1 . PLPELI NE PROCESS OF | NSTRUCTI ONS | N A COVPUSFER SYSTE HELDy OF THE

_‘hNVENIICN The present invention félates to nicrg recessors,

- md nore specifically to a superscalar n1croproees\pr per form ng plpellned
é%ecutlon of instructions. BACKGROUND OFTHE | NVENTI ON The
function of a mcroprocessor is to execute prograns. Prograns conprise a

~group of instructions. The processor fetches and executes the instructions
frommenory or a known storage |ocation. The processing of the single
i nstructi oprpeaRebepROYESted |Gt OINSBURITRONS DA QNP $HESYsTRIM St ages:

I nstructions nust be fetched, instructions nmust be decoded, the operands
nmust be assenbl ed, the specified operation nust be perfornmed, and the
results nmust be witten into their destination. The processing of

i nstruct i cASLD OKDHETVERTIdY a periodic clock signal, the period being the .

processor cycle tine.

The present invention relates to microprocessors, and more
specifically to a superscalar microprocessor performing pipelined execution of

instructions.

BACKGROUND OF THE INVENTION

The function of a microprocessor is to execute programs.
Programs comprise a group of instructions. The processor fetches and
executes the instructions from memory or a known storage location. The
_ processmg of the single instruction can be divided into several distinct steps
or stages 1nstruct10ns must be fetched, instructions must be decoded, the

‘e

B operands musfe be assembled the specified operation must be performed and

“the results must be written into their destination. The processing of

vz > _y »,

,./'"

.. ms-t-mc_hQnS.Jsr..controlled by a periodic clock signal, the period being the

processor cycle time. |

Processor performance can be improved by reducing the time it
takes to execute a program'. One technique for increasing the performance is
by overlapping the steps involved in executing several instructions. This
technique is called pipelining. Each step in the pipeline completes a portion
of the execution of an instruction. Each of the steps in the pipeline is called a
pipe stage. Each pipe stage is separated by clocked registers or latches. The
steps required to execute an instruction are executed independently in
different pipeline stages provided that there is a dedicated part of the

processor for each pipe stage. The result of each pipeline stage is



Processor performance can be inproved by reducing the tine it takes to
execute a program One technique for increasing the performance is by
ower | appi ng the steps involved in executing several instructions. This

~ technique is called pipelining. Each step in the pipeline conpletes a

" pobrtion of the execution of an instruction. Each of the steps in the
.pipeline is called a pipe stage. Each Dpipe stage is separated by cl ocked
registers or latches. The steps required to execute an instruction are

execut ed i estapridentd Yo itRe nektf pipelné spigeealih Nke ségiges bprosdrded $thpés.t here is
a dedicated part of the processor for each pipe stage. The result of each
pi pel i ne sh&heugh pipelining does not decrease the total amount of time required 2o

comuni cated to the next pipeline stage via the register between the
stages. Aéxdeateybn phgisldtionng diwesedote tecrwasge thmbrovakydepuequiodd to me
required to execute an instruction, it does reduce the average nunber of
cycl es reqeracate & prograaahye parmring dhe phyceseamtothindje merepghetew®or to

handl e nore than one instruction at a tine. Super scal ar

pr ocessor siNS§¥GHOMAttT BMe- i nstructions at a time. In

Superscalar processors issue multiple instructions at a time. In
this manner, a processor with multiple execution units can execute multiple
instructions concurrently. This type of superscalar processor performs
concurrent execution of instructions in the same pipeline stage, as well as

+ concurrent execution of instructions in different pipeline stages. One basic
design approach is to have separate integer and floating-point execution
units, such that there are separate integer and floating-point pipél'mes.

On a conventional microprocessor'architecture, instructions
written by the programmer in a certain sequential order must be completed in

;  precisely that order. Although employing a superscalar execution unit
potentially provides the capability to execute more than one instruction in
parallel, any given sequence of instructions may not be able to take advantage
of this capability. A sequence of instructions for execution by a
microprocessor are not independent of one another. Consequently, although

) a microprocessor may provide the capability to exécute more than one
instruction concurrently, interrelationships within the sequence of
instructions prevents some instructions from being executed concurrently. In
addition, techniques for decoding and executing instructions may limit the
ability of the processors to discover instructions that can be executed

i concurrently.

Instruction para'llelism in a computer program is defined by the

average number of instructions that a superscalar microprocessor executes



this manner, a processor with nultiple execution units can execute nmultiple
instructions concurrently. This type of superscal ar processor perforns
concurrent execution of instructions in the sane pipeline stage, as well as
concurrent execution of instructions in different pipeline stages. One
basi c design approach is to have separate integer and floating-point
execution units, such that there are sSeparate integer and fl oati ng-point
pi pel i nes. On a conventional m croprocessor architecture,
instructions witten by the programmer_in a certain sequential order nust
be conpleted in precisely that order. 3l t hough enpl oyi ng a superscal ar
execution unit potentially provides the capability to execute nore than
one i nst r wSAicerrently. par ey givenasggughvea! ssquetioasonstmstipncparetelismy not be-
able to take, advant age of this capability. A sequence of instructions for
execut i on Byimitedpy thproErarn! Ere dgpendenisigsadems oY themsequeacnef .
Consequent |y, al though ..m cr.oprocessor [ provjde the capability to
execut e noFEIHAR N aiia’sfl%é’f‘ tB‘i‘Ftt%hEiﬁaﬂg%?rFV? lirmt%cﬁ o) élei onshi ps wi thin
t he sequence of instrc}lcti ogzﬂ_rr.ev&pts sonme instructi.ons from being
execut ed COHEOPTAREIAF. d4eto qeSHPt POSERIF QRERRH Y. dekd &t iRdhd execut i ng
| nstruct i ong, By kit 408 880! L Of Lhe PRocssa gt ant Soilis ARURT
instructi o@nsr_ Bt SRR B execy edp_ EETE _r?eanFys. 1ty OFthRst ruct i on
paral | el i syl-0csBr 69T £4v 2L B S irflSUNBH W alidlfem. Consequently,

machine parallelism is limited by the processor's ability to fetch, execute and

determine the instruction parallelism. The amount of instruction

parallelism, and potential machine parallelism, is dependent upon the

particular computer program, such that some programs provide a high degree

of instruction parallelism, while others provide limited amounts.

Consequently, it is desirable to detect and utilize the instruction parallelism

so as to provide increased throughput of instructions.



average nunber of instructions that a superscalar m croprocessor executes
3 concurrently. In any given sequence of instructions, instruction
parallelism is |limted by the nunber of true dependencies existing in the
sequence of instructions. In addition, instruction parallelismis |imted
by the microprocessor due to |atencies of processor operations. The
machine parallelismcontained within a processor is a neasure of the
ability of the processor to take advamM age of the instruction parallelism
Consequently, nmachine parallelismis limted by the processor's ability to
fetch, execute and determ nuMarRNSIFE InoENgam®l | el i sm The anount of
instruction parallelism and potential machine parallelism is dependent
upon the particul arA gopplited npthgd doy esecubinghiabtraoti@engpirograampyeovi de a

hi gh. degree of instruction parallelism while others provide limted
amounts. Sokseduersinbed.t The plesintdbventian detedts prodidinigl mzdtiplee

I nstruction parallelism so as to provide increased throughput of

i nst ruct i oimstructions as a continuous stream of operations. This stream of operations

is provided in program order. In one embodiment, the stream of operations
is provided by performing an instruction cache-fnemory lookup to fetch the
multiple instructions, performing instruction length decoding onthe
instructions, rotating the instructions, and decoding the instructions. The
present invention also performs register renaming, allocates resources and
sends a portion of each of the operations to a buffering mechanism (e.g., a
reservation station). The instruction cache memory lookup, instruction
length decoding, rotation and decoding of the instructions, as well as the
register renaming, are performed in consecutive pipestages.

The present invention provides for executing the instructions in

.+ an out-of-order pipeline. The execution produces results. In one
em't;odiment, the instructions are executed by determining the data readiness
of each of the operations and scheduling data ready operations. These
scheduled data ready operations are dispatched to an execution unit and
executed. The results are written back for use by other operations or as data
) output or indication. The determination of execution readiness, the

dispatching and the execution., and writeback, are performed in consecutive
pipestages.

The present invention also provides for retiring each of the

continuous stream of operations in such a manner as to commit their results

i

to architectural state and to reestablish sequential program order.



4 SUWMMARY OF THE | NVENTI ON A
pi‘pel i ned nmethod for executing instructions in a conputer systemis

. described. The present invention includes providing nmultiple instructions
as: a continuous stream of operations. This stream of operations is
provided in programorder. In one enbodi nent, the stream of operations is
provi ded by performng an instruction cache nenory | ookup to fetch the

mul tiple instructions, performng instryction |ength decoding on the
instructions, rotating the instructionsy and decoding the instructions. The

present invention also perforns register renamng, allocates resources and
sends a portion of ehBf P5EsentENVRIEION FEMRZASANG SRSt ¢eSHECA2ORNRIIBA ge. 9., a

reservation_ station),. The.instruction cache nenory. | ookup, instruction
oot b oo Bite. St el harseniion 07 £ AR TRIRIhonS i ot BRAGHTT 90 (e
regi ster renam.ng,.. are formed | n i i pest ages. :
ThglpresenPOFﬂééﬁfFﬁﬁeﬁggé?ﬁggl.8#%8§§8ﬁ§ﬁ%é&¥§gy:gstrugtions in



an out-of-order pipeline. The execution produces results. In one

enbodi nent, the instructions are executed by determ ning the data readi ness
of each of the operations and scheduling data ready operations. These
schedul ed data ready operations are dispatched to an execution unit and
eXecuted. The results are witten back for use by other operations or as
data output or indication. The determgnation of execution readiness, the
di spat ching and the execution, and witeback, are perforned in consecutive
pi pest ages. ﬁﬁﬁ;@g&ﬁ%bnwwﬂm@w provides for retiring
each of the «continuous streamof operations In suc%"a manner as to. comm t
their results to architectural state and to reestablish sequential program
or der. ' . 5 The
present invention anmhangeseritiavehens ivREGHRRIbARAUEC] BidmBle Mot ne, such
that the execution of nultiple instructions, each at various points inits

execut i on,limaed pyobesis oot titn et pyanying drawings in which like references

indicate similar elements.

Figure 1 illustrates a block diagram of a superscalar and
superpipelined microprocessor performing speculative and out-of-order
dispatch and completion configured in accordance with one embodiment of
the present invention.

ngeibaﬂodegmmim§hnmganmmmimrmegnmﬁcr
of the present invention. |

Figure 3 illustrates a set of pipeline stages that define a deeply
pipelined processor configured in accordance with one embodiment of the
present invention. |

Figure 4 illustrates a block diagram of an instruction fetch unit
configured in accordance with one embodiment of the present invention.

Figure 5 illustrates the operation of the instruction fetch unit in
one embodiment for a pipelined processor of the present invention.

Figure 6 illustrates a block diagram of a branch target buffer
configured in accordance with one embodiment of the présént invention.

Figﬁre 7a illustrates a prediction pipeline in the branch target
buffer for one embodiment of the present invention.

Figure 7b illustrates a branch target buffer allocation pipeline
configured in accordance with one embodiment of the present invention.

Figure 7c illustrates a branch instruction pointer table write
pipeline configured in accordance with one embodiment of the present

invention.



6 BRI EF DESCRI PTI ON OF THE DRAW NGS The

present invention is illustrated by way of exanple and not I|imted by the
figures of the acconpanying drawings in which |ike references indicate
si.mlar elenents. Figure 1 illustrates a bl ock diagram of a

sUperscal ar and super pi pel i ned m croprocessor performng specul ative and
out - of -order dispatch and conpletion gonfigured in accordance with one
enbodi ment of the present invention. Figure 2 is a flow

diagram i1} ustrat| g guftPHd Sl Ald 16 RAESRPL AL LA BEESRNNCAvent T on.

Figure 3 illustrates set of pipeline st t hat ne a
pi pel i ned Jor¢ ‘t‘g%§éd)rm%@EﬁﬂdﬁHE@%tH‘oﬂQ%ﬁ{H@?ﬁ\%n\M&*%hé’ %efeaﬁgqﬁvgﬁga of the
a

present inven Figure 4 illustrat I agram of an.
Instruction fetch umigurec®ilfusttateta blbcRIM AN 6E atiihitr@ftoreabQFeNt of the
present invention. Figure 5 Tllustrates the operation of the

i nstructi aonfiguedd iRiakcdrdance with one embodiment of the present invention.

Figure 9 illustrates pipeline stages for the instruction decoder
functions configured in accordance with one embodiment of the present
invention.

Figure 10 illustrates the operation of a micro-instruction
sequencer in one embodiment of the processor pipeline of the present
invention.

Figures 11a-b illustrate the operation of a branch address
calculator for one embodiment of the pipeline processor of the present
invention. |

Figure 12 illustrates a high level block diagram of a register alias
table and functional blocks that interface with the register alias table
configured in accordance with one embodiment of the present invention.

Figure 13 illustrates the operation of the register alias table in
one embodiment of the pipeline processor of the present invention.

Figure 14 illustrates a block diagram for a reservation station
configured in accordance with one embodiment of the present invention.

Figure 15 illustrates pipeline stages involving the reservation
station configured in accordance with one embodiment of the present
invention.

Figure 16 illustrates a block diagram of a reorder buffer
configured in accordance with one embodiment of the present invention.

Figure 17a illustrates the processor pipeline stages, emphasi;zing

the involvement of the reorder buffer.



one enbodi nent for a pipelined processor of the present invention.

Figure 6 illustrates a block diagramof a branch target buffer configured
i n accordance with one enbodi nent of the present invention.

Figure 7a illustrates a prediction pipeline in the branch target buffer
for one enbodi ment of the present invention. Figure 7b
illustrates a branch target buffer. allocation pipeline configured in
accordance with one enbodi nent of the present invention.

Figure 7c illustratés a branch instructgon pointer table wite pipeline
configured in accordance with one enbodi nent of the present invention.

or dance i t venti o
pipeline conti gur o B Gal IEnERLE ek BB QukEr ARl PHRCR] dBRRESHN ' ©

i nvent i on. gxecute piveline staﬁlgg_gure 8 illustrates a bl ock diagramof an
I nstruction éeco%gr configured in accordance with one enbodi ment of the

present invention. Figure 17c¢ illustratéOitHeSinYolvehvsititiRe BbREI BGSt ages for
the instruction decodér functions configured in accordance wth one
embodi mentd@fing ke RERERMANE pipeline stages.
' Figure 18 illustrates a data flow example for processing a logical
micro-op in accordance with one embodiment of the present invention.

Figure 19 illustrates a data flow example of dispatching a physical
micro-op from the reservation station in accordance with one embodiment of
the present invention. |

Figure 20 illustrates a second data flow example for processing a
logical micro-op in accordance with one embodiment of the present
invention.

Figure 21 illustrates a data flow example of a result data write
back from the execution cluster configured in accordance with one
embodiment of the present invention. |

. . Figure 22 illustrates data flow a retirement function configured
in accordance with one embodiment of the present invention.

Figure 23 illustrates an integer execution unit operation within
one embodiment of the processor pipeline of the present invention.

Figure 24a illustrates the address generation unit address
calculation pipeline stages configured in accordance with one embodiment of
the present invention.

Figure 24b illustrate-s one embodiment of pipeline stages for the
segment load operations occurring in the address generation unit.

Figure 24c illustrates the address generation unit control register

operation pipeline stages.



I nventi on. Figure 10 illustrates the operation of a
m cro-instruction sequencer in one enbodi nent of the processor pipeline of

the present invention. Figures 1la-b illustrate the
operation of a branch address calculator for one enbodi nent of the
pi pel i ne processor of the present invention. Figure 12

illustrates a high level block diagramof a register alias table and
functional blocks that interface with the register alias table configured
in accordance with one enbodi ment of tlife present invention.

Figure 13 illustrates the operation of the register alias table in one
- enbodi ment of the piFpgtents phstmasesor blsickidiegiarme sbatmemosninterface unit
Figure 14 illustrates a block diagramfor a reservation station configured:

i n accor d4ABEZWFEh HAECUABBER HaHt OBe aPMRedimest Rt the paptensinvention.

conf1 gured i " accor SLHGE 413 1 Ustie aiDBa HEAPEET [Amgedpas SHEVRWent | on. |

S 10 e 2Rl RS BlafhcRper Sutfer conlaured i

Figure 17a i1l ustraigs, (e Daces ol bl BRI D5l a8R%p S IRERS #Ad L
processor pipeline. '

Figure 26c illustrates the store to memory operation in the
processor pipeline of the present invention.

Figure 26d illustrates a ﬂoating_ point read only memory read
operation within the processor pipeliné of the present invention.

Figure 27 illustrates the operation of the floating point execution
unit in the processor pipeline including the interaction with micro-op
dispatch and writeback.

Figure 28 illustrates a block diagram of a data cache unit
configured in accordance with one embodiment of the present invention.

Figure 29 illustrates the operation of the data cache unit in one
embodiment of the processor pipeline of the present invention.

Figure 30 illustrates the function of the memory order buffer
during the execution phase of the pipeline configured in accordance with one
embodiment of the present invention.

Figure 31 illustrates the external bus logic configured in
accordance with one embodiment of the present invention.

Figure 32a illustrates a pipestage diagram for external bus logic
read transactions.

Figure 32b illustrates a partial pipestage diégram for external bus

logic write operations.



8 Figure 17b illustrates the reorder buffer involvenent
during the execute pipeline stages. Figure 17c illustrates
the invol verent of the reorder buffer during the retirenment pipeline

st ages. Figure 18 illustrates a data flow exanple for
processing a | ogi cal nlcro op in accordance with one enbodi nent of the
present invention. ~Figure 19 illustrates a data flow exanple
of dispatching a physical mcro-op fromthe reservation station in
accordance with one enbodi rent of the present invention.

