nit (LSU) that it is assuméd that the inst.ruction wjll hit in the L2 cache.
An issue queue uses the signal to issue dependent instructions at an optimal time.
If the instruction misses in the L2 cache, the cache hi'erarchy causes the

instructions to be abandoned and re-executed when the data is available.



an enbodi ment, a core interface unit (CIU wll signal an execution unit i
such as the Load Store Unit (LSU) that it is assuned that the instruction

will hit in the L2 cache. An issue queue uses the signal to issue
dependent instructions at an optinmal ting. If the instruction msses in
the L2 cache, the cache hierarchy causes®the instructions to be abandoned

and re-executed when t-he data is avail abl e.
8 BRI EF DEBRIEFDESRCHBIPTIBNIPRETHIEDRAWINGS [ gure 1 is a bl ock di agram of

a conventional processor. Figure 2 is a flowchart illustrating a
conventional nmethod for issuing dependent instructions in the processor
of Figure 1. - Figure HFisgubleck diagrambbioa konvergional pfocgspobcessor in

accordance with the present

Figure 2 is a flow chart iIIustratjng a éonventional method for issuing
dependent instructions in the processor of Figure 1.

Figure 3 is a block diagram of a processor in accordance with the present
inventir;n. -

Figure 4is a ﬂow chart illustrating a method for issuing dependent

instructions in a data processing. system in accordance with the present invention.



I.nvent.i.on. . Figure 4 is a flowchart illustrating a nethod for
| ssui ng dependent I nstructions in a data processing. systemin accordance
with the present invention. 9 9

DESCRI PTI ON. OF _THE_| NVENTI present invention relates generally
to a super%593'8%@5585%&“‘%'6%&“ cularly to a system and net hod
for inproving th . ' . ' :
description is p?ggﬁﬁégéd*tt'ﬁ\%éﬁ%@\%ﬁ%Bgﬁg'o%m?%gr % p(séﬁlgﬁgﬁ %mms ﬁ‘é’oéé‘?wg
maké and use the invention and is provided in the context of a patent
application_and jts .requirenents. Varipus nodifigation o th eferred
enbodi ment . Rereula b ZRYISTIE el o BBy IRLGVRN il gReB i Sighce
generic principles herein nay be applied to other enbodi nents. Thus, the
resent invention ' i.ntended to be |im.t to the enbodi pent shown
Eut Si S t IO \égrqgl@§§paejgﬁ@ E@}ovslling descr?pt%on is preéenteg ?o enaE)Pa one o? OII'(mwsary sim)m
the art to make and use the invention and is provided in the context of a patent
application and its requirements. Various modifications to the preferred
embodihent will be readily apparent to those skilled in the art and the generic
principles herein may be applied to other embodiments. Thus, the present invention
" is not intended to be limited to the embodiment shown but is to be accorded the
widest scope consistent with the principles and features described herein.
Figure 1 illustrates a processor 100. Processor 100 includes issue unit (ISU)
125 which will be described in detail below with reference to Figure 2. 1SU 125

gives execution units 130, 140, and 150 the ability to reject instructions. Rejected

instructions remain in ISU 125 to be reissued at a later time.



wirdest. .scope consistent with the principles and features descri bed herein.
Figure 1 illustrates a processor 100. Processor 100 includes issue unit
(1SV) 125 which will be described in detail below with reference to
Figure 2. 1SU 125 gi ves execution unife 130, 140, and 150 the ability to
reject instructions. Rejected instructions remain in ISU 125 to be
reissued at a later tinme. .. . e .

In the illustrat 5%@‘%%6%%%9%\5??'1‘#“9}"@%& igure 1. pregegior {9 %%B?'?%%g a
single integrated circuit superscal ar mcroprocessor. Accordingly,

processor 100 i ncludes vari ous execution units, Fﬁgl ster? buf fers,
menory devi S8gle Kieorgted pircuit SRarseRlar MiGTPPLOCERAPE HAGFA ARG, REPHRRPAS1 00
integrated circuitry. O course, although the invention is described

herein as applied to_a m croprocessor, the present ,
includes various execution units, registers, buffers, memory devices, and other

functional units, which are all formed by integrated circuitry. Of course, although the
invention is described herein as applied to a microprocessor, the present
instrucﬁon—handling scheme is not limited to microprocessors and may be

implemented in other types of processors.