Figure 20 illustrates a second data fl ow exanple for processing a | ogical
m cro-op in accordance with one enbodi ndnt of the present invention.
Figure 21 illustrates a data flow exanple of a result data wite back from
the execution cl ust eFigueaBsglusdates ticoperdton &fwhé broesorcvdatdideesis of the
present invention. " Figure 22 illustrates data flow a
retirenent ldgindt it pommebsayupipdline.

Figure 34 illustrates a high level block diagram of a compﬁter

system configured in accordance with one embodiment of the present
»  invention.

Figure 35a illustrates the hierarchical structure of the UNIX®
operating system operating in conjunction with one embodiment of the
present invention.

Figure 35b illustrates the hierarchical structure of the

1 Windows™ operating systerﬁ operating in conjunction with one

embodiment of the present invention.



I n accordance with one enbodi nent of the present invention.
Figure 23 illustrates an integer execution unit operation within
enbodi ment of the processor pipeline of the present invention.

Figure 24a illustrates the address generation unit address

pi pel i ne stages configured in accordance with one enbodi nent of
present invention. Figurey 24b illustrates one enbodi nent of
pi peline stages for the segnment |oad operations occurring in the address
generation unit. ' U 026 b Hekr ates the address
unit control register operatlo pi

Fi gure 25 |IIustrates a bl ock d| agram of a nenory interface

9
unit

configured in accordance with one enmbodi nent of the present

one

cal cul ati on

t he

generation

i nventi on. Memodflaﬂara%g%%ub |fblu§tsﬁ§éx%§a19t BRY sUBe g% geﬁﬁeé or the

| oad conversion operation per

med in the nenory inteff unrt

Fi gulr e 26tprlokéssaf batfesmile bethosfReca MR &IDBuLHES AldralispttRiaRdt he
pi pel i ne.

completion are disclosed. In the following description, for purposes of

explanation, specific nomenclature is set forth to provide a thorough

processor

understanding of the present invention. However, it will be apparent to one

skilled in the art that these specific details are not required to practice the

present invention. In other instances, well known circuits and devices are

shown in block diagram form to avoid obscuring the present invention

unnecessarily.

Qverview of the Processar:

The processor of the present invention comprises a superscalar

and superpipelined processor performing both speculative execution and
of-order dispatch and completion of instructions. For purposes of

explanation, the processor of the present invention is divided into an in-

Sut-

order portion and an out-of-order portion. The out-of-order portion of the

processor of the present invention performs out-of-order dispatch of

instructions for execution in an appropriate execution unit. Consequently,

because the instructions are dispatched out-of-order, instructions complete

out-of-order. The out-of-order dispatch and completion permit parallelism in

executing instructions, thereby increasing performance.

In order to achieve increased performance from the out-of-order

dispatch and completion operation in the processor of the present invention,

an execution unit permitting parallel processing of instructions is desirable.



T~

Figure 26c¢c illustrates the store to nenory operation in the processor

pi pel ine of the present invention. Figure 26d illustrates a
floating point read only nmenory read operation within the processor .
pi peline of the present invention. Figure 27 illustrates the

operation of the floating point execution wunit in the processor pipeline
I ncluding the interaction with mcro- o& di spatch and writeback.
Figure 28 illustrates a bl ock diagram a data cache unit configured in
accordance w th one enbodi ment of the present invention.
Fi gure 29 Iniongsembpdimeneobpe prgsent Brveptendsheexetahionumnit i$ n one
enbodi nent of the processor pipeline of the present invention. |
Fi gure 30 SHPRiRsRlagt ekhe reperasade execytiopinihEpBRnorddtPBLABEMmetiur i ng t he
execution 8hase .of tQ@@)ﬁi’Pel i ne _co figur ed in accordance with one
enbodi mentlO&K YHE Whledent ThngupgTperiar Sxecution unit suppqrdsy,he a4t-pl-prdarr at es
t he external t{lrji Iagi C Cf)[tlf [ gouredt.i n ccordance with Oél.e enboﬂi nent of the
present i MfeRftFoANd completion®operatiqn, gf thesprocessor &y BRIV Rgparalelsfe di agr am
for external,bys | ogi read tranpsactiaons, . Figure 32b
i llustratés tgagg}qrfegc;h%&%gsgoaragugaﬁg&glﬁ_yf%q;uéﬂrgp“aqxe%y.l ogic wite
operations. In order to support the out-of-order portion of the processor, the

present invention includes speculative execution in the in-order portion of

the processor. The implerﬁentation of speculative execution permits the in-

order portion of the pfocessor to provide a continuous stream of instructions

to the out-of-order portion. The use of speculative execution increases

available parallelism in the execution unit. In order to implement

speculative execution, the processor includes a branch prediction mechanism

- for branch instructions.
In one embodiment, the processor of the p.resent invention is

implemented as a superpipelined processor. In a superpipelined processor,

the processing stages of the pipelined processor are divided into several

different substages. The superpipelined processor the present invention

implements more pipestages than a conventional pipelined pr'ocessor.

However, for the superpipelined processor of the present invention, the

processor is constructed to perform less work per clock stage than a

conventional pipeline processor. To further benefit from the superpipelined

implementation, the present invention processor operates at high clock

frequencies. In addition, the superpipelined processor provides good branch

prediction that is necessary in a processor implemented with a deep pipeline

to reduce penalties cased from an incorrect branch prediction.

The in-order portion of the processor is constructed to issue a

N

steady flow of instructions to support the out-of-order portion of the



10 . Figure 33 illustrates the operation of the processor
backside bus 1logic in the processor pipeline. Figure 34
illustrates a high | evel block diagramof a conputer system configured in
accordance wi th one enbodi ment of the present invention.

Figure 35a illustrates the hierarchical -structure of the UN X operating
system operating in conjunction with e enbodi nent of the present
i nventi on. Figure 35b illustrates the hierarchical structure

g‘;m;gieng";]?s‘i@&%cﬁr; rﬂnr %2%%?5 Iaggoéﬁi!ﬁ%hﬁFHiQPfs&?iﬂé‘&-&fhe‘i%r%ﬁtdf%eWi th one
processor supports speculative execution via branch prediction for branch
instructions. The in-order portion of the processor of the present invention
supports renaming of resources, known as register renaming. As is explained
more fully below, the use of register renaming permits more parallel
execution of instructions than a processor without register renaming. In
addition, the in-order portion of the processor re-imposes the original
program order of instructions after the instructions are executed, potentially
out of the original program order. Furthermore, for an implementation
supporting the Intel® microprocessor architecture, the in-order portion of the
processor maintains a precise fault model.

The memory subsystem of the présent invention provides
appropriate bandwidth to support the out-of-order portion of the processor.
Because the processor of the present invention supports out-of-order dispatch
and completion, the memory subsystem enforces ordering to maintain data
inte-grity in the. memory system. For example, a first store operation cannot
pass a second store operation if the first store operation came before the
second store operation in the original program order. In addition, the
memory subsystem of the present invention supports speculative execution,
such that speculative store operations are not executed.

Figure 1 illustrates a block diagram of a superscalar and
superpipelined microprocessor performing speculative and out-of-order
dispatch and completion configured in accordance with one embodiment of
the present invention. A processor 100 may be compatible with, but not
limited to, microprocessors such as an Intel® Architecture Microprocessor,
manufactured by Intel Corporation of Santa Clara, California, the corporate

assignee of the present invention, PowerPC™, Alpha™, etc. For the



DETAI LED DESCRI PTI ON Met hods and apparatus for a superscal ar
and super pi pelined processor perform ng both specul ati ve and out - of - or der
di spatch and conpletion are disclosed. In the follow ng description, for
pur poses of explanation, specific nonenclature is set forth to provide a

t horough understandi ng of the present invention. However, it will be
apparent to one skilled in the art that these specific details are not
required to practice the present invegtion. I n other instances, well known
circuits and devices are shown in bl odR diagram formto avoid obscuring

the present jnvention unnecessaril 3& Overvi ew of the Processor:
The pr oces¥BPogimentdllysaated: i higarie ilo e Bhprdes 01508 Ridhe Papsgssonmed

of "or fer - ciSSTHIERRIRS BoRgH LTS n R B whridt g PR PESEE B
O o LS ES licPta i BER I shaNERL T Eafia ot 20 o
processor pfg L& RIE A el TS MILR RERES BFe? Whirfdl 186 98k S0REEN O
memory cluster 120. In addition, the bus cluster 110 provide an interface for
external operations, and the memory cluster 120 provides the memory
subsystem for the processor 100. |
The instruction fetch function of the present invention fetches a
continuous flow of instructions including providing branch prediction to
support speculative execution in the précessor. In one embodiment of the
present invention, the instruction fetch function is implemented with the
instruction fetch cluster 122 comprising an instruction fetch unit (IFU) 122. In
addition, branch prediction is implemented, in part, with a branch target
‘buffer (BTB) 124 as shown in Figure 1.
The processor 100 contains an issue cluster 114 as shown in
Figt.lre 1. In general, the issue cluster 114 receives instructions from the .
instruction fetch cluster 112, and prepares the instructions for the out-of-order
cluster 116, execution cluster 118, and memory cluster 120. The issue cluster
114 is the last functional cluster within the in-order portion of the processor
100. The issue cluster 114 includes an instruction decoder (TD) 126, a
microinstruction sequencer (MS) 130, a branch address calculator (BAC) 128, a
register alias table (RAT) 132, and an allocator (ALLOC) 134. The issue cluster
114 converts a stream of macro instructions into micro instructions or micro
operations {micro-ops) in the ID 126. In one embodiment, the ID 126 decodes
macro instructions compatible with the Intel® Architecture Microprocessor..

However, the ID 126 may be constructed to decode instructions for any CISC



I nstructions for execution in an appropriate execution unit. Consequently,
because the instructions are dispatched out-of-order, -instructions conpl ete
out - of -order. The out-of-order dispatch and conpletion permt parallelism
in executing instructions, thereby increasing perfornmance.

In order to achieve increased performance fromthe out-of-order dispatch
and conpl etion operation in the proceS@gr of the present invention, an
execution unit permtting parallel proctessing of instructions is desirable.

12 1In one e di rent of the present invention, the ex tiopn unit is
super scal &*. Iu‘ssﬁfﬁ’ér“%aﬂe&rmg&’é}é% i%b‘ﬁ NGk ihtm‘é‘%ﬁ‘nf%E%V eﬁﬁf—‘? Tpﬁé’lﬁﬁﬁi\&t hneti c
logic units (AL . Jhe superscal ar .execution unit supports the

ou?- of - or (fé‘f'"( Wd#ﬁ&‘ét@ﬁ‘(”&ﬁtﬁ&&ﬁbf PRy r%&PPSr‘??d#‘e ﬂ‘l‘n@éjrﬁf%essor by
providing paralleli . rwcrtohu%g* mr e t han. one, coy Llutrat i gntr[rg%/ ccur _

si nul t aneousl y. TRCe a1 I iEiosodR f1oYs Btder porti on
of the progessqQr ent.;. | nfion ingludes specul ative.execution in
the in- (F;r d‘gerca‘%%‘rgf it%%%})% %fﬁseu%lrl%é(ae/gos%é_ﬂug?ﬁ%&}en&ag??eﬁ\sgtﬁc Aot I"épe_cul ative
executi on HELINT el BRCI 195 callifibs BRIdchMrgdh allFesBELERIIUn pALLYI e 2

conti nuous® stream of T nstructions
from the BTB 124, and the RAT 132 performs register renaming by mapping

logical registers to physical registers in the ROB 136. The ALLOC 134 assigns
and tracks resources for operation for the out-of-order cluster 116 and
memory cluster 120.

The out-of-order cluster 115 contains the reservation station (RS)
138 and reorder buffer (ROB) 136 as shown in Figgre 1. The ROB 136 indudes
a real register file that defines the architectural register set for the
microprocessor. In one embodiment, the architectural register set is
compatible with the Intel® Architecture Microprocessor. However, the
architectural register set may be compatible with any microprocessor,
incl.uding but not limited to PowerPC™, Alpha™, etc., without deviating
from the spirit and scope of the invention.

In general, the out-of-order cluster 116 receives micro-ops from
the issue cluster 114. The out-of-order cluster 116 merges the in-order stream
of micro-ops with corresponding source data provided by the ROB 136 and
captured in the RS 138. The processor of the present invention utilizes a data
flow architecture. In order to implement the data flow architecture, the out-
of-order cluster 116 performs a ready/schedule, dispatch, and retirement
operations. In order to perform the ready/schedule function, the RS 138
‘identifies all ready to execute micro-ops, and selects certain micro-ops for
dispatch to the execution cluster 118. The micro-ops are executed in an

execution unit in the execution cluster 118, and result data is written back to

TN



to the out-of-order portion. The use of specul ative execution increases
avail able parallelismin the execution unit. In order to inplenent
specul ati ve execution, the processor includes a branch prediction mechani sm
for branch instructions. I n one enbodi nent, the processor of
the present invention is inplenented as a superpipelined processor. In a
super pi pel i ned processor, the processi,ng stages of the pipelined processor
are divided into several di fferent su&gtages The super pi pel i ned processor

h I h [ I
bi pel i ned MAtYeaer 2 el . (1 FRE @épes‘lt@%p BB 5POCERsor of the
' d. o] I k
Gl ook st agh TREN S IQ%B%S@I"?%%Z*W efltRR LB L P e Ral brafiner 11

fromthe s p(ﬁ{pl pel i ned inplenent at ion, the present invention processor
operates a |gh clock frequencies. In addition, the superpipelined

pr ocessor provi des ggog ARGl REPHELsLOp fhRalord ArPRASSRBNNIM q pr0CessOr

inpl enented with a deep pipeline to reduce penalties case

incorrect Prarchinreshiedl @lormation is written anﬂ%cb@g%égrlﬁo&ItI@Q a I:I e
processor is constructed to I ssue a steady flow of instructions to Support
the out - of ageRted Ryt Bfclédred. For each micro-op, an op code, source data,
source/destination addresses, and other control information are written into
allocated RS 138 entries. Source data for the execution units originates from
either the ROB 136 or a real register contained within the ROB 136 functional
unit. Consequently, source data entries in the RS 138 contain a bit to identify
whether the source data is stored in the ROB 136 or in the real register file.
The validity bit in the ROB 136 indicates whether the corresponding source
data entry is valid.

Specifically, in order to schedule micro-ops for the execution
units in the execution cluster 118, the RS 138 ascertains which micro-ops are
data ready by evaluating a corresponding data valid bit for each source data.
The RS 138 then determines availability of execution units for data ready
micro-ops, and schedules the micro-ops based on a priority pointer. For the
scheduled micro-ops, the RS 138 dispatches the micro-ops and associated

) source data to the appropriate execution unit.

‘Upon completion of execution of micro-ops in the exécution
cluster 118, the execution units transmIt pointer addresses to the ROB 136
prior to writing the actual result data. The pointer éddresses identify ROB 136
entries that are the destinations for the writeback data results. Subsequently,

;  the execution unit writes result data to the specified ROB 136 entry. The RS
138 snoops a write back bus 139 so as to capture data required for other micro-

ops.



13 processor. In order to acconplish this task, the in-order portion of
the processor supports specul ative execution via branch prediction for
branch instructions. The in-order portion of the processor of the present
i_nvention supports renam ng of resources, known as register renam ng. As
Is explained nore fully below, the use of register renamng permts nore
parall el execution of instructions than a processor w thout register
renanming. In addition, the in-order pgrtion of the processor re-inposes
the original programorder of instructions after the instructions are

execut ed, pot enti al fry ordilioWferkditn thé Heii8inadt ARAMALI HRLmfayTdeher more,  f or

an i nplenentation supportimg the Intel mcroprocessor architecture, the

| n-order peRde-QAvOEntdlS arl e5ES80bf B ROB 1% PastHSH 8R HRWitajM0del .
The nenory subsystem of the present invention provides ® appropriate

bandw dt h degtirsdtiRirOidentifigaQtihs. 0Tho ke BiesnRbl ifedn he THEB ARGGRS $RRdidaB&CaUSE
the processor of the present invention supports out-of-order dispatch and

conpl et i offor ictigermennr B midroysy Bna eaddida®sforrdérdrmentt i a@rfﬁs;@bﬁdﬁf@t a

integrity in the menory system For exanple, a first store Operatlon cannot

pass a secetdy bit dy setpfrermidromp dodsheotfdansd ams ereaptimpe hatiabnp eestingef ore t he
micro-op candidates, in the original program order, are eligible for -
retirement. When a micro-op is eligible for retirement, the RAT 132 is
notified to update the look-up table, and data are transferred from the ROB
136 to a real register file (RRF)I. In addition, a retirement pointer is
incremented in the ROB 136 to indicate that the ROB entry has retired.

In one embodiment, the execution cluster 118 contains four
semi-autonomous units: an address generation unit (AGU) 146, an integer
execution unit (IEU) 144, a floating point execution uﬁit (FEU) 142, and a
memory interface unit (MIU) 140. Although the execution cluster 118 is
described in conjunction with four 'éxecution units, the execution cluster 118
ma); comprise any number and type of execution unit without deviating from
the spirit and scope of the invention.
The AGU 146 supports the segmentation addressing for the

Intel® microprocessor architecture by calculating an effective address. In
order to support segmentation for the Intel® architecture microprocessor; the
AGU 146 contains the segment register file. The processor of the present
invention is superscalar in that the IEU 144 contains two arithmetic logic
units (ALUs) to add, subtract, shift and perform logical operations on source
operands. In addition, the TEU 144 contains a jump execution unit for branch
prediction calculations. The FEU 142 provid-e;s floating point support for the

processor. The MIU 140 provides an interface for all memory transactions



second store operation in the original programorder. In addition, the
menory subsystem of the present invention supports specul ative execution,
such that specul ative store operations are not executed.

Figure 1 illustrates a block diagram of a superscal ar and superpipelined
m croprocessor perform ng specul ative and out-of-order dispatch and

conpl etion configured in accordance with one enbodi nent of the present

i nvention. A processor 100 may be conmp®ible with, but not limted to,

m croprocessors such as an Intel Architecture M croprocessor, manufactured
by Intel Goclpdirg ereruingBodting tairdeg@atdriversioas, integec oo floating assi gnee of
the present invention, PowerP(err], Al phalerr], etc. For the

14 enbodiceamersidnsysuelaregonventinguine flpating pointatadetypote aoathet. t he
processor 100 is inplenmented with an instruction fetch cluster 112 and

i ssue cluster 114. Thgenemorprlusterel20psipposts e pricdexder diggatdmel udes t he
out - of -order cl ust 116, executjon cluster 118, and a nenory order buffer

150 | ocat é’d’eréflqme?rt%ﬁﬁ?sfn& IR&gndions o ong eRAiMER! Of Hae Bresert ust er 110
orovtde an AL age Lot oxtSiadluherations, A e R Ghyst o 120

memory order buffer (MOB) 150, data translation lookaside buffer (DTLB) 154,
and data cache unit (DCU) 148 as shown in Figure 1. In addition, the memory
cluster 120 operates in conjunction with the AGU 146 and the MIU 140. The |
memory cluster 120 contains a memory dispatch bus 151 and a writeback bus
139.

As discussed above in conjunction with the execution cluster
118, the AGU 146 generates the appropriate linear address for memory
operations. The DTLB 154 translates the linear address into a physical
address. If a page miss occurs, then the DTLB 154 forwards the page miss to
the PMH 152. In response, the PMH 152 performs "page walking" and other
weli-known page miss handling functions. In general, the MOB 150 buffers
all store and load operations, and controls dispatching of the load and store
operations. In addition, the MOB 1,50 tracks ;che progress of memory
operations through execution, and retires the memory operations, when
appropriate, by committing results to a memory state. Upon retirement of a
store operation, the MOB 150 dispatches the store operation in a
“background” mode of operation at the convenience of the memory system.

The memory cluster 120 supports speculative execution.
Because some memory operations cannot execute speculatively, the MOB 150
monitors and subsequently dispatches non-speculative operations at the
correct time. For example, the MOB 150 snoops the source addresses of

instructions fetched, and signals the bus cluster 110 to stall an instruction



The instruction fetch function of the present invention fetches a
continuous flow of instructions including providing branch prediction to
support specul ative execution in the processor. In one enbodi mrent of the
present invention, the instruction fetch function is inplenented with the

I nstruction fetch cluster 122 conprising an instruction fetch unit (IFU)
122. In addition, branch prediction is inplenented, in part, with a branch
target buffer (BTB) 124 as shown in Figure 1. The processor
100 contains an issue cluster 114 as skbwn in Figure 1. In general, the

I ssue cluster 114 receives instructions fromthe instruction fetch cluster
112, and pietghawksnéver thasburcetddairess imstrihgon beirgf fadclirl subsiamigallyl 16,
execution cluster 118, and nenory cluster 120. The issue cluster 114 is the:
| ast functinefrhkes shyof ¢he pdldisssestafdhe stare destipatiarisoof Wb tufferpd cemedor  100.
The issue cluster 114 includes an instruction decoder (ID) 126, a

m croi nst ripstrueiosdquencer (MS) 130, a branch address -cal cul ator (BAC) 128,
a register alias table (RAT) 132, and an allocator (ALLOC) 134. The issue
cluster 114 conver % @iS645sed mbaVenderRyOressor 0é the psesent nverdiom

I nstructions_ or mcro, er.ations éqn%lcro-ops) In the ID 126. In one

embodi ment U 3 BRta oVl dECHIES FiTRa i 116 OPEERIOTEETE o iRanSceunlil Hhet he

Intel[err] rArchi aectgrte Mcro rocessor, I—i%yc\grver‘,m;%t elvlV enl%?@ may. be

const r uct ePTIGPHRL BT ASPFIRIISHHE Fat 2ty {ansedtently a
operands are available, operations are executed, potentially out-of-order. The
data operand dependency is tracked on a register basis, such that if previous
values of a register are computed, then the data opefanc_l dependencies are
satisfied. However, memory operations have implicit dependencies. For
example, load operations have a dependency on any previous store operation
having a common address with the load operation. The MOB 150 stores
speculative memory operations, both load and store operations, so as to avoid
dispatching stale data to system memory, and consequently producing
incorrect results.

In order to maintain self consistency between load and store
operations, the proceésor of the present invention employs a concept known
as store coloring. The store coloring scheme is utilized to maintain an
ordering consistency between loads and stores of the same processor. Each
load operation is taggéd with a store buffer identification (ID) corresponding
to the previous store. The store buffer ID represénts the relative location of

 the load compared to all stores in the execution sequence. When the load
executes in the memory cluster 120, the MOB 150 utilizes the store buffer ID as
the beginning point for analyzing the load against all older stores in the
buffer. When a memory operation is dispatched but cannot complete due to

an address or resource conflict, the MOB 150 blocks the operation and stores



15 or RISCinstruction set, including but not limted to PowerP(err],

Al pha[err], etc., without deviating fromthe spirit and scope of the

i nventi on. For macro instructions requiring.|long m crocode
flows for decoding, the M5 130 is utilized to sequence the macro
instructions. In general, the BAC 128 cal cul ates branch target addresses
based on predictions fromthe BTB 12455and the RAT 132 perforns register
renam ng by napping | ogi cal registers to physical registers in the ROB

136. The ALOCAI3, BSLA0S e Wk A6k RITNLEGS 0 REEA: LMt 1

out - of - or MERDry - ¢l Ut

out - of - or acya%:lﬁ%p %\%S%Q&Bﬁ(ﬁ%pgg%ﬁl Leservation station (RS) 138 and

r eor der gure 1. The ROB 136 i ncludes a real

register flle that ggfch t Eﬁg'&tﬁ%%uﬁ r§eérdfe9r the

m croprocessor. |n one enbod nt t he hltec ura régl ster set is

conpat i bl eoWsistericherbbletdd ﬂEdS ]ocAhc Nifi64d BpEeraMoRs RREQUE B! of-orBUEYRL

architectural register set may be conpatible with any mcroprocéssor

i ncl udi ng 1bad opetatldmidreefféaivByverdRe] tother Plaebaberkstd b
devi ating frc?r%the spirit and scope of theﬁl nventlortre ek OW&I}DBQ&I

general , tda-ofutrdef.- Bodexans dpnastfer sekdhd leadbyes tish@xec@Rs pfrroqrfbtahﬁrsltssue
cluster 114. The out-of-or cluster 116 nerges the in-order stream of
ni cr o- ops load loperatices pnddhadirstoiord epdasdtiorpappdade befoye tie sRIBd1REdand
operation in the original program order, then the load operations appear out-
of-order to the original program order. In this case, the second load operation
retrieves old data, while the first load operation, once executed, may possibly
read new data written by another processor. If allowed to commit to memory
state, the load operations would violate processor ordering. In order to
prevent the violation, the MOB 150 snoops all data writes on the bus.
Consequently, if another processor writes a location that was speculatively
read, the load and subsequent operations are cleared and reexecuted to
retrieve the correct data.

The bus cluster 110 provides a bus interface function for the
processor 100. However, the bus interface function may be accomplished
through any bus interface without deviating from the spirit and scope of the
invention. In one embodiment, the bus interface function is implemented
with a transactional oriented bus. As shown in Figure 1, the processor 100
interfaces with a level two (L2) r;ache 156 via a cache bus or backside bus 160, -
and the processor 100 interfaces with other external devices, éuch as main
memory, via an external bus 158. In one embodiment, the bus cluster 110
contains eitemal bus logic (EBL) 106 for interfacing the processor core to the
external bus 158, and backside bus logic (BBL) 108 for interfacing the processor

core to the backside bus 160 and the L2 cache 156. In addition, the bus cluster



captured in the RS 138. The processor of the present invention utilizes a
data flow architecture. In order to inplenent the data flow architecture,
the out- of-order cluster 116 perfornms a ready/schedul e, dispatch, and
retirement operations. In order to performthe ready/schedule function, the
RS 138 identifies all ready to execute mcro-ops, and selects certain
m cro-ops for dispatch to the executigi cluster 118. The mcro-ops are
executed in an execution unit in the ecution cluster 118, and result
data is wri n back to . .

the out - of 154 GePRE A PReerpmmabigdnteest sanralier RIQHer speigngps, by
transferriﬂgepg&ngesult'data to the real register file, in the origina
program order ) In order to performthe issue function

Al Tocat ed RoB 136 ent Pras 2and v ke PRb%lokd AR B ehe prbtessenr oach
Cont rol i nf e e e e, AR el AR el B st co da

control information are witten into WYNSsoyurce data

for the exgubithe etBédiabRl paih RALRS pkdin. €] - or. 2,4 eal
regi ster cont tgi ned wit hin I%he ROB I1336£‘f unct i%ﬁ{asltmﬂoggrelagcmfed as

shown in block 215. In block 220, operations, equivalent to the decoded
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instructions, are issued in the original program order. The present invention

method implements self scheduling such that when the issued operations are

data ready and an appropriate execution unit is available, operations are

dispatched to the execution unit as shown in blocks 225 and 230. In block 235,
the result data are generated in the execution unit, and in block 240, the result
data is committed to processor state when the result data are valid.

. As discussed above, in one embodiment of the present
invention, the processor of the present invention is constructed as a
superpipelined processor. In a "deeply" pipelined processor, the major stages
of a pipelined processor such as instruction fetch, instruction decode, and
instruction execute, are divided into several different substages such that.each
processing stage is pipelined, resulting in a long instruction pipeline.

Figure 3 illustrates a set of pipeline stages that define a deeply
pipelined processor configured in accordance with one embodiment of the
present invention. In the instruction pipeline of Figure 3, the instruction
processing is divided into 11 pipeline stages. A briéf description of each of
the pipestages follows. However, a complete description of the pipeline
substages, and the associated functional units is described more fully below.

; In general, the first three pipestages are dedicated to the
processor fetch operation. During pipestage 1, the IFU 122 executes an

Instruction cache look-up to fetch a macro instruction for processing. During



unit. 'Consequently, source data entries in the RS 138 contain a bit to
identify whether the source data is stored in the ROB 136 or in the real
register file. The validity bit in the ROB 136 indicates whether the

correspondi ng source data entry is valid. Specifically, in
order to schedule mcro-ops for the execution wunits in the execution
cluster 118, the RS 138 ascertai ns whi m cro-ops are data ready by

eval uating a corresponding data valid bft for each source data. The RS 138
its dat a, ready , m cro-ops,

th d il f
angnscﬁtegiﬁmé’getgﬁg\énf}beraﬁsibgngQEf)r(‘gﬁrl‘Jstéln&Tﬁog‘r Ff‘f?‘%@é%‘?“ bﬁd’f‘a’fl‘ﬂﬁo dhtedul ed
1105 o408 Bt ahe SR DO BB BT B e e
execution r%cz'?)‘ ﬁ*\ Rgné 'Bagr{heoxﬁ)ﬁﬁgh‘%éﬂgg%t?ﬁ& tef)o négf A{;“%ﬂ%ﬁ%ﬁ ! O uni ts

transmt pornter I'ESSES C ual

result datig, ggfoﬁws%@ggg%ﬁé?@fz@e efexeésgﬁ f&ﬁ@uoﬁﬁ&'f&%nc{#]ﬂ%tare the

destinati ons e Wit k data res ubsequen execut i on

unit witep [(Bsukd eg&h@eé&u;ﬁg?@%@d% qqmla@ 136 entry. The RS 138 snoops a

wite back bus 139 so as to c ata required for other mcro- ops.
During pipestage 6, the register rename function is performed in

the RAT 132. In addition, the ALLOC 134 assigns resources, and the RS 138
receives the first half of micro-ops. During pipestage 7, sources are read from
the ROB 136, and the second half of the micro-ops are received at the RS 138.
Also .dur'mg pipestage 7, the RS 138 schedules data ready micro-ops for
dispatch to available execution units. During pipestage 8, the RS 138

~ dispatches micro-ops to the appropriate execution units in the execution
cluster 118. During pipestage 9, the execution units execute the micro-ops
dispatched,-and the write back results are written to the ROB 136. During
pipestages 10 and 11, the ROB 136 executes a two stage retirement function,

thereby completing the high level pipeline stages.

Instruction Fetch Unit (IFU):

Figure 4 illustrates a block diagram of instruction fetch unit 122
configured in accordance with one embodiment of the present invention. As
shown in Figure 4, the IFU 122 interacts with the EBL 106, BBL 108, ID 126,
BAC 128, BTB 124, and IEU 144. The IFU 122 sends external instruction fetch
requests to the EBL 106, and in retumn, receives macro instruction from the
BBL 108. The IFU 122 transmits the macro instructions to the ID 126. In one
embodiment, the IFU 122 supplies macro instructions compatible with fhe

Intel® architecture microprocessor. The IFU 122 receives branch predictions



17 In order to performthe retirenment function, a nunber of
consecutive entries are read out of the ROB 136 based on the physi cal
destination identifications. The entries read fromthe ROB 136 are
candidates for retirement. A mcro-op is a candidate for retirement if a
corresponding ready bit is set, the mcro-op does not cause an exception,

and all preceding mcro-op candidates, in the original programorder, are-

eligible for retirement. When a mcro2bp is eligible for retirenment, the
RAT 132 is notified to update the | ook-up table, and data are transferred
fromthe Rdn tAEBTBO1A ERABACJIRS  &id tedetvels Rihch htisprddidtioens, frémr @lei r ement
pointer is increnented in the ROB 136 to indicate that the ROB entry has
retired. IEU 144 and BAC [IR8.ofibe gurbdittioarand mitspredietiohiinforatatatreis 118
contains four sem -autononous units: an address generation unit (AGJ) 146,
an i nt egentiligrddiyt thenlFLh122 {Edptetmine an kideass dgr fi nextdrstcuttiom unit ( FEU)
142, and a nenory interface unit (MU 140. Although the execution cluster
118 is described i B esgiRct i%HV@&YtWPﬂ’éhﬁh%bﬁé’é%ut:huékﬁfdﬁfltvslthtahe execution
cluster 118 may conpri se any nunber and type of —execution unit w thout
~devi ati ng CPFBHPO%étf%ﬁnr? ¢ ma?racgewéhsﬁwrﬁ%. IedEHeEs APhisticated The

AQU 146 s g?c?vrv%?et ?\gge nt Er{e(r)\rt] %d%fffhngontams a fhree level memory

hierarchy including an instruction streaming buffer (ISB) 410, an instruction
cache (I Cache) 420, and an instruction buffer (470) that minimizes delays in
delivering instructions to the ID 126. In addition, the IFU 122 contains an
instruction victim cache (IVC) 430 to further reduce the effect of conflict
misses, and to store a copy of all instructions in the IFU 122 prior to
completion in the processor. The IFU 122 also includes an instruction length
decoder 465 to facilitate steering of variable length macro instructions to
particular areas of the ID 126. Finally, the IFU 22 contains an instruction
translation look-aside buffer (ITLB) for fécilitating address translation when
pag'ing is enabled.

The instruction cache (I Cache) 420, the instruction streaming
buffer (ISB) 410, and the instruction victim cache (IVC) 430 are accessed in
pa}allel. A linear fetch address is generated by the next instruction pointer
(IP) logic 450 based on inputs from the BTB 124, BAC 128 and IEU 144. The

. linear fetch address is utilized to access the ISB 410, I Cache 420 and IVC 430.
The ISB 410, .I Cache 420 and IVC 430 contain physical tags, thereby requiring
address translation from the linear address to a physical address. The
instruction translation look-aside buffer (ITLB) 445 receives a page table entry
from a page miss handler (PMH) 152 to translate the linear address into a

physical address. If a page miss occurs, then the ITLB 445 forwards the page



Intel mcroprocessor architecture by calculating an effective address. In
order to support segnentation for the Intel architecture mncroprocessor,
the AGU 146 contains the segnent register file. The processor of the
present invention is superscalar in that the I EU 144 contains two
arithmetic logic units (ALUs) to add, subtract, shift and perform | ogical
operations on source operands. In addition, the | EU 144 contains a junp
execution unit for branch predlctlonggalculatlons The FEU 142 provi des
floating point support for the processor. The M U 140 provides an interface

f or al | ¢ Yo EK@PWHS?”%\ response, the PMH 152 performs “page walking” and

i nclu ng executing floating to I nteger conversions,®intege? t

floatl Ng otREVReRIIGRSVN ﬁug@ r@@smauﬁhglfugc@&esfloatl ng point data type to
anot her. e nenory clus 120 supports the out-of-order

di spatch operati onThé atiieesprieghed dunv\gr}ixgémacé 13 oheheTHIOARIRN4 ligbat he
present invention, the nenory cluster i ncl udes page m ss handl er (PM)

152, memadyressded dutfd eirtaboBphSidal sthdrasd. r@osdeafuently) deKEFL U2 buf f er
( DTLB) 154, and data cache unit (DCU) 148 as shown in Figure 1. In
addi ti on, grbktdmmytruuimﬁ;t whilé 2iklgping segsenh linoinjvwiolations. it t he AGU 146
and the MU 140. The
segment limit checking is executed further down in the processor (e.g. AGU
146). However, the IFU 122 performs a paging function. When paging is
~ turned off, the linear fetch address, selected in pipestage 13, is identical to the
physical address, and is thereby directly used to search all caches/buffers in the
subsequent pipestage. However, when paging is turned off, the linear address
is translated by the ITLB 445 into a physical address. In addition to providing
address translation, the ITLB 445 classifies each address as being cacheable or
not. When a miss occurs in the ITLB 445, the ITLB 445 obtains information
from the PMH 152. When paging is turned off, the PMH 152 returns the
linear p.age address as the physical page address to the ITLB 445.
. The linear fetch address, used for accessing the ISB 410, I Cache
420, and IVC 430, i; selected by the next IP logic 450. If a hit occurs in one of
the three caéhes[ buffers, then instruction bytes are read out of tﬁe respective
cache/buffer, and transmitted to the instruction length decoder 465 for
marking. The valid bits logic 460 marks the instruction as being valid or |
invalid. The IFBR 470 generateé instruction pointers that generate two
address pointers utilized in the computation invalidation of branch targets.
The instruction poi:ﬁers are stored in the IFBR 470. If a miss occurs in each of
the three caches/buffers, then the ISB 410 initiates miss processing by
transmitting an external fetch request to the EBL 106. In response, the BBL

108 transmits miss data to the ISB 410.



menory cluster 120 contains a menory dispatch bus 151 and a witeback bus

139. As di scussed above in conjunction with the execution
cluster 118, the AGU 146 generates the appropriate |linear address for
menory operations. The DILB 154 translates the |inear address into a
physical address. If a page miss occurs, then the DTLB 154 forwards the
page mss to the PWH 152. In response, the PVMH 152 perforns "page wal ki ng"
and ot her well-known page m ss handl iﬁg functions. In general, the MOB 150
buffers all -store and | oad operations;” and controls dispatching of the

| oad and ' : ddi ti h f
mn%’ﬁm?” operati one. CAFSLGRELARCTH Bh (i dR? S¥ BLQ 14 e LEREN Hhorat fone,
of a ot orangh 8T BNk R R Ak e TR e B BB T 2
" backgr oungy balen Of PRSI LM 1S CORED) 208, R LG TR, 2YSt em

The nenory r supports ‘specul’ative execution. me menory

oper at | ONS36ANYRLinHAE YL o RRRH A/ PEYehd £, MRS, I ii PEScand

subsequent Ty’ di spat ches™ non-specul ati ve operations at correct tine.

o R KRl e L s R Al sty o
ITLB 445 initiates miss processing by sending an ITLB fill request to the PMH
152. In addition, the ITLB 445 requests the ID 126 to insert a special ITLB miss
micro-op into the instruction stream. Consequently, the PMH 152 delivers
the missiné page table entry to the ITLB 445. The special ITLB miss micro-op
facilitates in fault signaling. The snoop lbgic 455 receives snoop requests and
associated addresses from the data translation look-aside buffer (DTLB) 154
ahd the EBL.106, and, in response, dispatches requests to the I Cache 420, IVC
430, and ISB 410.