i.nstruction-handling schene is not limted to m croprocessors and nay be

i npl emented in other types of processors. As illustrated in
Figure 1, processor 100 is coupled to systembus 113 via a core interface
unit (CIU) 114 and processor bus 115. Bpfh system bus 113 and pr ocessor
bus 115 include address, data, and control buses which are not shown

o nfor mat | on Asdbgatef i Blcie 1. egtresar o0 B SRR 48 SRR bl 4oL Bem

bus "113, such as L2 cache 1 16 and mai n storage 117. The data processing
system illustrated in Figure 1 preferably includes other devic cou Ied
to system bgareert ac%%(ﬂgW) 1feznd BEQ?&SSé'éW%éQS a%@ﬂhﬁs"ﬁgbg%if'?
under st andi ng of the invention and are accordingly omtted from t he

drawi ngs so as not to obscure the
processor bus 115 include address, data, and control buses which are not shown

separately. ClU 114 participates in bus arbitration to control the transfer of
infbrmation between processor 100 and other devices coupled to éystem bus 113,
such aé L2 cache 116 and main storage 117;. The data processing system
illustrated in Figure 1 preferably includes other devices coupled to system bus 113;
however, these other devices are not necessary for an understanding of the
invention and are accordingly omitted from the drawings so as not to obscure the

invention in unnecessary detail.



i,nventi.on in unnecessary detail.

12 ClU 114 is connected to instruction cache 118 and data L1 cache
119. Hi gh- speed caches, such as those within instruction L1 cache 118 and
data L1 cache 1 19, enable processor 3180 to achieve relatively fast
access tinmes to a subset of data or instructions previously transferred

frommain rrem)ry 7,10 the L2 16 and t.he pve LI

cache 118 or @J[atwdg's %PSQ‘%@%'H%“Q&@P%C € 1;5':% %’é‘@?‘%& Eﬁ%@?ﬂ; qggt a and

I nstructions st ored within the data cache 119 and I nst ruct i on cache 118,

respectivel are each identified and accessed b n ef t|ve d

which is reif‘b@@épﬁgdlcﬁ§ hes Auchds thege yvithin nsfruciien i ac %t 480 qﬂ@% l[]ﬁt i ons

in main menory 117.
cache 119, enable processor 100 to achieve relatively fast access times to a subset
of data or instructions previously transferred from main memory 117 to the L2 cache
116 and then to the respective L1 cache 118 or 119, thus improving the overall
processing speed. Data and instructions stored within the data cache 119 and
instruction.cache 118, respectively, are each identified and accessed by an effective
address, which is related to the real address of the respective data or instructions in
main memory 117.

Instruction L1 cache 118 is further coupled to sequential fetcher 120, which
fetches instructions for execution from instruction L1 cache 118 during each
processor cycle: Séquential fetcher 120 transmits branch instructions fetched from
instruction L1 cache 118 to branch processing unit (BPU) 121 for execution, and
temporarily stores sequential instructions within instruction queue 122 for eventual

transfer to dispatch unit 124 for decoding and dispatch to the instruction issue unit

(ISU) 125.



lmstruction L1 cache 118 is further coupled to sequential fetcher 120,
whi ch fetches instructions for execution frominstruction L1 cache 118
during each processor cycle. Sequential fetcher 120 transmts branch

i nstructions fetched from instruction3Ll cache 118 to branch processing
unit (BPU) 121 for execution, and tenporarily stores sequenti al

instructions within instruct.o yeue 122 for .eventual ansfer to .
il apatch unit 1o st OSRIEHEE histutye Srancfime . JR i aRLto BRL T, fhe beantian
(1SU) 125. 13 In the
depicted illustrative enbodinent, in addition to BPU 121, the execution
circuitry ofirghityf pspcesser d8Rsonyisemmyltiplecexscution upis fo exequlindexecut i ng
sequential instructions, including fixed-point unit (FXU) 130, |oad-store

unit (LS
(LSY) sequential instructions, including fixed-point unit (FXU) 130, load-store unit (LSU)

140, and floating-point unit (FPU) 150. Each execution unit 130, 140, and 150
typically executes one or more instructions of a particular type during_each

o
proceséor cycle. -

FXU 130 perfbrrﬁs fixed-point mathematical and logical operations such as
addition, subtraction, ANDing, Oring, and XORing, utilizing source operands
received from specified general-purpose registers (GPRs) 132. Following the
execution of a fixed-point instruction, FXU 130 outputs the data results of the
instruction on result bus 128 to a GPR register file 133 associated with GPRs 132,

FPU 150 typically performs single and double-precision floating-poin't
mathematical and logical operations, sgch as ﬂoating-poirjt multiplication and
division, on source operands received from ﬂoéting-point registers (FPRs) 152. .

FPU 150 outputs data resulting from the execution of floating-point instructions on

result bus 128 to a FPR register file 153, which temporarily stores the result data.



140, and floating-point unit (FPU) 150. Each execution unit 130, 140, and
150 typically executes one or nore instructions of a particular type
during each processor cycle. FXU 130 perfornms fixed-point

mat hemati cal and | ogi cal operations suth as addi tion, subtraction,

ANDI ng, Oring, and XORing, utilizing source operands received from

speci fi ed general -purpase register r{ng&Z Fol .| owi ng.th execut.i on
of a fixed- point I-isﬁit"ﬁﬁctw'ﬁﬁﬁ/ %&9@%%%5 PQin ﬁagéé?gppﬂgmﬁe@%'fm ich
instfruction on result bus 128 to a GPR register file 133 associated with
GPRs 132. i FPU 150 typically 'ﬁ_erfor ms singl e and doubl e-preci siagn
f1 oat i ng- poi&ither loast datadtore ahempy Proyhich steigdala te memarye F gexample, an LSU
floating-point nultiplication and di vi si on, on source operands received
fromfloating-point registers (FPRs) 152. FPU 150 outputs data resulting
from t he exdostructiononayliead datg-fponeithenthe datei lodheache 119 esand-2macherB! 6 nta
FPR register file 153, which tenporarily stores the result data.

selected GPRs 132 and FPRs 152. Other LSU instructions may store data from a

selected GPR 132 or FPR 152 to the data L1 cache 119 and then to the L2 cache

116. The L2 cache includes an L2 cache directory 155 which holds the tags for the

~ data which is within the L2 cache.

Processor 100 employs both pipeline and out-of-order execution of
instructions to further improve the performance of its superscalar architecture.
lnstruétions can be executed by FXU 130, LSU 140, and FPU 150 in any order as
long as data dependencies are observed. Within individual execution units, 130,

140, and 150, instructions are also processed in a sequence of pipeline stages

unique to the particular execution unit.



14 LSU 140 typically executes floating-point and fixed-point

I nstructions which either load data fromnenory or which store data to
menory. For exanple, an LSU instruction may | oad data fromeither the
data L1 cache 119 or an L2 cache 1 16 {fito selected GPRs 132 and FPRs
152. Other LSU innstructions may store data froma  selected GPR 132 or FPR
152 to the data L1 cache 119 and then tg the L2 cacgjré%v 116. The L2 cache

i ncl udes an L2 cRwngihedeid stagesseanantiahiateler; 120 §55PN¢ REMOIGat a
which is within the L2 cache. Processor 100 enpl oys bot h pipeline

and out-of -order execution of instructions to further inprove the

per f or mance instructions asepeiatecwithranei ergvote memory geidressesdram dsirusdiondec ut ed

by FXU 130, LSU 140, and FPU 150 in any order as
cache 118. Sequential fetcher 120 stores sequential instructions fetched from
instruction L1 cache 118 within instruction queue 122. Branch instructions are
removed or folded out by sequential fetcher 120 to BPU 121 for execution. BPU
121 includes a branch prediction mechanism (not shown separately) which, in one
embodiment, compriées a dynamic prediction mechanism such as a branch history
table. This branch history table enables BPU 121 to speculatively execute

unresolved conditional branch'_instructions by predicting whether or not the branch

v will be taken.



l.eng as data dependenci es are observed. Wthin individual execution units,

130, 140, and 150, instructions are al so processed in a sequence of

pi pel i ne stages uni que to the particular execution unit.

15 During the fetch stage, seqygntial fetcher 120 retrieves one or
nor e I nstructions associated with one or nore nmenory addresses from

I nstruction L1 cache 118. Sequential fetcher 120 stores sequenti al
i nstructions fet E)r\\lé'ﬂgfth&ﬁecoﬂﬁ@%‘fh staoe; dispalrh unib 134 decadesand gisnajehes

queue 122. Branch instructions are renoved or folded out by sequenti al
fetcher 120 to BPU 121 for execution. BPU 121 includes a branch
predi cti on pbepEmene insisuctionsinors épstrudtionyquensi 22 ta I5WbARS. I8WLIRE imchides a
conprises a dynam c prediction mechani sm such as a branch history tabl e.
This branch history table enables BPU 121 to specul atively execute

plurality of issue queues 134, 144, and 154, one issue queue for each execution

unit 130, 140, and 150. ISU 125 also includes circuitry for receiving information
from each execution unit 130, 140, and 150 and for controlling the issue queues
134, 144, and 154. According to the invention, instructions for each respective
execution unit 130, 140, and 150 are stored in the respective issue queue 134, 144,
and 154, and then issued to the respective execution unit to be processed.
However, instructions are dropped or removed from the issue queues 134, 144, or
154 only after the issued instruction is fully executed by the respective execution

unit 130, 140, or 150.