Figure 5 illustrates the operation of the IFU 122 in one
embodiment for a pipelined processor of the present invention. In pipestage
11, the IFU 122 selects the address of the next cache access to the I Cache 420.
The address is selected based on fetched requests arriving at the IFU 122 from
the BTB 124, BAC 128, and IEU 144. The IFU 122 selects the fetch request
containing the highest priority, and schedules the request for service during
the next pipestage. In pipestage 12, the IFU 122 a.ccesses the ISB 410, I Cache
420, IVC 430 (caches/buffers) utilizing the fetch address selected during the
previous pipestage. If a hit occurs in any of the caches/buffers, then
instructions are read out and forwarded to a.subsequent pipestage.
Alternatively, if there is a miss in all of the caches/buffers, then an external
fetch is initiated by sending a request to EBL 106. Also, the ITLB 445 is

accessed to obtain the physical address and memory type of the fetch.



19 fetch whenever the source address instruction being fetched
substantially matches any of the addresses of the store destinations of
the buffered stored instructions. As di scussed above, the
processor of the present invention wutilizes a data flow architecture, such
t hat operations are postponed until the correspondi ng data operands are
avai | abl e. Consequently, when the dat 26 operands are avail abl e, operations
are executed, potentially out-of-order. The data operand dependency is
tracked on a regi st alsddstisg pipestagetial tHef fephead drass isuallized tofacaegsegi st er
are conputed, then the data operand dependencies are satisfied. However,
menory opéhaBlTBrig4tandel TLp44ci In pegestagend e [HEbL22 meakplles idstadtioper at i ons
have a dependency on any previous store operation having a conrmon address -
with the rwdvasbépm tienprepieusviegd 5oths igseycpr dengihidesodentLPp)d66r at i ons,
both | oad _and store operations, sp as to avoid dispatching stale data to .
syst em neMd#King ARstegrianguastudes sesergining inststioackoyrdaniesin
I n order t,g r’r%i,nt ain self consi s%ency bet ween | oad and store operations,
the procesd@Hipng HyagddaeRuction Mtqsoﬁ@iﬁpagﬁsmr&%neéwﬂhngcp/mdlcted

branches, are input to the instruction buffer and rotator (IFBR) 470 from the

BTB 124. In pipestage 14, instructions and corresponding marks are written

into the IFBR 470 and delivered to the ID 126. Instruction delivery to the ID

126 is based on space availability in an ID input buffer 810 (Figure 8).

. Branch Target Buffer (BTB):

The branch target buffer (BTB) 124 is contained within the
instruction fetch cluster 112 as shown in Figure 1. In general, the function of
the BTB 124 is to predict macro branch instructions early in the processor
instruction pipeline so as to prevenlt the proéessor from executing
instructions down a wrong path. In one embodiment, the BTB 124 predicts
branches in branch instructions compatible with the Intel® Architecture
Microprocessor. However, the BTB 124 may be constructed to predict branch
instructions for any CISC or RISC instruction set, including but not limited to
PowerPC™, Alpha™, etc., without deviating from the spirit and scope of the
invention.

. In order to effectively fetch a steady stream of instructions in the
IFU 122, the BTB 124 predicts a decision of a branch instruction. However, the
prediction may be wrong, and, consequently, the processor detects the
misprediction and corrects for the misprediction by fetching instructions in

the correct path. Specifically, all branch predictions made by the BTB 124 are
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the IFU 122 and the path of instruction fetch is redirected if the BTB 124
prédicts a branch is taken. Branches are also speculatively updated in the
same cycle that the BTB prediction is made. -

Figure 6 illustrates a block diagram of the BTB 124 configured in
accordance with one embodiment of the present invention. The BTB 124
contains a branch target buffer (BTB) cache 610, and a branch instruction
pointer table (BIT) 630. The BTB cache 610 is utilized to allocate or update
branch instruction information upon resolution of the b;:anch instruction
outcome. The BTB cache 610 contains branch information about branch
instructions that the processor has previously executed. In one embodiment,
each set of branch information in the BTB cache 610 contains four branch
entries, wherein each branch entry contains information about a single
branch instruction that the processor has previously executed. Each set of
branch entries within the BTB cache 610 also includes a branch pattern table
612, and a pair of pseudo-least recently replaced (PLRR) bits. The BTB 124 |
utilizes the branch pattern table 612 for predicting the outcome of conditional
branch instructions in the set of branch entries. The BTB 124 utilizes the
pseudo-least recently replaced (PLRR) bits to select a branch entry in the set
when information about a new branch will be written into the set of branch

entries.
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124 utilizes the branch type field when making a branch prediction. The true
branch history field maintains the "taken” or "not-taken” history of the
branch instruction as determined by the jump execution unit. The
speculation bit and the speculative branch history field are utilized to make
predictions for branch instructions without waiting for branch instructions to
execute by maintaining the "speculative” taken or not-taken history of ‘the
branch instruction. The valid bit indicates whether the branch entry contains
valid branch information.

In one embodiment of the present invention, the branch
preéiction is implemented in a four stage branch resolution mechanism.
The first stage of the four stage branch resolution mechanism comprises a
branch prediction stage. The branch prediction stage predicts the existence of
branch instructions within the instruction stream. The branch prediction-
stage also predicts the outcome of the predicted branclv instructions utilizing
only the current instruction pointer, By predicting the existence of branch
instructions within the instruction stream, the processor pre-fetches a stream
of instructions without waiting for each instruction to execute.

The second stage of the branch resolution mechanism is a
branch instruction decode stage. The branch instruction decode stage decodes

each branch instruction to verify the branch predictions made during the

~ branch prediction stage. The branch instruction decode stage predicts branch’



21 110 contains a programmable interrupt controller (PIC) for servicing
i'nterrupts. Figure 2 is a flow diagramillustrating a nethod
for the processor of the present invention. In block 210, the processor
fetches instructions along the executable path of the program The

I nstructions are decoded as shown in block 215. In block 220, operations,
equi val ent to the decoded instructio¥, are issued in the original program
order. The present invention nethod inplenments self scheduling such that
when t he iostenenesofpsrbrandninsarustiogs thatreertynetrpredicted phuojrg Hieebmxehut i on
unit is avail able, operations are dispatched to the execution unit as
shown i n predikon3agendlizsbranch ipstsertiorggdecodersdagesiores dprmatiengener at ed
in the execution unit, and in block 240, the result _data is commtted to -
processor 298Pk BaGhhRRNChdntaasiian Waths Bicacheiql0. The BTB cache 610:s di scussed
above, in one %gb?di t of theHPresent i nvention, the processor of the
present i REERTEEDAIPS! FR AR ERIONSS X8R pel i ned processor. In a

Ldeepl ", PIpel 1120 QEESad HoulN o' 20550 B oLpel o] prgoessor
o LIS 5548 e e PR RSB UR ABRE R O
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either of the two previous branch processing stages mispredicted a branch, the
branch execution stage flushes the front-end of the processor, causing the IFU
122 to start fetching instructions from the corrected address.
The fourth and final stage of the four branch resolution
mechanism is a branch retirement stage. The branch retirement stage is
responsible for retiring each branch instruction and ensuring that no
instructions fetched after a mispredicted branch are executed and committed
into permanent state.
- The BTB cache 610 contains information about branch
instructions previously executed in the processor. The BTB 124 utilizes the
~ information in the BTB cache 610 to recognize branch instructions and predict
the branch instruction outcome. The BTB 124 also maintains the BIT 630.
The BIT 630 contains information about branch instructions that are currently
within the processor. The information in the BIT 630 is used to correct
mispredicted branch instructions and maintain the BTB cache 610 after the
branch instructions has been executed.
In operation, the IFU 122 requests information about upcoming
branch instructions from the BTB 124 by passiﬁg an instruction pointer to the
BTB 124. The instruction pointer passed to the BTB 124 points to a memory

block currently being fetched by the IFU 122. The BTB 124 searches the BTB



present invention. In the instruction pipeline of Figure 3, the instruction
processing is divided into 11 pipeline stages. A brief description of each
of the pipestages foll ows. However, a conpl ete description of the pipeline
substages, and the associated functional units is described nore fully

bel ow. In general, the first three pipestages are dedi cated
to the processor fetch operation. During pipestage 1, the I FU 122 executes
an instruction cache | ook-up to fetch macro instruction for processing.
Duri ng pi pestage 2, the IFLP@?Z perfornms instruction |length

3. the | FURED3 ef bk EMSTmAtoRaLPE PR IGRF eI Tcteometivsy ot |
ot et o B BN A e DURDSE Ay RS iPDS, coneureg by, (e 1D 126
PRt 205k ry e gt DA PG M8 oo kb ST
s oo oY 6,5, 1B 57 %o e W B ULl B OB 8P RY 19
M Cro-0pS B:Led fechMath PreltBoRInfoithation to the IFU 124, thereby informing
' the IFU 122 about any branch instructions in the memory block currently
being fetched. '
In order to maintain thé BTB cache 610 and the BIT 630, the BTB
124 receives information from several other functional units in the processor.
The instruction decoder 126 transmits branch information to the BTB 124.
The branch information sent by the instruction decoder 126 includes the
address of the instruction immediately following the branch instruction. The
BTB 124 stores the éddress of the instruction immediately following the
branch instruction into the BIT 630 for later use.
The branch address calculator 128 validates branch predictions
mac-le by the BTB 124. If the branch address calculator 128 determines that the
BTB 124 made a branch prediction for a nonexistent branch, then the branch
address calculator 128 instructs the BTB 124 to deallocate an entry in the BTB"
cache 610 containing the nonexistent branch instruction.
The allocator 134 allocates a reorder buffer 136 entry for each
micro-op issued. When the allocator 134 allocates a physical destination
(Pdst) entry in the reorder buffer 136 for a branch micro-op, the allocator 134
provides the Pdst entry number to the BTB 124. The BTB 124 utilizes the Pdst
entry number to allocate a corresponding entry in the BIT 630. The
corresponding entry in the BIT 630 stores information about the branch

micro-op while the branch micro-op is within the processor.



Al so during pipestage 7, the RS 138 schedul es data ready m cro-ops for

di spatch to avail able execution units. During pipestage 8, the RS 138

di spatches micro-ops to the appropriate execution units in the execution
cluster 118. During pipestage 9, the execution units execute the m cro-ops
di spatched, and the wite back results are witten to the ROB 136. During
pi pestages 10 and 11, the ROB 136 executes a two stage retirenent function,
t hereby conpleting the high | evel pipekine stages. Instruction Fetch Unit
(I1FU): Figure 4 illustrates a block diagran1of i nstruction

fetch unit 122 conf C pr esent
I nvention. As shomw&%gglfr@lgﬁ4§%ﬁﬁq?§swréz |nterac W%ltrt]o't%%e&& 106,

BBL 108, Igata@ga@é@ ready nitf- ééé‘to @f'é’culn%H dﬁi{’s inTihe éx'élehé‘i@ﬁ chghds external -

instruction fetch requests to th in return, receives macro

i nstructi ong refhehhge BErvasn st 138 éi% aﬁch@@&@ré@cﬁ Hﬁc Qo lghStructi ons
to the 1D 126. In one enbodinent, the |IFU 122 supplies macro i nstructions

conpat i bl ejusi xédigior nhilloasteliiihahtUnkgat exepnREesseN44THR AR
recei ves branch predictions
station 138 informs the BTB 124 of the Pdst entry for the corresponding
branch micro-op. In response, the BTB 124 accesses the corresponding entry
for the branch instruction in the BIT 630. The mformatxon retrieved from the
BIT 630 is utilized after the branch micro- op executes.

The jump execution unit, located within the IEU 144, executes
branch micro-ops for the processor. When the jump execution unit executes
a branch micro-op, the jump execution unit provides the branch resolution
information to the BTB 124. The BTB 124 utilizes the branch resolution
information to update an existing entry in the BTB cache 610 or allocate a new
entry in the BTB cache 610.

In order to'predict a branch outcome for each entry, the BTB 124
reads out a branch type field stored in the BTB cache 610. The BTB 124
handles branch prediction differently depending upon the particular type of
branch instruction being predicted. The branch typé field designates whether
the predicted branch instruction is a conditional, an unconditional, a Call
Subroutine, or a Return From Subroutine branch instruction. Although Call
Subroutine and Return From Subroutine instructions are specific types of
ﬁnconditional branch instructions, those two instructions are marked as
different types. The BTB 124 marks Call Subroutine and Retﬁ.rn From
Subroutine instructions as different types since the BTB 124 performs special

operations when those two types of branch instruction are predicted.
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Branch Type

Branch Target Buffer Circuit Action

Branch Outcome
Prediction

Branch Target Address
Prediction

Unconditional Branch
Instruction{Other than
Call Subroutine or
Return From
Subroutine)

Predict taken

Predict branch target
address from target field
in Branch Target Buffer
Cache '

Conditional Branch
Instruction

Predict branch outcome
using branch history
and branch pattern table

Predict branch target
address from target field
in Branch Target Buffer
Cache

Call Subroutine
Instruction

Predict taken

Predict branch target
address from target field
in Branch Target Buffer
Cache

Returm From
Subroutine Instruction

Predict taken

Predict from Return
Register if Return
Register valid bit set else
predict from RSB using
BTB TOS pointer

As set forth in Table 1, all branch instructions, other than

conditional branch instructions, are predicted taken. To predict the outcome

of a conditional branch instruction in one embodiment, the BTB 124 utilizes

the Yeh & Patt two-level adaptive branch prediction mechanism. (See, Tse



(I'P) logic 450 based on inputs fromthe BTB 124, BAC 128 and | EU 144. The

I'i near fetch address is utilized to access the ISB 410, | Cache 420 and IVC
430. The ISB 410, | Cache 420 and |VC 430 contain physical tags, thereby
requiring address translation fromthe |inear address to a physical
address. The instruction translation |ook-aside buffer (ITLB) 445 receives
a page table entry froma page mss h ler (PWVH) 152 to translate the

| i near address into a physical address | f a page m ss occurs, then the
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However , per a pagi ng func ing is turned
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the physical address, and 1s t ereby I re y used to searc
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off, the linear addresg

history stored within each branch entry. For example, a "not-taken, taken,

taken, not-taken” branch history is represented by “"0110". In one
embodiment, two versions of the branch history are stored in the BTB cache
610: a true branch history and a specula*ive branch history. The true branch
history stores the last four outcomes of the branch instruction as determined
by the jump execution unit. The speculative branch history stores the last
four outcomes of the branch instruction as predicted by the BTB 124. The
speculative history is used to get around the problem of predicting branch
instructions within small (or "tight") loops since the true history might not
be l;pdated fast enough. i

The second level of branch history maintained in the two-level
adaptive branch prediction mechanism is the branch pattern history stored in
the pattern table 612. The branch pattern history indicates the likely outcome
of a branch instruction based upon the previous branch outcomes of the
branch instruction with identical branch histories. In one embodiment, the
branch pattern history is stored as a two-bit state value for each possible
branch history pattern. The two-bit state value classifies branch patterns as
strongly taken, weakly taken, weakly not-taken, and strongly not-taken.
The branch pattern history is created from previous occurrences of the same
branch pattém. Each time a conditional branch instruction is resolved, the

branch pattern table is updated.



is translated by the ITLB 445 into a physical address. In addition to
providing address translation, the | TLB 445 cl assifi es each address as
bei ng cacheable or not. Wen a mss occurs in the |ITLB 445, the | TLB 445
abtains information fromthe PVH 152. Wen paging is turned off, the PWH

152 returns the |I|inear page address as the physical page address to the
| TLB 445. . The |inear fetgg address, used for accessing the
| SB 410, | Cache 420, and |IVC 430, is”selected by the next IP |ogic 450.

If a hit occurs in one of the three caches/buffers, then instruction bytes
are read out of the A4lidapie BB 124 detrsmines e bmnghiquiramedeealli o t he
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transmts m'ss data
' predicts a branch target address for the first taken branch instruction.