umresaol ved conditional branch instructions by predicting whether or not the
branch w Il be taken. ' 16
During the decode/di spatch stage, dispatch unit 124 decodes and di spatches
one or nore instructions frominstructjyon queue 122 to ISU 125. [SU 125
includes a plurality of issue queues 134, 144, and 154, one issue queue
for each execution . unit 130, 140, and 150. 1SU 125 also includes
circuitry for rebevipgdbeieresution siage, exeQionimtse1d H40s Andnko0 egsuta 40,
and 150 and for controlling the issue queues 134, 144, and 154. According
to the invention, instructions for each respective execution unit 130,
140, and 15hskustignsissueddraméheiegspective isssiegueyes id41 444, and 154. fHriwilbe
and then issued to the respective execution unit to be processed.
described below, each execution unit according to the invention may reject any
issued instruction without fully executing the instruction. However, once the issued
instructions are executed and that execution has terminated, execution units 130,
140, and 150 store the results, if any, within either GPRs 132 or FPRs. 152,
depending upon the instruction type. Execution units 130, 140, and 150 also notify
completion unit 160 that the instructions have finished execution. Finally,
instructions are completed in program order out of a completion buffer (not shown
separately) associated with the completion unit 160. Instructions executed by FXU
130 are completed by releasing the old physical register associated with the
destination GPR of the compieted instructions in a GPR rename table (not shown).
Instructions executed by FPU 150 are completed by releasing the old physical
register associated with the destination FPR of the completed instructions in a FPR

rename table (ndt shown). Load instructions executed by LSU 140 are completed

by releasing the old physical register associated with the destination GPR or FPR of



Hewever,, instructions are dropped or renoved fromthe issue queues 134,
144, or 154 only after the issued instruction is fully executed by the
respecti ve execution unit 130, 140, or 150.

17 During the execution stage, eyggcution uni ts 130, 140, and 150
execut e instructions issued fromtheir respective issue queues 134, 144,
and 154. As will be descri bed bel ow,. _each _executi on n|t a&% to the
i nventi on mibe comuletegripstrugtiongdn the\GRR oF FER W’ﬁ’f@)%fat?%l('i‘?/t

i nstruction. However, once the issued instructions are executed and that
execution has term nat ed, execution units 130, 140, and 150 store the

results, if uastyuctmnsmxewtamby L8BRi0Lae eempleted by snarkingbedinishas siesa t he
instruction type. Execution units 130, 140, and 150 al so notify
instructions as completed in a store queue (not shown). Completed store
instructions in-the store queue will eventually be written to memory.

The present invention will be described below with reference specifically to
one exécution- unit, LSU 140, along with 1SU 125 and issue queue 144. The present
invention is not limited to the particular LSU operation described below. Other LSU
pipeline stages as well as the pipeline stages performed by other execution units
are to be considered equtvalents to the illustrated exarhples.

The following illustrates the cycles of a typical LSU 140 pipeline:

Stage 0: RFL RegisterFile access cycle-read out GPR values for Load
lnstructidn opetands or receiv.e bypass data from L1 cache for operand

Stage 1: AGN Address Generation cycle — add operands together to create
Load data address

Stage 2: ACC Access cycle — L1 cache is addressed

Stage 3: RES Results cycle — L1 cache data is available

Stage 4: FIN  Finish Cycle — LSU Load Completion Signaled



conpl etion unit 160 that the instructions have finished execution. Finally,
I nstructions are conpleted in programorder out of a conpletion buffer (not
shown separately) associated with the conpletion unit 160. Instructions
executed by FXU 130 are conpleted by rel easing the old physical register
associated with the destination GPR 8P the conpleted instructions in a
GPR renane tableé;not shown) . I nstructions executed by FPU 150 are
conpl eted by rel Eigirgg? tiHstrales pagRYaMional methiad for isssing depenrpantinstryaions
destination FPR of the conpleted instructions in a FPR renane table (not
shown). Load instructions executed by LSU 140 are conpl eted by rel easing
t he .ol d phy#i aalata procassingsysiem:foe dush atpipelinedd3eferring nowdpRiguresSPRand 2
18 the conpleted instructions in the GPR or FPR renane table (not shown).
Store i nstructions executed by LSU 140 are conpl eted by marking the

fini shed st dogether, first an instruction such as a load instruction enters the LSU pipeline, via

step 202. Next, it is determined whether the instruction is a hit in the data L1 cache
119, via step 204. If the instruction is a hit then it is finished, via step 2086.