Table 1 describes prediction of a branch target address in the BTB

124 for each type of branch instruction as indicated in the branch type field

| when the branch instruction is predicted taken. As stated in Table 1, the BTB
124 handles unconditional, conditional,-and Jump To Subroutine Branch
instructions by predicting a branch to the address provided in the branch
target address field of the BTB cache 610 entry.‘ However, Return From
Subroutine instructions are handled differently. When the BTB 124 predicts a
taken Return From Subroutine instruction, the BTB 124 predicts a return
address from the return register 642 or from a return stack buffer within the
brar.\ch address calculator 128.

The BTB 124 operates during four different pipelines: the
prediction pipeline, the allocation pipeline, the BIT 30 write pipeline, and the
BTB cache 610 write pipeline. The BTB 124 occupies two cycles to géﬁerate a

+ branch prediction. Figure 7a illustrates the prediction pipeline in the BTB 124
for one embodiment of the present invention. The branch prediction
pipeline occurs in pipestages 12 and 13. In pipestage 11, the BTB 124 receives
the instruction fetch instruction pointer. A subset of the instruction fetch
instruction pointer is decoded to access the BTB cache 610. The branch entries

»  are read out of the BTB cache 610 and compared to the tag and offset of the
fetch IP in comparators 616, 614 and 618. Based on these comparisons, the

BTB 124 predicts all branches being fetched for which the BTB has knowledge



25 Cache lines are witten fromthe 1SB 410 to the | Cache
420. Wen a cache miss to the | Cache 420 occurs, a victimline is
identified for replacenent and saved in the |VC 430. When a cache hit
occurs in the 1'VC 430, a victimline is returned to the | Cache 420. \Wen
an | TLB 445 m ss occurs, such that the ITLB 445 is unable to produce a
physi cal address, the |TLB 445 initia§§s m ss processi ng by sendi ng an

| TLB fill request to the PWH 152. In &addition, the |ITLB 445 requests the
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The snoop foppiedeed akdy Bl Bheln St toscadion RLER I SrbRtiealedoes from
t he data trraﬂgét@{jltgqhéQaqg%@fsglt%ﬁtéﬁfe&{d %algghg@ri% 4 and the EBL 106, and, in
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containing the highest priofity, and schedules the request for service
during theomeyhepilpeshageh praditqltikegdylife BIBR114WsAR2 imE@RRIGElet he | SB

410, | Cache 20, 1VC 430 (caches/buffers) utilizing the fetch address
sel ect ed dpuraity. te penalty results if the BTB 124 predicts the branch not taken.

During pipestage 13, the BTB 124 broadcasts the prediction for the branches to

the IFU 122. The information is passed *o the BAC 128 and utilized to verify

the BTB 124 prediction.

In pipestage 14, the BTB 124 speculatively updates the predicted
branches in the BTB cache 610. All branches predicted, either taken or not
taken by the BTB 124, are speculatively updated by setting a bit. The
speculative history is written in a speculative history field in the BTB cache
610 and does not overwrite the true branch history information.

Figure 7b illustrates the BTB allocation pipeline configured in
accordance with one embodiment of the present invention. Entries in the
BTB cache 610 are deallocated one cycle after the BAC 128 detects an incorrect
prediction as shown in Figure 7b. In response to incorrect predictions, the
BAC 128 signals the BTB 124 to eliminate the entry. |

Figure 7c illustrates the BIT 30 write pipeline configured in
accordance with one embodiment of the present invention. In pipestage 21,
the allocator (ALLOC) 134 assigns a physical destination (Pdst) to the branch
instruction issued from the ID 126. The branch Pdst is utilized to access a BIT
630 entry. The BIT 630 entry is subsequently written to the BTB cache 610 via

the write control logic 622. The branch information written in the BIT 630



previ ous pipestage. If a hit occurs in any of the caches/buffers, then
instructions are read out and forwarded to a subsequent pipestage. -
Alternatively, if there is a mss in all of the caches/buffers, then an
external fetch is initiated by sending a request to EBL 106. Al so, the

| TLB 445 is accessed to obtain the physical address and nmenory type of the
fetch. 36 26 Al so
during plpestage 12, the fetch address 1s utilized to access the BTB 124

d |TLB | ved
?Pom t he pr eV| ouspfé‘?gf%ggﬁa lg%ana iy gﬁg{}ﬁﬁgﬁgﬁéﬁ#ﬁ& gg%tel('l%kf)@%; seeve
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identifying invalid instruction bytes i'ti onal mar | cating

pr edi ct ed thp@@%ﬂi\@ﬁm@r&l pé‘@lt@r ;Sodéclp@mbﬁ@ar uction buffer and rotator (I FBR)
470 fromthe TB 12 I n” pi pestage 14, instructions and correspondi ng

Im;;rfug[ :ao\r/]vr htef ?Cer y xgrezExl}%ﬁ%{%&é&le?ﬂg}ag?g@gﬁogggiée) I nlegt??\%gufleclj nan ID

i nput  buf fiaradéfdrice guitk oBle. emb&iiateh ofahegtrefBuk ﬁﬁwl?er(t%T'B) As shown in
Figure 7d, the BTB write pipeline extends from pipestage 83H to pipestage
86H. In pipestage 83H, the branch IP table 630 is accessed. The fall through IP
is read out, decremented, and decoded to point to the set that the branch entry
will be updated/allocated. In pipestage 84H, the BTB.entry is read out. The
branch entries are compared with the resolving branch to determine whether
a branch hit occurred, and, hence, whether an update or allocate is required.
In pipestage 85L, new branch history is calculated, and the branch prediction
algorithm is ﬁtilized to update the pattern table 612 where an update is
required. If the branch requires allocation, the replacement policy is utilized
to decide the means for allocating the branch. Finally, in pipestage 86, the
branch is written in the BTB cache 610 by the BTB write control logic'622. The

pattern table 612 is also updated if necessary.

Instruction Decoder (ID):

As shown in Figure 1, the IFU 122 is coupled to the ID 126. In
one embodiment, the ID 126 provides multiple decoders so as to decode
multiple macro instructions simultaneously. Each clock cycle, the ID 126
receives macro instructions from the IFU 122. In turn, the ID 126 translates
the macro instructions into micro-ops each clock cycle. The ID 126 is also
coupled to the BAC 128. The ID 126 sends decoded branch information to the
BAC 128. In addition, the ID 126 is coupled to the MS 130. The ID 126 reqﬁests



The branch target buffer (BTB) 124 is contained within the instruction
fetch cluster 112 as shown in Figure 1. In general, the function of the
BTB 124 is to predict nmacro branch instructions early in the processor
l-nstruction pipeline so as to prevent the processor from executing

i nstructions down a wong path. In one enbodi nent, the BTB 124 predicts
branches in branch.instructions conpatj.ble with the Intel Architecture

M croprocessor. However, the BTB 124 ray be constructed to predict branch
i nstructions for, an 1 SC.or RI SC. i ruction set, i.ncluding. buf not
it e ¢ BUCHaar BEFETSYT R AAG 513 130 EPEmaCly RRbiict B85 TaRN R E j29 t he
spirit and.scogg af %?e %nvenn%on. In order to effectively
fetch a 5P88§§ fred IEFSi%SFF%G%ions in the I1FU 122, the BTB 124 predicts

a_deci sion of a brapgh.L RSH(UGLE0N bIEONENSEar!JiSne RERHECLI AN By ybe W ong,

and, consequently, processor de I i 'spredictiona Ebrrects
Lor e TRFGESh L B LRI P UUBHGSRO e S S
contains an ID input buffer 810. The ID input buffer 810 allows decoupling of
the pipeline architecture éf the present invention from the instruction fetch
function to the instruction decode functions. As discussed above in
conjunction the description of the IFU 122, a number of marked macro
instructions are stored in the ID input buffer 810 to generate a queue of macro
instructions for decoding. The ID 126 also contains instruction steering logic
820. The instruction steering logic 820 directs each marked macro instruction
to a decoder located within the issue template 830. For the embodiment
illustrated in Figure 8, the ID 126 contains four decoder blocks: 840, 845, 850
and 855. The issue template 830 configuration permits parallel decoding of
macro instructions. The decoders 840, 845, 850 -and 855 are coupled to an ID
outizut queue 860.

As discussed above, the instruction length decoder 465, located
in IFU 122, identifies the last byte of instruction, and the first opcode byte of
the instruction. The instruction length decoder 465 generates mark bits for
each instruction byte so as to allow variable length instructions to be treated
as fixed length instructions. The ID input buffer 810 stores the marked macro
instructions for decoding. The instruction steering logic 820 utilizes the
macro instruction marked bits to transmit macro instructions to decoders 840,

845, 850 and 855 in the issue template 830. |
The issue template 830 specifies the number of decoders and the

capabilities of each decoder. In one embodiment, certain decoders decode all

types of instructions while other decoders decode only particular instructions.



27 verified downstream by either the branch address cal cul ator 128, or a
junmp execution unit located in the integer execution unit 144,

The BTB 124 receives, as an input, the starting |inear address of the
current instruction being fetched. Based on the starting |linear address,
the BTB 124 produces a prediction and target address of the branch :
instruction being fetched. The prediction and target address information
is transmtted to the IFU 122 and the,path of instruction fetch is
redirected if the BTB 124 predicts a Bfanch is taken. Branches are al so

Haure 6 |11 TaAmEPa Rl S amrut or chr et “%s%&ﬁasﬁ%%ﬁé&"%‘ P e
d B 124
cont ai ns. S hrdel Fuf BREHAET Bl Yol SREayn B B0 e OB R % Nt ruct on
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branch instructions that the processor has previously’ execut I'n one

enbodi mentde@aeNbRRks, QJ @RbEr bPHeEdRE bRitld BptieizB] %P@?Hﬁx&ﬂ& contains
four branch entries, rein each branch entry contains information about a

singl e brxﬂ@ﬁhcﬂléﬁ%éwﬁayqf‘e ihplerhd@edrotRGSOdeiaEn@ TRt QHE lspigxgedt ed. Each
set of branch entries within the BTB cache 610 al s0 i ncludes a branch

pattern tafshee AA1Be iAnentdopai r of pseudo-1east recently replaced (PLRR
bits. The BTB 124 utilizes the branch pattern table 612 for predicting the
out come of conditi ofidle operation of each decoder 840, 845, 850 and 855 is dependent
upon the particular macro instruction set utilized by the processor. Although -
the present invention is.described in co.njunc,tion with the issue template 830
decoding macro instructions compatible with the Intel® microprocessor
architecture including decoding of CISC instructions, issue template 830 may
be configured to decode any macro instruction set, including a RISC
instruction set. In general, each decoder block extracts operand and opcode
fields from the macro instruction in a field locator 865, and stores data in alias
regi-sters. Each decoder also contains at least one XLAT PLA 870; one PLA for
each micro-op that the decoder is capable of producing. The XLAT PLA 870
operates in parallel with the field locator 865, and contains micro code for
generating control micro-ops. An alias MUX 875 merges the control micro-
ops with data extracted by the field locator 865 to generate the micro-ops. In
one embodiment, decoder 830 decodes instructions requiring longer
microcode se.quencing. Furthérmore, macro instructions having greater than
four micro-ops summons the MS 130 to sequence the ID 126 during long
microcode routines. Once the MS 130 completes the sequencing of the long
microcode routines, control is returned to the ID 126. The micro-ops are

issued in the original program order.



branch instructions in the set of branch entries. The BTB 124 utilizes the
Pseudo-| east recently replaced (PLRR) bits to select a branch entry in the
set when information about a new branch will be witten into the set of
branch entries. 28

I n addition, each branch entry contains a hashed tag address, a bl ock

of fset; a branch type, a true branch history, a specul ative branch history,
a specul ation bit, .a valid bit, and a branch target address. The hashed tag
address and the bI ock offset are used 3o identify a nenory address of the
branch instruction associated with the branch entry. The branch type field
specifies the type &?\e@Nézh\ehquzmﬁﬂc@w@nlpiqsethbr@q@ﬁe@mpﬁf ind ffemt tid es. The
BTB 124 utilizes the branch typ el d when maki ng a branch prediction. :
The true OBRAOR W%&eéwg}owmsaerr@pﬁlla? RY¥ hwféemoaﬁk@rcle@de TOITepsn” history

of the branch nstructg3 as determ ned by tg execution unit. The
specul at i dRCHUPEhAYEHe ‘%g%%ﬂpafﬁ PP 1PV iftfch Ster Ycﬂ'og)'" pf 8rigrapes gash i zed to

make  predictions, T, BIANGN JNS WG a0R dHcb IR P BLELIGS Ok, B anch
when the out-of-order cluster 116 is stalled. The output queue 860
compensates for the variable number of macro instructions received per
clock, the variable number of micro-ops produced per macro instruction, as
well as branch effects and stalls.

Figure 9 illustrates pipeline stages for the instruction decoder
functions configured in accordance with one embodirﬁent of t}.\.e present
invention. Macroinstruction decoding occurs during two pipeline stages, 15
and 16. Macro instruction bytes from the IFU 122 are latched into the ID 126 at
the start of pipestage 15. The macro instruction bytes are steered to the
translate XLAT PLA 870 and field locators 865 during the first half of the clock
cycle in pipestage 15. In the second half of the clock cycle in pipestage 15, the
XLAT PLAs 870 translate the instructions into the control micro-ops, and the
field locators, working in parallel, extract various information from the
macro instructions. The data are stored in alias registers. During pipestage 16,
control bits within the control micro-op specify any data required from the
alias registers, and the required data is merged with the control micro-ops by
the alias MUX 875. The newly created micro-ops are inpu.t- to the ID output

| queue 860. A natural pipeline break occurs between thé output queue 860 and
the subsequent portion of the processor 100. The micro-ops are read from the
output queue 860, and issued from the instruction decoder 126 when no

downstream stalling occurs.



execute by maintaining the "specul ative" taken or not-taken history of the
branch instruction. The valid bit indicates whether the branch entry
contains valid branch information. I n one enbodi ment of the
present invention, the branch prediction is inplemented in a four stage
branch resol uti on nechanism The first stage of the four stage branch
resol ution mechani smconprises a branch prediction stage. The branch
prediction stage predicts the existenc® of branch instructions within the
instruction stream The branch prediction .stage also predicts the outcone
of the predicapdadstineineh cequenraertivoms utilizing only the current

I nstruction pointer. By predicting the existence of branch instructions
within the instruction stream the processor pre-fetches a stream of

i nstructions w thout iting for each instruction to execute.

The second stage of Ats\h,\geséflgﬁél? Pé%foq%@tM%@%%}fﬂﬁérﬁ%‘ﬁﬁql§fa1‘5tb‘#%tmfh
instructioq? dgcode stage. The ._branéh i nstruc ionoﬁgcode t age decodes each
branch i nst§REMEFERH I8 APRE RISEPBAS FXRCHIBHIRY: oS ORe gB AR tthe branch

redictio t.age. The brang¢h instructi ode sta redi cts _hranch
29 outco;@;,sj ﬁngOBF%ﬂ%ﬁ rp?éto cﬂ%@t@ﬁ%‘?r %Hfﬁgegﬂefégfcéi"é’d’sd g the

branch

MS 130 also provides simple static prediction on micro branches. In each
clock cycle, the MS 130 produces a microinstruction pointer (IP) based on
requests from ID 126. The new micro IP permits decoding of the macro
instructions. When the instruction decoder 126 decodes a macro instruction,
zero to four control micro-ops are placec onto a bus that is shared between the
MS 130 and decoder 840 in the ID 126. During the clock that the control
micro-ops are driven, the ID 126 accesses an entry point in the XLAT PLA 870
to determine whether or not to indicate to the MS 130 that completion of the
macroinstruction in the MS 130 is required. If such completion is required,
the MS 130 takes control of the bus, and retains control until all of the control
micro-ops or the macroinstruction are sent to the ID 126.

In one embodiment, the micro-code ROM in the MS 130 is
utilized for control micro-op flows that are longer than four control micro-
ops. In addition, the micro-code flows for event and interrupt handlers are
stored in the micro-code ROM. However, some micro-code flows less than
four control micro-ops are stored in the micro-code ROM. When the MS 130
is accessed by a decoder, the control micro-ops, addressed by the
microinstruction pointer, are read out of the micro-control ROM. The MS
130 is responsible for generatiné the microinstruction pointer, and actual
generation of the microinstruction pointer is based on the particular
situation. Once control micro-ops have been read out of the micro-code

ROM, the MS 130 decodes the control micro-ops, and utilizes the information



predi ction stage. The branch instruction decode stage stores information
about each branch instruction in the BTB cache 610. The BTB cache 610 is
accessed after the branch instruction i-s executed. The third
stage of the branch resolution mechanismis a branch execution stage. The
branch execution stage executes each branch instruction so as to generate
a final branch outcone and a final branch target address. If either of the
two previous branch processing stages spredicted a branch, the branch

execution stage flushes the front-end of the_ progessaqr,, causing the |IFU
122 to st aPt3FErHRICAGIPhsigRattihhe Rt Ele BMecolds Alsarassessed for

The fourth agﬁgfi nal &ge of the four branch resolutjon nechanismis a
branch ret?t ngtoéat. ﬁﬁ’énbrﬂﬁc‘h“?léfq Bt ™MEPs C%‘%‘_" responsible for
L e o gk A TSP URIAG ok N VDI FEBAECL on et e
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630. The Hlfe 430 tROMISBE id BhANBHIIO MaRB 3P Btels BSEEHEL iRt are
currently @V%Ig[ hin the procéssor. The’i'nformati %%&?n etgr%eﬂhé lglgtgﬁ|Cttsl&ﬁlsed to
correct  pointer, and utilizes the micro instruction pointer to access the micro ROM

and read out micro-ops. In addition, the MS 130 decodes the micro-ops and

forms control signals for the next cycle.

Branch Address Calculator (BAC):

The primary function of the branch address calculator (BAC) 128
is to calculate addresses for certain types of branch instructions, and to verify
i branch predictions made by the BTB 124. Specifically, the BAC 128 performs
brar.lch target and next sequential linear address computations. In addition,
the BAC 128 performs static predictions on branches based on the address
calculations. Furthermore, the BAC 128 contains a return stack buffer to keep
- track of the return addresses of the CALL instructions. In general, the BAC
) 128 serves as a second slower branch predictor than the BTB 124. The BAC
128 attemnpts to correct any improper prediction made by the BTB 124 so as to
reduce branch misprediction penalties. As shown in Figure 1, the BAC 128
communicates with the instruction fetch unit (IFU) 122, branch target buffer
(BTB) 124, instruction decoder (ID) 126, and the microinstruction sequencer
5 (MS) 130.
The BAC 128 provides a mechanism for verifying branch

prediction for those branches whose target can be determined solely from the



m spredi cted branch instructions and naintain the BTB cache 610 after the
*branch instructions has been executed. In operation, the | FU
122 requests information about -upcom ng branch instructions fromthe BTB
124 by passing an instruction pointer to the BTB 124. The instruction
pointer passed to the BTB 124 points to a nenory block currently being
fetched by the I FU 122. The BTB 124 searches the BTB

30 cache 610 for information about brgpch i nstructions in the nenory bl ock
currently being fetched by the I FU 1227 The BTB 124 nakes a branch

rediction for, any branch jnstructions, | oc d in the nemgry bl ock
(F:)ur rentl y%rf')@?}hb“%@fcé'ﬁé‘da Iqsheqted H%@tﬁnma‘?réedofﬂ‘qsﬁ ré“?‘ﬁ“’c‘ache 610.

The BT 124 Besacterd R/ PEStl pid R LAl gbmLon b dhelfU L6
gggﬁg gli(r)rtgfrg]elt %6(1 & %’lt{?{g%g—gt ﬁs\%g'\aéilsgly, if one of thesle%rgrqg\%rs i Brerm}:tréh%yn the BTB
the BTB 124, the BAC 128 verifies certain aspects of the prediction. If either
the BAC 128 static prediction or branch validation is correct, the mispredicted
branch penalty is reduced to five clocks. The BAC 128 receives as inputs the
branch displacement contained in the branéh instruction from the BTB 124,
and the opcode information from the ID 126. From this, the BAC 128 |
calculates the branch target and "fall-through" linear address. Upon
completion of operations, the BAC 128 returns the processed branch
instruction to the ID 126. Specifically, the BAC 128 sﬁpplies the ID 126 with
the NLIP address and current Top Of Stack Pointer (TOS) for each branch
instruction. |

In one embodiment, the BAC 128 calculates both branch target

and next sequential virtual address in accordance with the following

equ-ations:
| Branch Target= IFCLIP + BrOffsetEncode
Next Sequential Linear Address = IFCLIP + BrOﬁsetErncode + BrDispExt
wherein, |

IFCLIP is the full linear address of the first byte of the 16 instruction
bytes passed to the BAC 128 by the IFU 122;

BrOffsetEncode is the offset of the first branch position within the 16
instruction by.tes which is encoded from 16 to 15 bits (for a range
of 1 to 16), and zero-extended the upper 27 bits;

BrDispExt is the sign extended branch displacement.



124 receives information fromseveral other functional units in the
processor. The instruction decoder 126 transmts branch information to the
BTB 124. The branch infornmation sent by the instruction decoder 126

i-ncl udes the address of the instruction imediately follow ng the branch

I nstruction. The BTB 124 stores the address of the instruction i mediately
followng the branch instruction intogthe BIT 630 for |ater use.

The branch address cal cul ator 128 validates branch predictions made by the

BTB 124. If the branch agdieassragaheWaher ka8 ot @abAGAVLRRL aldlgag BTB 124
made a branch prediction for a nonexistent Branch, then the branch® address

cal cul at orthd 28andis Hisptienidir, Bifaited inothderhheie atRradtioents ¥he Ninkhe BTB
cache 610 containing the nonexi stent branch instruction. The .

al | ocat or atiddess dfottat iesStractien foibowing frerbrhdth éndtryctfoor. The bramdy o- op
| ssued. When the allocator 134 allocates a physical destination (Pdst)
entry in thigurkaddiess udhteinetddsy fubrtractimgathelrode segment badeeframl theat or 134
provi des the Pdst entry nunmber to the BTB 124. The BTB 124 utilizes the
Pdst ent ryantnbisean @dénels@cEoeeaewdrmesipmsdﬂw@oentheyBAﬁ 128calBd T 630. The
cprre?ponding entrg i n th% BIT‘GSOestores %nEO(nEtipn about the branch
i cro-op whiquwatendher fibiheughoosmexs soquantizl vidupk Bséistion pointer

(NLIP). The NLIP is the virtual address of the instruction following the

branch. Storing the “fall-through" IP in a virtual addfess space rather than in

a linear address space eliminates an additional micro-op in a CALL micro-op

flow. In one embodiment, the IFCLIP is calculated every clock by the IFU 122

as part of the instruction rotator logic in IFBR 470, and subsequently passed to

the ID 126 along with the new instruction bytes.

The BAC 128 maintains a return stack buffer utilized as a branch

prediction mechanism for determining the target address of return

instructions. The return stack buffer operates by monitoring all "call

subroutine” and “return from subroutine” branch instructions. When the

BAC 128 detects a "call subroutine” branch instruction, the BAC 128 pushes

the address of the next instruction onto the return stack buffer. A Top of

Stack Pointer marks the top of the return stack buffer. By pushing the address

+ immediately following each "call subroutine” instruction onto the return

stack buffer, the return stack buffer contains a stack of return addresses.

When the BAC 128 later detects a "return from subroutine” branch

instruction, the BAC 128 pops the top return address off of the return stack

buffer to verify the return address predicted by the BTB 124.

5 The BTB 128 performs static prediction. Static prediction in the

processor of the present invention is defined as op-code based prediction of

branches not located in the branch target cache 610. For the Intel®



31 The reservation station 138 stores mcro-ops waiting to
execute, and dispatches ready mcro-ops to execution units in the
execution cluster 118. When the reservation station 138 dispatches a
branch micro-op to a junp execution unit located in the integer execution
unit 144, the reservation station 138 inforns the BTB 124 of the Pdst
entry for the corresponding branch mc¢ro-ap. In response, the BTB 124
accesses the corresponding entry for e branch instruction in the BIT
630. The information retrieved fromthe BIT 630 is utilized after the
branch ni @rehitgstaganifraprocessor instruction sethihe) Bivly 28cpetentially diecides deat ed

ithin the | EJ_ 144, t b h m - o t . When the -
Funp. executa6h fifh PEX L PreRch HoBUARERS RPEIKBTSRSOLHe IubE SxBo Joram uni
D1 Ses WRSrURRRoREElE FeRe AP RBBR brihubEat s Jvnf ety 1 ¢
t he BTB he. 610 | I t in th
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b h t £ el.d in.t ) 10 he ,BIB 124 handl :
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instruction being prgdhGhefy FARREAE It BRE {igldleARsignates whet her

instructions, and records the-address return addresses in the return stack
buffer. Consequently, in order to predict a return branch type, the BAC 128
pops the top of the stack from the return stack buffer. For an IP relative
conditional branch type instruction, the BAC 128 utilizes the sign bit of the
displacement to predict the branch decision. For a register indirect branch
type, the BAC 128 always predicts taken. If the BTB 124 does not predict taken
for the register indirect branch, the BAC 128 overrides the BTB 124 missed
prediction or improper prediction.

After a branch instruction is decoded in the ID 126, and if the ID
126 determines that predicted branch instruction is not a branch instruction,
then the BAC 128 flushes the processor pipeline. If the ID 126 determines that
the received instruction is a branch instruction, then the ID 126 transfers the
type of branch instruction received, the displacement of the branch, and the
outcome and target address prediction from BTB 124. In one embodiment of
the present invention, the macro instruction set comprises four types of
branch instructions: an unconditipnal relative jump/call, an-x‘.x'nconditional
register indirect jump/call, a conditional jump, or a return from subroutine.
Each type of branch instruction is handled differently by the BAC 128.

Table 2 summarizes the operation of the BAC 128 for each type

of branch instruction when the BTB 124 predicted the branch instruction and



the predicted branch instruction is a conditional, an unconditional, a Cal
Subroutine, or a Return From Subroutine branch instruction. Although Cal
Subrqutine and Return From Subroutine instructions are specific types of
uncondi tional branch instructions, those two instructions are narked as
different types. The BTB 124 marks Call Subroutine and Return From
Subroutine instructicons as different types since the BTB 124 perforns
speci al operations when those two typéS of branch instruction are
predi ct ed

Tabl e 1 sdifaPi Posvaisd.thah g pesdicisd Rrepghinstugstion 45 @‘étt“‘aﬁid’d?%gs in the

BTB 124 fog_lsttrngtiggyr types of branch instructions stored wthin the BTB

cache 610." Table 1
Branch Target Buffer Circuit Action Branch Type Branch
Qut cone Branch Target Address
Prediction Predi ction Table?2
Branch Type Branch Address Calculator Action
(As decoded by ID) Validation of the BTB Validation of the
Branch Outcome Branch Target Address
Unconditional Relative | Yes, taken Yes, target calculated
Jump or Call from IP and branch
displacement
Register indirect Jump | Yes, taken No, use BTB address
or Call prediction
Conditional Jump No, condition Yes, target calculated
unknown from IP and branch
displacement
Return from subroutine | Yes, taken Yes, from BAC return
stack buffer

When the BAC 128 receives an unconditional relative jump or
call instruction that was predicted by the BTB 124, the BAC 128 validates both
the predicted branch outcome and the predicted branch target address.

) Because the branch is unconditional, the BTB 124 validates the branc.:h
outcome by ensuring the branch was predicted taken. The BAC 128 validates
the branch target address-by calcuiating the'iﬁstruction pointer relative target
address and comparing the calculated branch target address with the predicted
branch target address. If either the branch outcome or branch target address

3 were mispredicted by the BTB 124, the BAC 128 flushes the pipeline, and

restarts the fetching of instructions at the corrected address. Because the BAC



Uncondi ti onal Branch Predi ct taken Predi ct branch target

I'nstruction(C her than address fromtarget field
Call Subroutine or in Branch Target Buffer
Return From Cache Subrouti ne)
Condi ti onal Branch Predi ct branch outeone Predict branch target

I nstruction : usi ng branch history address fromtarget field
and branch pattern tabl e in Branch Taryet Buffer

tcg(r:ggt | nggg gﬁﬁr gl:él} xdates both the predxcetgcll %ranc?\ outcome and the prg&(éﬁt@ ts ]? ; gnmch

EI'Z; gg: ]Ic?,lu %r[xch target address for unconditional relative jumpgr. f! %fnbcrt}pr{spgg anch

Predi ct take fr Return Subroutine Instruction
Regi st er I% rﬁ&mﬁﬁuchons are gﬂl éxecu?ercrlJ

Regi ster valid bit e . - . g
oredi ct from RSB us?\%en WSEBAC 128 receives an unconditional register %recﬁoi nt er

As set forl%ljﬂgccﬂ'l &?lb*ngtrﬁcn@ﬁ kh dﬁrﬁé‘s‘;ﬁ{édké&cﬁ% tthQrBSr PINg e%')@ éﬁﬁgd' tional
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Yeh & Pat apti v ranc ction nmechani sm
33 the BAC 128 validates the predicted branch outcome by ensuring the branch

instruction was predicted “taken”. However, the BAC 128 cannot validate the
branch target address because the value within the register is not known at
this stage in the processor pipeline. Therefore, the BAC 128 makes no
adjustment to the branch target address predicted by the BTB 124.

When the BAC 1i8 receives a conditional jump instruction that
was predicted by the BTB 124, the BAC 1-28 validates only the branch target
address by calculating the branch target address and comparing the calculated
branch target address with the predicted branch target address. The BAC 128
does not valxdate the branch outcome because the outcome of branch
condmon is not known at this stage in the processor.

When the BAC 128 receives a return from subroutine
instruction that was predicted by the BTB 124, the BAC 128 validates both the
predicted branch outcome and the predicted branch target address. Because a
return from subroutine instruction is unconditional, the BTB 124 validates
the branch outcome by ensuring the branch instruction was predicted taken.
The BAC 128 validates the branch target address by accessing the return stack
buffer.

Figures 11a-b illustrate the operation of the BAC 128 for one
embodiment of the pipeline processor of the present invention. The BAC 128

primarily operates in four clock cycles. In pipestage 14, the BAC 128 supports



Yu Yeh and Yale N. Patt, Two-Level Adaptive Branch Prediction The 24th
ACM | EEE I nternational Synposium and Wrkshop on M croarchitecture,
Novenber 1991, pp. 51 - 61) The two-level Yeh & Patt branch prediction
mechani sm dynami cally maintains two | evels of branch history.

The first level of branch history maintained in the two-level adaptive
branch prediction nechanismis the taken or not-taken branch history
stored within each branch entry. For exanple, a "not-taken, taken, taken,

not - t akeni b5 A el BbAMedrianisRRFES HLET titkel B} LendiddlunErufgghTeNt . t0O

ver si ons o branch hi story are stored_ e BTIB%a a true
branch hi g4&ieYs aded i BRCIAE H8cbaffeNMtNIERIBTY 124 Wey tHEFPBNCR | i story

stores the last four outconmes of the branch instruction as geterm ned by

the junp exARgiPetalY 14, tHOBASDEZSH:pd4tes ohE @ Elhe fH;ﬁbthMcl@E@Irﬁ@rst&‘?al ast
four outcones oOf the branch instruction as predicted by the BTB 124. The

specul at i ¢l bf sdrofryinissrudtien detecged barnke BUBtIe. (ingipestgd 15@diBAENng branch
instructions within small (or "tight") |oops since the true history m ght
not be upfalaechebabé camenygmstruction buffer and theepredied targeelinedr br anch

hi story maintained in the two-1evel adaptive branch prediction nechanism

i s the braddiesgeatitemnthhiBibidd.stored in the pattern table 612. The branch
pattern history indicates the likely outcome of a branch instruction based
upon the previous bfemercdationsnes bodnahhiarget and next sequential virtual

addresses are completed during pipestage 16. Also, during pipestage 16, the
return stack buffer is read, and top of stack pointers on a call or return
detected by the BAC 128 are updated. During pipestage 17, the BAC 128
performs branch validation, static prediction, and write access of the return
stack buffer. The BAC 128 is also affected during the execute pipestages as

~ shown in Figure 11b. A jump execution indicates a macro branch
misprediction after resolving the branch in pipestage 83. During pipestage 84,

the restoration of the top of stack pointer occurs.

Register Alias Table (RAT):

The processor of the present invention utilizes régister
renaming. In one embodiment, register renaming is performed in the
register alias table (RAT) 132. In general, the RAT 132 maintains mapping
from logical register names to physical register names. For the Intel®
microprocessor architecture, the logical registers include the Intel®
microprocessor architecture integer registers, floating point registers, flags and
microcode temporary registers. The physical register names correspdnd with
reorder buffer (ROB) 136 entries. The ROB 136 is described more fully below.
Through use of register renaming as provided by the RAT 132, a larger



branch instruction with identical branch histories. In one enbodi nent, the

branch pattern history is stored as a two-bit state value for each possible
branch history pattern. The two-bit state value classifies branch patterns

as strongly taken, weakly taken, weakly not-taken, and strongly not-taken.
The branch pattern history is created from previ ous occurrences of the sane
branch pattern. Each tinme a conditional, branch instruction is resolved, the
branch pattern table is updated. 8

34 . After the BTB 124 determ.nes the_branch outcone for all
condi t i ondER8isieASehIS 375eSSIRIE TR HRe PHPCeHOT drduiearget Netyse B rEalges sear ches

or e {1l BkPR SEaNCh, Lot et Lon AT 00 DSl el el ong are
bl.ock. However.. If.there is a taken branch instruction in the selected
set, then P?\%”%ﬁ%‘sllﬂ p?é’&l & a branch tar get address for the first taken
branch el UCt] o0 1y cge emiogymens B R BSSCLHIATBLAD £ 190,010 branch
| ot cat od el MBS LXRPIhAbAIBFMS BRAREANEN ERRIGMEL! Rdsp Predi ot ed
' register) designator from the decoded macro instruction. The look-up table
produces the physical register number in the ROB 136 fbr the renaming of the
logical register. Consequently, for every micro-op renamed, the RAT 132 is
updated. Therefore, every micro-op that targets an architectural register is
allocated a new physical register, and the address of the new physical register
appears in the RAT 132 for all future micro-ops. In one embodiment, the
RAT 32 renames up to four micro-ops per clock cycle.
In order to handle the multiple micro-ops at once, the RAT 132
utilizes an implicit sequential relationship among the four micro-ops that are
| simultaneously emitted by the ID 126. The sequential relationship is used to
dett;rmine which micro-op replaces any given entry of the RAT 132.
Generally, the latest micro-op in the group that targets an architectural
register overrides the corresponding RAT 132 entry. The look-up table is not
updated until all four micro-ops have been reﬁamed, but the first micro-op
may target a register that the second micro-op sources. To alleviate this
problem, the RAT 132 provides byte paths and compare logic that detect this
condition, and override the normal RAT 132 outputs. As shown in Figure 1,
the RAT 132 is coupled to the instruction decoder (ID) 126, allocator (ALLOC)
134, reorder buffer (ROB) 136, and reservation station (RS) 138.
In one embodiment, the RAT 132 performs both integer register
renaming and floating point register renaming. In general, the RAT 132

contains logic to track retirement of micro-ops including retirement overrides



124 handl es unconditional, conditional, and Junp To Subroutine branch

I nstructions by predicting a branch to the address provided in the branch
target address field of the BTB cache 610 entry. However, Return From
Subroutine instructions are handled differently. Wen the BTB 124 predicts
a taken Return From Subroutine instruction, the BTB 124 predicts a return
address fromthe return register 642 or froma return stack buffer within
the branch address cal cul ator 128. 49 The BTB 124 operates
during four different pipelines: the prediction pipeline, the allocation
pi pel i ne, andered PvBerides. t Engigiispmeat ouergidendypRIRsaY Ket® iar newt e pi pel i ne.
The BTB 124 occupies .t cycles to generate a branch prediction. Figure 7a
il lustrat e?éidtf%e%)]a@ﬁlé\é\é)éﬁ the pral irpgisien g I8P 37 agldresses.oReéa@nbodi nent  of

I
| o° decodedorh e dRe AT A ra eSO BI< et e pees hedopkea but of
Lhe oTB CagE Bl AL A ol 1,
predicts ahl, PRINGHSRPRhOALELSNES 1Hl: Wetitd B BIB NRRAKROW &S

data dependencies are utilized in scheduling in the RS 138. _

Figure 12 illustrates a high level block diagram of the RAT 132 |

and functional blocks that interface with the RAT 132 configured in

accordance with one embodiment of the present invention. The look-up

table is implemented with a RAT array 1220. For each entry, the RAT array

1220 stores a ROB pointer, identifying the corresponding physical register, a

real register file validity bit (RRFV), and control information. As shown m

Figure 12, the RAT array 1220 receives logical sources (LSrcs) from the ID 126.