Howevér, if the instruction is not in the data L1 cache, theh the L2 tag is accessed
in the L2 cache diredtory 165 of L2 cache 116, via step 208. Next, itis determined if
there is a hit in the L2 cache 116,_via step 210. If there is a hit in the L2 cache, then
the data is accessed in the L2 cache, via step 212. The data is then placed in the
L1 reload bus 115 via the L2 reload bus 160 from the L2 c%ache 116, via step 214.
Thereafter, the LSU pipeiine is reentered and the dependent instructions are
released by the:LSU 140, vfa step 216. Thereafter, the L1 reload data is forwarded
to the LSU 140, via step 219. Finally, the instructions are finished, via step 206.
Tybically fhese instructions are finished on a cache line basis. If there is not a hitin
the L2 cache, then the next higher level of the cache hierarchy is accessed via step

220 and the L2 reload data is forwarded, via step 222. Then steps 212-218 are



lsnstructions as conpleted in a store queue (not shown). Conpleted store
instructions in the store queue will eventually be witten to menory.
The present invention will be described below with reference specifically
to one execution unit, LSU 140, al ong @/ith | SU 125 and issue queue 144,
The present invention is not limted €8 the particul ar LSU operation
descri bed below. OQther LSU pipeline stages as well as the pipeline stages
per f or med b?“ﬁbi@é’r execution units are to be considered equivalents to
the illustrated exanpl es. The following illustrates the cycles of
a typical LSU 140 pipeline:  Stage 0: RFL RegisterFile access
cycle-read out GHRevriobiem iith theatbovetidentifiect canventienalrsystem is dvatibyewailingss
data from Ll cache for operand St age. 1: AGN Address Generation cycle -
add operands together to create Load data address

to determine if the data is in the L2 cache the release of dependent instructions

: impacfs the overall performance of the processor. It has been determined that

additional cycles are required when waiting for the determination of the L2 cache.
A method and system in accordance with the present invention causes

instructions that create dependencies (such as a load instruction) to signal an issue
queue (which is responsible for issuing instructions with resolved conflicts) in
advance, thét the instruction will complete in a predetermined number of cycles. In
a preferred embodiment, referring to Figure 3, the CIU 114 will signal the LSU 140
via signal 161 that it is assumed that the instruction will hit in the L2 cache 116.
The_issue queué 144 of the ISU 125 uses the signal to issue depehdent instructions
at an optimal time. If the instrqction misses.in the L2 cache 116, the cache
hierarchy causes the instructions to be abandoned and re-executed when the data

is available.



St.age .2: ACC Access cycle - LI cache is addressed St age 3: " RES

Results cycle - L1 cache data is available Stage 4: FIN Finish Cycle -
LSU Load Conpl etion Signal ed

19 Figure 2 illustrates a convenj,jonal nethod for issuing dependent
i nstructions i'n a data processing syst for such a pipeline. Referring

now to Figures 1 and 2 together, first an instruction such as a | oad

i nstruction enterEo trecil®the ereratien of the preseapinveptiominkmore the detad E91RT ned
whether the instruction is a hit in the data L1 cache 119, via step 204.
If the instructionis a hit then it is finished, via step 206. However,

i f the instmowtwthe following distbssiomiracanjunetidrewith e acoempanyiag figtires;cessed
in the L2 cache directory 155 of L2 cache 116, via step 208. Next, it is
determned if there is a hit in the L2 cache 116, via step 210. If there
is a hit in gigard-3 isadieck dizagram of a processor in accordance with the present invention.

Figure 3 is similar to Figure 1 except for a signal 161 from the CIU 114 which at the
appropriate time causes the LSU 140 to release instructions dependent upon the
load inétruction. Accordingly, as is seen elements in Figure 3 which are similar to
the elements in Figufe.1 have the same reference numbers. Figure 4 is a flow chart
illustrating a method for issuing depe_ndent instructions in a data processing system

in accordance with the present invention.



the data is accessed in the L2 cache, via step 212. The data is then pl aced

in the

L1 rel oad bus 115 via the L2 reload bus 160 fromthe L2 cache 116,

via step 214. Thereafter, the LSU pipeline is reentered and the dependent
i nstructions are released by the LSU 140, via step 216. Thereafter, the
L1 rel oad data is forwarded to the LS@:UK) via step 219. Finally, the

I nstructions are finished, via step 206, Typically these instructions are-
finished on a cacRefeming nswste Figures Beans 4 éogﬁihela finstithe instryation enteesctine,
then the next higher level of the cache hierarchy is accessed via step