The LSrcs indicate the logical architectural register for source operands in the

corfesponding micro-ops. In response, the RAT array 1220 outputs the

corresponding physical sources' (PSrcs). The array PSrcs are input to a

retirement override logic 1230. The retirement override logic 1230 receives a _

list of retiring physical destinations from the ROB 136. The retirement

override logic 1230 bypasses array PSrc data for retiring physical destinations

to generate a tempordry physical source (PSrcs).

The temporary physical sources are input to read override logic

1250. Also input to read override logic 1250 is physical destinations from the

ALLOC 134, and logical sources (LSrcs) and logical destinations (LDsts) from

ID 126. The read override logic 1250 bypasses previous temporary physical

sources for renamed physical sources. The priority write logic 1210 receives

physical destinations from the ALLOC 134 as inputs, and updates the RAT



35 up to the first predicted taken branch. The BTB 124 does not predict
past the first predicted taken branch because the instruction streamis
subsequently redirected to the target of the predicted taken branch.

The BTB 124 takes two cycles to predict a branch. Wen the BTB 124
predicts a branch taken in pipestage 13, all conputation in pipestage 12 is
cl eared because the programstreamis gedirected to the target address.
Consequently, a branch predicted taken by the BTB 124 results in a one

cycle  penghdyy12200s AR Rkt ghpﬁwlde%tmatiéﬁ@ ﬁ:r@né%&he&n@gfc ifag branch not
taken. During pipestage 13, the BTB 124 broadcast’s the prediction for the

branches tr@ceitzébe;fahﬁu:alZﬁstﬂaeomfaaﬂm@hhmdiﬁnmeduf@sx&k@dBA\GJ&@S and
utilized to verify the BTB 124 prediction. I n pi pestage 14,

the BTB 1Z4cayscidtatependencisiadoess tohfacpitatdischedlliny aneteseservativa BTB cache
610. All branches predicted, either taken or not taken by the BTB 124, are
specul at i weatjoruphae ediphyt cfaetd myesridées logithk250sp duaikatanved bhysiesly is witten
in a speculative history field in the BTB cache 610 and does not overwite
the true loanss, dmdthe yeriandest physioal. sources is transmittedritgtihe ROB E84.ust r at es

the BTB allocation pipeline configured in accordance with one enbodi nment

of the prdsemsequentnttne RAEABZ icepvens agicabTBcraope iBLed dremabalIDotzd ed one
cycle after the BAC 128 detects an incorrect Predi ction as shown i.n Figure
7b. In redpaiysicadmigcoepeiar gresutieniinibe onhel-prErip®tiongefathe t he BTB 124

to elimnate the entry.
processor.

In one embodiment, for each entry, the RAT array 1220 also
contains a status bit indication, identifying whether the data stored at the
corresponding ROB entry is valid déta. In other words, each ROB 136 entry
representing a local register assignment in éhe processor is associated with a
READY bit in the RAT array 1220 that indicates when the local register in the
ROB 136 contains valid data. The collection of READY bits is referred to
herein as the active registe-r file. ﬁe READY Eit may be set, either directly
(e.g:, signal(s) sent as part of the writeback action) or indirectly (e.g., by another
functional unit monitoring the activity on the writeback bus) in response to
data from execution results being transferréd on the writeback bus. Note that
the Pdsts may be used to correlate the results with the local register allocation.

Figure 13 illustrates the operation of the RAT 132 in one
embodiment of the pipeline processor of the present invention. The RAT 132
operates in pipestage 6 as shown in Figure 13. More specifically, within the
pipestage 6, the lower portion of Figure 13 illustrates'the internal pipestage
when the basic RAT 132 functions are executed. During the first half of
internal pipestage 21, array reads to the RAT array 1220 are executed. Also,
during the first half of internal pipestage 21, the retirement override function

is performed. In the second half of internal pipestage 21, a Pdst override and



Figure 7c illustrates the BIT 30 wite pipeline configured in accordance
with one enbodi nent of the present invention. In pipestage 21, the

al l ocator (ALLOC) 134 assigns a physical destination (Pdst) to the branch
Lnstruction issued fromthe ID 126. The branch Pdst is utilized to access a
BIT 630 entry. The BIT 630 entry is subsequently witten to the BTB cache
610 via the wite control logic 622. Tg? branch information witten in the
BIT 630 6 includes a RSPTCS

_ 3

val ue and fall .thrqugh instr.uction inter of. th br.anch instruction.
Ve a br AhePatretibBed dBRET Tt SRV Ao s RE Al 1 agHCr NG et ton
pointer i : I aun Ll l,ysirates the BTB cache
610 wri te%paﬁgéqﬁﬁggéagggllg%?%a arg Wrét%ego@&ggc@'g\ng'frlﬁyolﬁ‘éé'enbodi ment of the
present invention. As shown in Figure 7d, the BTB wite pipeline extends
from pi pestage 83H to pi pestage 86H. |In pipestage 83H the branch IP table

630 is aCCﬁﬁ?%gQr(m@?tl through IP is read out, decrenented, and decoded
to point tO € S€ at the branch entry wll be updated/allocated. In

pi pestage 84H, the BTB entry is read out. The branch entries are conpared
wi th the resol ving brianch to determ ne whet her

The speculative execution and out-of-order dispatch and
completion operation of the proceséor of the ?resent invention requires
additional resources than the architecturally defined registers. The allocator
(ALLOC) 134 allocates or assigns additional resources for micro-ops input
from the ID 126. In general, the ALLOC 134 assigns resources to the ROB 136,
the RS 138, and memory order buffer (MOB) 150. Evéry micro-op requirés an
ent-ry.in the RS 138 and the ROB 136. In addition, memory micro-ops require
space in the MOB 150, stores require space in the store buffer, and segment
register loads require physical segment registers. The ALLOC 134 allocates
resources to the ROB 136 and MOB 150 sequentially (e.g. in the original
pro'gram order). The ALLOC 134 allocates resources to the RS 138 utilizing
nonsequential allocation techniques. The ALLOC 134 also contains the ability
to stall, such that no additional resources are allocated for incoming micro-
ops. An allocator stall is generated from a determination that inadequate
resources exist, as dictated by the applicable resource allocation policy, or from
a pipeline flush. As shown in Figure 3, the ALLOC 134 operates in pipestage 6
in the processor pipeline.

The ROB 136 is configured as a circular buffer, such that the
ALLOC 134 assigns entries from zero until the highest address, then wraps
around starting over at zero. The ALLOC 134 receives micro-ops from the ID
126, and assigns physical destinations (Pdsts) for ROB 136 entries. In one

embodiment of the present invention, the ALLOC 134 utilizes an all or



a branch hit occurred, and, hence, whether an update or allocate is
required. |In pipestage 85L, new branch history is calculated, and the
branch prediction algorithmis utilized to update the pattern table 612
where an update is required. If the branch requires allocation, the

repl acenent policy is utilized to decide the nmeans for allocating the
branch. Finally, in pipestage 86, the branch is witten in the BTB cache
610 by the BTB wite control |ogic 622, The pattern table 612 is also
updated i f necessary. I nstruction Decoder (ID): As shown

D 0 e Bt LA DD d3he A op L
| netruct | BaguTs SRR R, SR AP Al R 1R el 2l B ey o
ke

i nstructi it 0 1 &l LEKcieNC I dig al so coupl ed
t 0 ha pall d BlGCARIE Bigd) selsn%%é de%gdggb{b{regﬁgg&lgna{%ra%é%tg% to the BAC 128.

| n addi ti amentdievelP it 2sufficleAt PsRlréd drBQviBabiB0theRNRLLOC 294 LAGURSL S

37 mcrocode operation fromthe M5 130 for macro i nstructions requiring
I ong no micro-ops during that allocation pipeline stage. If insufficient resources

are available, the ALLOC 134 stalls operation until resources become
available. The sequential fnanagement of the ROB 136 is performed in
conjunction with retirement or sequential deallocation utilizing a retirement
pointer. Tﬁe ROB 136 Pdst also serves as the micro-op ID for the particular
micro-op. The Pdsts are stored in the RAT array 1220, and aré subsequently
used as a tag for a match in the RS 138. In addition, the Pdst value serves as a
linear index to the ROB entry for execution write back.

The ALLOC 134 utilizes an out-of-order scheme for allocation of
resources in the RS 138. The lifetime of an entry in the RS 138 begins when
the micro-op is decoded and ends upon execution. The out-of-order
maﬁagement scheme reduces the number of entries required. As will be
described below, the RS 138 is capable of dispatching micro-ops out-of-order as
source data for the corresponding micro-ops become data ready.
Consequently, free entries in the RS 138 are typically interspersed with used
or allocated entries. In order to allocate entries in the RS 138, the ALLOC 134
utilizes a bit map scheme. In the bit map scheme, each RS 138 entry maps to a
bit contained in a RS allocation pool located in the allocator 134. By using a
bit map scheme, entries for allocation may be drawn or replaced from the RS
application pool in any order. However, such a bit map scheme requires
generation of a free list to specify unallocated entries in the RS 138. In order

to generate the free list, the allocator 134 starts scanning from location zero



m crocode sequences to decode. Figure 8 illustrates a bl ock
diagram of the ID 126 configured in accordance wth one enbodi nent of the
present invention. The ID 126 contains an ID input buffer 810. The ID
input buffer 810 allows decoupling of the pipeline architecture of the
present invention fromthe instruction fetch function to the instruction
decode functions. As discussed above in conjunction the description of the
| FU 122, a nunber of marked macro insgguctions are stored in the ID input
buffer 810 to generate a queue of macro |nstruct|ons for decodlng The I D

126 al S0 COnkAI%: NS LUGLI O SLECH ROLOG Ghe B201agTG, IS ELLOD. St eeri ng

| ogi c 820 |rec nStruct

wi thin thejissugs b e =QLied he enbodi ment |IIustrated|n Figure 8, -
the ID 12613cos§t asl n§ 5@?\ dﬁ:c%oder {)?ocks 840, 845, 850 and 855. The issue

tenplate 830 confi gyrhaldRRoRSE The %llBé‘it‘?ér{ 8f relec el Ae ré’g%?\rr&lon
instructions. The decoders 840, 845, 850 and 855 are coupled to an ID

out put questgtiS§PPRS) 138 and reorder bAFef{FOBPFERY] i aNGcatd N34 AstddesthR,] engt h
decoder 465, located in IFU 122, identifies the |last byte of 1 nstruction,

and the fi6p4 soRSasldetyintn@tvHebiceri OB stoké baffed betriRdrrplofsi@n skeRGhP
decoder 465 generates mark bits for each instruction byte so asS to allow

vari abl e | sgittérsians heeddd. ofise MOBa SOrieakeidd asa firxddr beffgt. NHomsverCt i ons.
The 1D input buffer 810 stores the marked macro instructions for decodi ng.
The i nstr uetdrpmist@epidugsiragyireqi8i2€ alvad beksr bhetore buffer entry. The

allocator 134 utilizes an all or nothing policy as applied to the MOB 150.

Consequently, stalling of micro-ops only occurs if all of the valid MOB micro-

ops cannot be allocated to the load buffer or store buffer. The MOB allocation

policy requires more logic than the ROB allocation policy. Allocation of

entries in the MOB 150 is described more fully below in conjunction with a

description of the memory cluster 120.
Reservation Station (R

In géheral the reservation station (RS) 138 is a buffer in front of
the execution units that holds both integer and floating point micro-ops “that
are waiting for needed resources in order to execute. The needed resources
include source data operands, and an appropriate execution unit to execute
the micro-op. For example, valid source data operands may be dependent
upon previous micro-ops that have not yet been executed. The RS 138 begins
the out-of-order data flow behavior of the processor, such that all previous
pipeline stages behave in accordance to the Von Neumann sequence. All
pipeline stages after the ROB 136 and RS 138 are decoupled from the previous

pipelined stages.



macro instruction marked bits to transmit nmacro instructions to decoders

‘840, 845, 850 and 855 in the issue tenplate 830. The issue
tenpl ate 830 specifies the nunber of decoders and the capabilities of each
decoder. In one enbodi ment, certain decoders decode all types of

instructions while other decoders decode only particular instructions.

The issue tenplate 830 is configured, such that decoder 840 issues up to
four mcro-ops, and decoders 845, 8 and 855 issue up to two mcro-ops per
pi pestage. Consequently, up to ten cro-ops per clock may be generated in

t he issue tenplat eﬁggfetﬂet&%nu%&%&é%@ed S tgl%%r' g%%éhsnr#onj unction with

four decoder bl ocks, "any nu ecoder DBl'oc zed for a

par ti cul anédasibh URd eRds Selisgiih. Hea RENBEERAY Bdnthddindly La¥d@Ld ng from the
spirit and scope of the invention. The operation of each

decoder 84Pon 8U&catiBHGhemgipdhife stsgai@RandSntoveydanad seen pRFidueear ifmaCr 0
instruction set utilized by the processor. Although the present invention
i s descri Be@iy icyitingder bheefpd Fesenkce; gy imbenpef ecesgddy Besodi ng nacr o

i nst ti i bl it.h the .nt ' hi t ect
| nel ud no CHREOR G 81 5 SE PRl vt 1o ooy FRANeS 18865 rmy be

conf i gur eg,40 ge&,ﬁﬁ%gnngramg Rt bykRlab ekl BBell s el 4igH g @ Rl SC

instruction s al, each xtracts operand and opcode
fields frdeedupéedmtie dfnisé REICBS Brobserved.fi el d | ocator 865, and stores data -
in alias registers. Each decoder also.contains at |east one XLAT PLA 870;
one PLA for each niFiguse dpiltustiates pdblatkciagsamifer ¢ mgsabiabionstappnduci ng. The

XLAT PLA 870 (9B0LAE S5k h BLALLEL WM Do 1S, il 8L rQERL0L 865 and contains
invention. The RS 138 contains a RS buffér 1410 that stores an entry valid bit,
micro-ops, control information, source data including a data valid bit and
corresponding physical sources, and a physical destination. The RS 138 also
includes content addressable memory (CAM) logic 1420, ready bit generation
1430, and micro-op scheduler 1440. In one embodiment of the present
invéntion, the RS buffer 1410 stores 10 entries., .The control portion of an
entl:y, micro-op, entry valid, etc., is input from the ALLOC 134 and RAT 132.

The data portion of RS buffer 1410 is input from the ROB 136 and the
execution units within the execution cluster.118.
The CAM logic 1420 and bypass logic 1450 controls the bypassing
of writeback data from the execution units into the RS 138. The CAM 1420 is
utilized to compare the writeback physical destinations (Pdsts) with the stored
physical sources (PSrcs). When a match occurs, write enables are assérted to
bypass the needed writeback data into the appropriate entry in the RS buffer
1410. In this manner, data on the writeback bus can be supplied to multiple
data sources in the RS 138 at the same time, without having to be written into
the ROB 136. For more information, see U.S. Patent Application serial no.

08/174,837, filed December 29, 1993, entitled " Method and Apparatus for



generating control mcro-ops. An alias MJX 875 nerges the control micro-
ops wwth data extracted by the field | ocator 865 to generate the m cro-ops.
I n one enbodi nent, decoder 830 decodes instructions requiring |onger

m crocode sequencing. Furthernmore, macro instructions having greater than
four mcro-ops summons the M5 130 to sequence the ID 126 during |ong

m crocode routines. Once the M5 130 cogpl etes the sequencing of the | ong

m crocode routines, control is returned to the ID 126. The m cro-ops are

i ssued in ghe;ord %?ggéga?%éa?%gﬁhg’%@?%a" assigned to the corporate assienee 8 fr om

39 uetie decotples

the out-afp rgﬁernt‘?K@&erpé‘nglih'éir?&a%@% | e rBY cdHEf S | frﬂegﬁ%goded

m cro-ops. The out put queue 860 attenpts’to provide a stea w of

M cro- ops Rasdhsiik F6K1GMGHhE antheaMythplihg BMEURiBBLLLPRIE tS tikerol gy Of
I nstructions even when the out-of-order cluster 116 is stalled. The out put

queue 860 Tiaorgaenszt ganératiohtiat30artabéseCAMbeatchingnméoonatisd guRéra@Rs
recei ved per clock, the variable nunber of mcro-ops produced per macro
i nstructi dnomabebAM wgibiaic Hnefddtos, thadesd pbltsgeneration 1430 receives gure 9
Illustrates pipeline stages for the instruction decoder functions
conf i gur edexenuider ceindaadétralion infeemativadideatifying thaavpilalidity of the
execution units in the execution cluster 118. In response, the ready bit
generation unit 1430 utilizes the CAM matching information and arbitration
information to generate entry ready information identifying data readiness
and execution unit availability for each entry in the RS buffer 1410.
The entry ready information is input. to the micro-op scheduler
1440, and a priority péinter is also input to the micro-op scheduler 1440. In
one embodiment, the micro-op scheduler 40 contains one scheduler for each
execution unit contained in the execution cluster 118. The micro-op
scheduler 1440 utilizes the entry ready information and priority pointer to
schedule micro-ops for dispatch to the execution cluster 118. The priority
pointer is utilized to specify where the micro-op scheduler 1440 should begin
scanning the RS buffer 1410 for selected entries. The priority pointer is
genérated according to a pseudo first-in-first-out (FIFO) algorithm. The use of
the priority pointer reduces stale entry effects, thereby increasing performance
in the RS 138.
The ALLOC 134 performs a load balancing algorithm that knows
the number of micro-ops in the RS buffer 1410 waiting for execution on a
given execution unit interface. The algorithm, known as static binding with
load balancing of ready micao-ops, binds micro-ops to an execution unit

interface. For dispatch, entries in the RS buffer 1410 are read and transferred

to the appropriate execution unit. The RS 138 dispatches all of the necessary



I nvention. Macroinstruction decoding occurs during two pipeline stages, 15
and 16. Macro instruction bytes fromthe |FU 122 are |atched into the ID
126 at the start of pipestage 15. The nmacro instruction bytes are steered
to the translate XLAT PLA 870 and field | ocators 865 during the first half
of the clock cycle in pipestage 15. In the second half of the clock cycle
i.n pipestage 15, the XLAT PLAs 870 trgnslate the instructions into the
control m cro-ops, and the field locators, working in parallel, extract

qd d
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860, and |ssued fromthe instruction de ode 6 when no downstr
stal i ng QfGUhfro-op from being scheduled, dispatched or executed due to a caché0

M cro-Instruction Sequencer (M5):
miss or possible future resource conflict. All canceled micro-ops are
rescheduled at a later time unless the out-of-order portion of the proeessor is
reset. After a micro-op has been dispatched to an execution unit, and no
cancellation has occurred, then the RS buffer 1410 entry can be deallocated for
use by a new micro-op.