220 and the L2 reload data is forwarded, via step 222. Then steps 212-218

are

pipeline, via step 302. Nextitis determmed whethe? the inséribictidn is a hit in theThe

problemwith the above-identified conventional systemis that by waiting

data cache, via step 304. If the instruction is a hit then it is ﬁhished, via step 306.
However, if the instruction is not in the L1 cache, a guess signal 161 from the CIU
114 will be provided to the LSU which releases the dependent instructions from the
LSU 140, via step 307. This guess signal 161 is, in effect, s;;eculatively guessjng
that the instruction is a hit in the L2 cache and therefore causes the release of its
dependent instructions. Next, the L2 tag is accessed via the L2 cache directory
153, via step 308. Then, it is determined if there is a hit in the L2 caché, via step
310. If there is a hit in the L2 cache, then the data is accessed in the L2 cache, via
step 312. The data is then placed on the L1 reload bus via step 314. Thereafter,
the LSU 140 pibeline is reentered, via step 316. The L1 reload data is then
forwarded to the LSU 140, via step 318. Finally, the instructions are finished, via

step 306.



to determine if the data is in the L2 cache the rel ease of dependent

I nstructions I npacts the overall performance of the processor. It has
been determ ned t hat addi tional cycles are required when waiting for the
determ nation of the L2 cache. met hod and systemin accordance
with the present invention causes i nst¥uctions that create dependencies
(such as a load instruction) to signal an issue ueue (whic

is
responsi bl e for ifdbgidada isné@trlﬂdhe caghenh thessguessiL 2 Bitis Weerg, V'ﬁ stepddance,
that the instruction will conplete in a predeterm ned nunber of cycles. In
a preferred enbodiment, referring to Figure 3, the C1U 114 wll signal the
LSU 140 vaadéhgN@peméenttmatruq:ttonsarasaameued hdhereaftarnthernext lexelwr the hi t
in the L2 cache 116. The issue queue 144 of the |1SU 125 uses the signal
to i ssue dependent instructions at an optimal time. If the instruction
m sses i n t bach® hisxatehylisd @ccedsed; aizhstep 32 r The kigpendsrisinstnectionst aredhenns

to be abandoned and re-executed when the data
released, via step 321. Thereafter the L2 reload data is forwarded, via step 322.
Then steps 314-318 are repeated.

Accordingly, by speculatively releasing the dependent instructions, via the
guess signal prior to -knowing if the instruction is in the L2 cache, the performance of
the processor is significantly improved. A speculative guess of a hit in the L2 cache
is rel_iaple because the L2 cache is typically very large and has a high probability of
hit. On an L2 miss the instruction reenters the LSU pipeline anc_i fails to return data.
The LSU then releases any held dependent instructions.and they are then canceled.

This uses pipeliﬁe slots but the cost is very small versus the gain accomplished

when there is a hit in the L2 cache.
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I, avail abl e. . ' 21 To
descri be the operation of the present invention in nore the detail, refer
now to the follow ng discussion in conjunction with the acconpanyi ng
figures. Figure 3 is a block diagramgof a processor in accordance with
the present invention. Figure 3 is sidfilar to Figure 1 except for a
signal 161 fromthe ClU 114 which at the appropriate tine causes the LSU
140 to rel ease i Wsmetiod oropliopallydssuing instructiens thatade irelatedita & dirst
Accordingly, as is seen elenments in Figure 3 which are simlar to t he

el ements in Figure 1 have the sane reference nunbers. Figure 4 is a flow
chart i || isdtradtiondn @ detbiprdcéssing systends dligetoskeht The processingnsystema dat a
processi ng system in accordance with the present invention.

includes a primary and secondary cache. The method and system comprises
speculatively indicating a hit of the first instruction in a secondary cache and
releasing the dependent instructions. The method and system includes determining
if the ﬁfst instruction is within the secondary cache. The method and system further |
includes providing déta related to the first instruction from the secondary cache to
the primary cache when the instruction is within the s_econdary cache.

Although the present invention has been described in accordance with }he
embodiments shown, one of ordinary skill in the art will readily recognize that there
could be variations to the embodiments and those variations would be within the
spirit and scope: of the present invention. Accordingly, many modifications may be
made by one of ordinary skill in the art without departing from the spirit and séope of

the appended claims.



22 . Referring now to Figures 3 and 4 together, first the instruction
enters the pi peline, via step 302. Next it is determ ned whether the
instruction is a hit in the data cache, via step 304. If the instruction
is a hit thenit is finished, via step 306. However, if the instruction
is not in the Lt cache, a guess signal 2§61 fromthe CIU 114 will be
provided to the LSU which rel eases the dependent instructions fromthe

LSU 140, via step 307. This guess signal 161 is, in effect, speculatively
guessi ng that the instructionis a hit in the L2 cache and therefore
causes the release of its dependent instructions. Next, the L2 tag is
accessed via the L2 cache directory 156LAMIS step 308. Then, it is
detérmned if there is a hit in the L2 cache, via step 310. If there is a
hit in the L2 cache, then the data is accessed in the L2 cache, via

What is claimed is:
1. A method for optimally issuing instructions that are dependent on a

first instruction in a data processing system, the processing system including a
primary and secondary cache, the method comprising the steps of:

(a) epeculatively indicating a hit of the first instruction in a
secondary cache and releasing the dependent instructions;

(b)  determining if the first instruction is within the secondary cache;
and

(c) providing data related to the first inetruction and the dependent

instructions from the secondary cache to the primary cache when the first instruction

is within the secondary cache.

2. The method of claim 1 wherein the first instruction comprises a load

Ty

c .

instruction.



step 312. The data is then placed on the LI reload bus via step 314.
Thereafter, the LSU 140 pipeline is reentered, via step 316. The L1
rel oad data is then forwarded to the LSU 140, via step 318. Finally, the

instructions are finished, via step 38€
23 If the data is not in the L2¢ache, then guess L2 hit is wong,
via step 330. and the dependent instructions are cancelled. Thereafter,

t he next |evel of3.t he Themethohobelain Rywhereicthesyrinarneachstegimises aaeta L1
dependent instructions are then rel eased, via step 321. Thereafter the L2
rel oad data is forwarded, via step 322. Then steps 314-318 are repeated.
Accor di ngl y,caghespecul atively rel easi ng the dependent instructions, via the

4, The method of claim 3 wherein the secondary cache comprises an L2
cache.
5. The method of claim 4 which includes the ste_p of:
(d)  canceling the load instruction and its dependent instructions
when the first instruction is not within the L2 cache.
6. A processor for optimally issuing instructions that are dependent on a
first instruction comprising:
an execution unit_ for issuing instructions;
a primary cache coupled to the execution unit;

a secondary cache; and

"*+ ¢ L WM s *x



guess .signal prior to knowing if the instructionis in the L2 cache, the
per f ormance of the processor is significantly inproved. A speculative

guess of a hit in the L2 cache: is reliable because the L2 cache is -
typically very large and has a high progability of hit. On an L2 miss the
I nstruction reenters the LSU pipeline and fails to return data. The LSU

Thi s uses pipelne ol of CORITTRER IR COPIGRR VERAPOLORE. I Sgartiary

acconpl i shed when there is a hit in the L2 cache.

24 A net hod r optimally_issuing.instructions that are related to a
first inst"rﬁfi"ﬁ%’ﬁJ &?%?P%'E'Q%%ﬂcﬁ?s‘w igleEhasmuni far graviciag a sigral to the
processi ng system includes a primary and secondary cache. The nethod and

system conpri ses _ . ) o o . )
execution unit when a first instruction is not a hit in the primary cache, the signal

causing the execution unit to guess that a hit of the first instruction has occurred in

the secondary cache and speculatively release instructions that are dependent upon

the ﬁrsf instruction.

7. The prbcessor of claim 6 wherei_n the first instruction comprjses a loéd
instruction.

8. The processor of claim 7 wherein the primary cache comprises a data
L1 cache.

9. ‘The processor of claim 8 wherein the secondary cache comprises an
L2 cache.

10.  The processor of claim 9 wherein the execution unit comprises a load

store unit.

—————

) O O O



specul atively indicating a hit of the first instruction in a secondary

cache and

rel easi ng the dependent instructions. The nethod and system

i ncl udes det erm ni ng if the first instruction is within the secondary
cache. The nmethod and system further i28cl udes providing data related to

the first

I nstruction fromthe secondary cache to the primary cache when

the instruction is within the secqondary cache. Al t hough t he present

i nventi on has bedd-dedtfY$iem ﬁOHOQBE'b‘\ﬂH ginshue St%@ﬂﬁ%aﬁe%ﬂfefgm
one- of ordinary skill in the art will readily recognize that there coul d
be variations to the enbodi nents and those variations would be within the

spirit and JEgigesipictiondn @ datarocessing systemdle PERGRsSing systsMipelLeingA i ons

may ~be

made by one of ordinary skill in the art w thout departing from

the spirit and scope of t he appended cl ai ns.

primary and secondary cache, the system comprising:
means for speculatively indicating a hit of the first instruction in a
secondary cache and releasing the dependent i_nstructions;
means for determining if the first instruction is within the secondary
cache; and
means for providing data related to the first instruction and the
dependent instructions from the secondary cache to the primary cache when the
first instruction is within the secondary cache.
12.  The system of claim 1 wherein the first instruction comprises a load
instruction.
13.  The system of claim 2 wherein the primary cache comprises a data L1
cache.

14.  The system of claim 3 wherein the secondary cache comprises an L2

cache. [ —

R



25 , CLAIM5 \What is clained is:

1. A met hod for optlnally i ssuing instructions that are dependent on a
first instruction in a data processing system the processing system

i ncluding a prlnary and secondary cachg, the method conprising the steps
of : (a) specul atively |nd|cat|ng a hit of the first
instruction in a sec?Rdar cache and r Wﬁasm t he dependent

i nstructions; e system gf claig & WPIGNINEIYEeS: the first instruction is
wi t-hin the secondary cache; and (c) provi di ng data
related to the first instruction and the dependent instructions fromthe
secondary cache to thengansdpycanealiagihedoadwstruetion pndits dapendent instructions

when the first instruction is not within the L2 cache.

* c L ] S *



i.s within the secondary cache. 2. The method of claim 1 wherein
the first instruction conprises a load: .- instruction.
26 3. The nethod of claim2 wherein the primary cache conprises a
data L1 cache. 4. The nmethod of claim3 wherein the secondary
cache conprises an L2 cache. ¢ 5, ° The method of claim4 which
I ncl udes the step of: (d30 canceling the load instruction
and its dependent instructions when the first instruction is not within
the L2 cache. _
A METHOD AND SYSTEM FOR OPTIMALLY ISSUING DEPENDENT
INSTRUCTIONS BASED ON SPECULATIVE L2 CACHE HIT IN A DATA
PROCESSING SYSTEM
ABSTRACT
A method for optimally issuing instructions that are related to a first instruction in a data
processing system (100) including a primary (118) and secondary (116) cache is disclosed.
The method and system (100) comprises speculatively indicating a hit of the first
instruction in a secondary cache (116) and releasing the dependent instructions. The
method and system (100) includes determining if the first instruction is within the
secondary cache (116). The method and system (100) further includes providing data
related to the first instruction from the secondary cache (116) to the primary cache (118)
when the instruction is within the secondary cache (116). A method and system in
accordance with the present invention causes instructions that create dependencies (such as
a load instruction) to signal an issue queue (144) (which is responsible for issuing

instructions with resolved conflicts) in advance, that the instructions will complete in a

predetermined number of cycles.

Fig 3



6. A processor for optimally issuing instructions that are dependent on a

first instruction conprising: an execution unit for issuing
i nstructions; a primary cache coupled to the execution unit;
a secondary cache; and 1/4. 27
a core interface unit coupled to the primary cache, the secondary anche
and the execution unit, the core interface unit for providi to
the ex&cution unit when a first instruction is not a hit n,fh nrl ry
cache, the ssignal causing the execution unit to guess t hit of|the
first ingtrjuctpn has occurred in the secondary cache and sEEculqgiVely
rel ease i II§tructions that are dependent uﬁon O NSl NS
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the first instruction. 7. The processor of claim®6 wherein the
first instruction conprises a |oad I nstruction. 8. The
processor of claim7 wherein the primary cache conprises a data Li cache.
9. The processor of claim3$8 wherein2 he secondary cache conprises an L2
cache. 10. The processor of élain19 wherein the execution unit
conpri ses a | oad store unit. _ 11 28
11. A system flor Ial I-y_isgui ngli nstructions that are dependent on a
first iﬁé@%uﬁTTon ﬁﬁﬁéggﬁﬁéﬁpﬁbaéssing system the processing system

i ncluding a | '

204
Ll . . .
Hit ? > Finish L_—~206
N

208——~ L2 Tag Accessed

o| AccessNextLevel | 220
Cache Hierarchy
A
: Forward L2
212 —— Access Data in Reload Data ~ 222
L2 Cache

-
Y

——~  PlaceDataon Ll
214 Reload Bus

Y

LD1 Reenter LSU
216~ Pipeline and Release
Dependent Instructions

Y

219 ——~ Forward L1 Reload Data

Y

206 ~ Finish . ' FIG 2




primary and secondary cache, the system conprising: means for
specul atively indicating a hit of the first instruction in a secondary
cache and rel easi ng the dependent instructions; means for
determining if the first instruction4; wthin the secondary cache; and
means for providing data related to the first instruction and the o
dependent instructions fromthe secondary cache to the pri “Tachemhen
t he fir§instruction is within the secondary cache. 12.{ The
syst em of chalqk> wherein the first instruction conprises +Hoat
|nstruct|q:D 13.- The system of cl ai rein the| pr ry Sa:he
conpri ses ata L1 cache. 5 (n-g N5
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14! The systemof claim3 wherein the secondary cache conprises an L2
cache. 29 15. The
system of claim4 which includes: means for canceling the
| oad instruction and its dependent instructions when the first
Instruction is not wwthin the L2 ggg&e.
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