Figure 15 illustrates pipeline stages involving the reservation
station 138 configured in accordance with one embodiment of the present
invention. As shown in Figure 15, RS allocation occurs during pipeline
stages 21L and 22L. Specifically, the initial writing of RS control information
to the RS buffer 1410 occurs during pipeline stage 211, and initial writing of
date occurs in pipeline stage 22L. Data enters the RS buffer 1410 from
execution unit writebacks during pipeline stage 83L. During pipeline stage
31H, the RS 138 determines which entries are ready for dispatch in pipeline
stage 32H. Upon determining which entries in the RS 1410 are ready, the RS
138 schedules RS entries for dispatch in pipeline stage 31L. The binding of
micro-ops to an execution unit interface at allocation occurs during pipestage
21L. The dispatch of micro-ops from the RS buffer 1410 to the execution units
occurs during pipestage 32H. In pipestage 22L, when source data is written to
the RS buffer 1410, that source data, for a corresponding micro-op may not be
valid at this time. The corresponding micro-op must remain in the RS buffer
1410 until the corresponding source data are valid. During pipestage 83L,

data writeback occurs.



As described above, the M5 130 takes control of instruction decoding
requiring long mcrocode execution flow. In one enbodinent, the M 130
contains a read only nenory (ROM for storage of micro-ops. The M5 130

al so provides sinple static prediction on mcro branches. In each clock
cycle, the M5 130 produces a mcroinstruction pointer (IP) based on
requests fromID 126. The new micro IP 9erm’ts decodi ng of the nacro

i nstructions. Wen the instruction decgder 126 decodes a nmcro instruction,
zero to four control mcro-ops are placed onto a bus that is shared between
the M 130 and decoder 840 in the ID 126. During the clock that the

control n'g érro¥ oRs Eﬁr"e{]l#éélven’ the 1D 126 accesses an entry point in the
XLAT PLA 8 *whet her or not to indicate to the M5 130 t hat
conpletion of the nmacroinstruction in the M5 130 is required. If such
conpletion is required, the M5 130 takes control of the bus, and retains

control until all OfTROGGABE balfer (ROBP1PS SruhBenERR] ARG ON are

sent to the I D 126. one enbodi ment, e mcro-code ROMin

- the M5 1304 ge Ukhbdrd 8¢ tﬁpgr&e_@;&%f e JrBsedlp nﬂ&%:f:hgﬂ%e&mw@%mibg?“ four
ps. In a 0] an

control m cro- dition, . the mcro-code f for event

i nterrupt F%Qﬂb?i&a@ﬁi@lg §h@roQﬂd—dffd)rH@ﬁdK'Fchﬁ-é‘rQﬂ@orR%tidTDV\@Mé'RQB3Q
m cr o- code ows | ess than four contro m cro-ops are stored in the

ni cr o- codepRliesMirexthestyfagk30or physiealcegivet s hiiaBpslesiedesgistehe control

m cro-ops, addressed by the mcroinstruction pointer, are read out of the

m cro- cont rerlanklyl TheeadMitional physical registers permit more parallelism in
executing instructions. In addition, the ROB 136 permits storage of micro-ops
that are speculatively executed to provide a storage buffer prior to committing
the results to the architectural state of the processor. Furthermore, the ROB
136 provides a storage buffer to permit reordering of the machine state, in the
original program order, from out-of-order oiaerations. The ROB 136 also
provides enough physical register space for register renaming. The ROB 136
also detects exceptions and mispredictions, thereby subsequently initiating
rep;ir to retain the proper machine state.

The ROB 136 supports speculative execution by buffering the
results from the execution units before committing architecturally visible
state of the writeback data in the RRF 137. Consequently, instructions are
fetched and executed at a maximum rate by assuming branches are properiy
predicted and no exceptions occurred. If a branch is mispredicted, or if an
exception occurs in executing a micro-op, the processor can recover simply by
discarding the speculative result stored in the ROB 136. In this case, the
processor restarts processing at the proper instruction by examining the
committed architectural state in the RRF 137. The process of committing
speculative state to architectural state is termed retirement. A key function of

the ROB 136 is retirement or completion of micro-ops.



130 is responsible for generating the microinstruction pointer, and actual
generation of the mcroinstruction pointer is based on the particular
situation. Once control mcro-ops have been read out of the mcro-code ROM
the M5 130 decodes the control mcro-ops, and utilizes the information

41 to generate control signals for the next cycle. The M5 130 is al so
accessed for an interrupt or ROB event, and a mcro branch m sprediction.
Figure 10 illustrates the operation of _the M5 130 in one enbodi nent of the
processor pipeline of the present i nvetiion. As shown in Fi gure 10, the M
130 operates during the first decode pipestage. During each cycle that the
M5 130 i s summoned, Ihaduir ssrage der exasstianmnét writelackuresilés is polimedr, and
utilizes the mcro instruction pointer to access the mcro ROM and read
out m cro-tBFEPPPH TEEMIEL IGRAMIAG NI disersied dReYeTREISIAICIen2ByIRE alldcatesr s

control signals, for fhe.next cl.e.., Branch Address Cal cul ator (BAC):
a’new physical register as the destination register of every micro-op that

writes to an architectural register. The execution unit write result data is
subsequently written into the renamed physical register in the ROB 136.
Retirement logic, contained within the ROB 136, updates the architectural
registers in the RRF 137 based on the contents of each rename instance of the
a'rchitectural registers. Micro-ops, that specify source data from an
architectural register, obtain either the .contents of the actual architectural
register or the contents of the renamed physical register. Because the
processor of the present invention is superscalar, different micro-ops in a
particular execution clock cycle may utilize the same architectural register, but
in fact, access different physical registers.

 The ROB 136 supports out-of-order execution by allowing
execution units to complete micro-op execution and writeback data results
witl.’tout regard to other micro-ops that are executing simultaneously.
Therefore, as far as the execution units are concerned, micro-ops complete
out-of-order. The retirement control logic in the ROB 136 subsequently
reorders the completed micro-ops into the original sequence issued by the ID
126 as it updates the architectural state in the RRF 137.

As shown in Figure 1, the ROB 136 is closely tied to the RRF 137,

ALLOC 134, RS 138, and RAT 132. As discussed above, the ALLOC 134
manages the assignment of ROB physical registers to support speculative
operations and register renaming. The register renaming of architectural
registers in the ROB 136 is managed by the RAT 132. The ROB 136 interface

with the RS 138 and the execution cluster 118 is loosely coupled in nature.



The primary function of the branch address cal culator (BAC) 128 is to

cal cul ate addresses for certain types of branch instructions, and to verify
branch predictions made by the BTB 124. Specifically, the BAC 128 perforns
branch target and next sequential |inear address conputations. In addition,
the BAC 128 performnms static predictions on branches based on the address
cal cul ations. Furthernore, the BAC 128gontains a return stack buffer to
keep track of the return addresses of the CALL instructions. In general,

the BAC 128 serves B TB 124
The BAC 128 atterrptF trg 1?39922?%%@?%?%5@“%5? gt@%}\%rla eﬁ%ﬂ *Fhe BTB

124 so as if Gcksrdunge Wit16he Bt RHeeE 'o@'ﬂh@??@s'eht %&en’?&%nShR%hbfbxf ure 1,
the BAC 128 communi cates with the instruction fetch unit (IFU 12 branch -

target bufffigiire {BIB)add2don tdSHd RRE 137, dRCROBI 136! dahtdirS fo@Nthtb &1

m croi nstructi on sequencer (M) 130. The BAC 128 provides a
mechani smefiactioren blagksg rbsudnbhffepl 610, ¢ttiemenecohttob gl 26xigp whose tar get

can be determ ned solely fromthe

42 br anchalcoittionc1630naaddvens tetectioni64di The RRAAGINc@ainaftht hegieaor anches
registers that constitute the architectural state of the processor. For the Intel®
architecture microprocessor, the RRF 137 contains eight registers.

In one embodiment, the result buffer 1610 contains 40 physical
register entries. Each physical register entry contains a résult data field and
control information fields, including a physical register valid bit field and a
logical destination (LDst) field. The physical register valid bit field indicates
whether the result data in the corresponding physical register is valid, and the
LDST field specifies the corresponding logical register. |

~ The IP calculation 1630 generates the architectural instruction
pointer as well as several other macro and microinstruction pointers. The
macroinstruction pointer is generated based on the lengths of all the macro.
instructions that retire, as well as any branch target addresses.

In general, the retirement control logic 1620 computes
retirement valid signals indicating ;Nhich physical register entries with valid
writeback data are ready for retirement. The retirement control logic 1620
reimposes the original program order on the physical micro-ops by
committing the speculative results held in the result buffer 1610 to the
architectural state of the processor in the same order as the original logical
micro-ops were received. The retirement control logic 1620 generates
addresses for retirement reads performed in each clock cycle by reading
speculative result data from the retiring physical registers of the result buffer

1610, and transferring the speculative result data to corresponding committed



m sses the BTB cache 610, the BAC 128 statistically predicts the decision
and target of that branch. Alternatively, if one of these branches is
predicted by the BTB 124, the BAC 128 verifies certain aspects of the
prediction. If either the BAC 128 static prediction or branch validation
is correct, the mspredicted branch penalty is reduced to five clocks. The
BAC 128 receives as inputs the branch displacenent contained in the branch
instruction fromthe BTB 124, and theﬁoopcode information fromthe 1D 126.
Fromthis, the BAC 128 calcul ates the branch target and "fall-through”

| i near addFE8JegIEfsshH 1N &%ﬁpgt]i%n Rar ‘B}f‘e?f&gp‘g‘ﬁ%e,ntt BreerEgt centiohs t he
processed br.aquﬁ I nstruct ifon to the 1D 126. Specifically, the BAC 128
suppl i es tIR&ICIIH2A 58inks 1 torfRUr RPYBICAFERISETs SARCHERRYAt Top OF Stack Poi nter-

(TCS) for each bran i pstruction. . ._._In one, enbodi nent, the
BAC 128 cal cul at es ﬁgfﬁegfeé‘ﬁ R A ogigP2R dRpINdEGI TS IHEMAN tRPANteAddr es's

0 P SRS Y BB 08 e BB, s et PR
TP BB RS o BOMPBE s i dETE Py g
O+ P o O GRBBIE Mk i s B gALoo0e 12 tho
registers in the result buffer 1610 as the retirement control logic 1620 retires
the speculative results of the physical registers to the architectural state. The
retirement control logic 1620 retires the phglsical registers in order because the
ALLOC 134 allocated the physical registurs in the original order of the logical
micro-ops order.
In order to retire a physical register, the retirement control logic
1620 initially tests the corresponding valid bit of the physical régister. If the
valid bit indicates the entry is valid, sucH that the speculative result data for
the _corresponding physical micro-op is contained in the physical register,
"~ then the retirement control logic 1620 transfers the corresponding speculative
result data to the committed state register in the RRF as specified by the
logical destination field (LDST) contained in the physical register entry.
The event detection 1640 determines whether the execution
unit, prbcessing the corresponding micro-op, reported an event. If an event is
reported, the ROB 136 entries that follow the entry reporting the event are
discarded. In addition, the MS 130 is signaled to jump to a particular micro-
code handler, and most of the state of the entry with an event is saved for
micro-code handliﬁg use. The signaling of an event is based on the events
reported to the ROB 136 by the execution units in the execution cluster 118.
The event detection block 1640 saves all states from the corresponding ROB

entry needed by the micro-code event handler.



instruction bytes which is encoded from 16 to 15 bits (for a range

of 1 to 16), and zero-extended the upper 27 bits; BrDi spExt is the
si gn extended branch di spl acenent.
43 In general, the branch target cal cul ation invol ves

adding the branch displacenent, contained in the branch instruction, to
the |linear address of the instruction {ollomﬁng the branch instruction.

” The branch virtual address is obtained by subtracting the code segnent
base fromthe bran | i.near granch instruction, the BAC

128 also calcul ates Fhe dle?ec?‘ﬁ 31365;9 a%o %e%f te sa %rr?tl CAFi 't val
Instructl g@ag@ﬁ@&m N‘hrltﬁ’)r%p @t}]yklége e§e£u'? V&l{\étHﬁlqﬁd%‘ﬁ%xé’{ngh}he

i nstructi I owi n hr ough”

A e s el S e AT
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W th the nganétsidsusidp?BdR¥ed The jump execution unit, in addition to asserting
the JE Clear signal, sets a bit in the control information. The JE Clear starts
the in-order portion of the processor fetching and decoding down the correct
path, and stalls instruction issue into the out-of-order portion of the
- processor. However, the correct path determined by the'jump execution unit
may not be the actual correct path if a preceding micro-op that has not
executed could cause an exception. When a mispredicted branch retires, the
ROB 136 asserts a RO Clear signal. The RO Clear signal reséts the state of the
out-of-order portion of the processor. In addition, the RO Clear signal
unstalls the in-order portion of the processor, and the RS 138 receives correct
micro- ops from the issue cluster 114. Also, when the ROB 136 retires a micro-
op that faults, the event detection 1640 asserts a RO Nuke signal so that the in
order and out-of-order clusters, 114 and 116 are cleared.

The ROB 136 is active in both the in-order and out-of-order
portions of the processor. Figure 17a illustrates the processor pipeline stages,
emphasizing the involvement of the ROB 136. In pipestage 21, entries in the
ROB 136 that hold the result of the épeculati\;é micro-ops are allocated. In
addition, addresses of the ROB entries (Pdsts) for the micro-ops are also
written to the RS 138. In pipestage 22, immediately following entry allocation
in the ROB 136, the source data corresponding to the micro-ops are read from
the ROB 136. The source addresses are provided by the RAT 132 based on the
alias table update performed in pipestage 21. The RAT 132 writes the .

addresses of the ROB 136 entries sourced with each micro-op into the RS 138.



The BAC 128 maintains a return stack buffer utilized as a branch

predi ction nmechanismfor determning the target address of return

i nstructions. The return stack buffer operates by nonitoring all "cal
subroutine” and "return from subroutine” branch instructions. Wen the BAC
128 detects a "call subroutine” branch instruction, the BAC 128 pushes the
address of the next instruction onto t@p return stack buffer. A Top of
Stack Pointer marks the top of the return stack buffer. By pushing the

dd [ di atel y. fol l.gw. h | -out.i ne” i nst ' toth
Feturn stack bt fof BRATPeREFRAGeABE NSOk Ao LBy et AUEkE e roturn
dd . t he. 8 4 at. d "ret fr. b tine" b h
o o5 R HGa0R2 ok Bes 890 LR R BBBRIN 0, O 2
tack buff : R ' { TB 124,

The 518 128PRRtE AT Rl blbe R <ERR B M b i BRRREON, ocessor
of the preseimtderl MhingeUabPthhOROWHR, PARER, REBEICHHARL 1fr anches

not |ocated in the branch target cache 610. For the | _
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decides to
ops are issued out-of-order from the RS 138. Arbitration for use of writeback
* busses is determined by the execution cluster 118 and RS 138.

Figure 17¢ illustrates the involvement of the ROB 136 during the
retirement pipeline stages. In pipeline stage 92H, the retirement control logic
1620 reads candidates for retirement. In pipeline stage 92L, micro-ops ready
for retirement are calculated. In pipeline stage 93H, the event detection 1640
detects any events, and the IP calculation 1630 calculates the current
instruction pointer. The retirement pipestages are decoupled from writeback
pipestages, because the writebacks a;re out-of;érder with respect to the original

program. In pipestage 93L, the architectural state is updated by transferring

retired ROB entries to the RR_F 137.

Data Flow Architecture Examples:

Figure 18 illustrates a data flow architecture example for
processing a logical micro-op in accordance with one embodiment of the
presez;t invention. Although the following example is illustrated with a
specific logical and physical micro-op, any format of the micro-op may bel used
without deviating from the spirit and scope of the invention. The logical
micro-op, (add EAX, EBX, EAX), specifies adding the contents located in the
logical registe'r EAX with the contents located in the logical register EBX, and

storing the result in the logical register EAX. In order to process the example



"take" four types of branch instructions not identified by the BTB 124. For
an instruction pointer (IP) relative unconditional branch, the BAC 128

al ways predicts taken. In addition, if the BTB 124 predicts "not taken",

t he BAC 128 overrides the BTB 124 prediction decision for this type of

br anch. For a return branch type, the BAC 128 receives all
call instructions, and records the adéfess return addresses in the return
stack buffer. Consequently, in order to predict a return branch type, the
BAC 128 pajkso-obetheopLdDA & sdcapikes thologidud ntietaiop (sdABBOEBXIEAKDr an | P
relative conditional branch type instruction, the BAC 128 utilizes the
sign bit aind generaties pl FosimahtestngpioadPelst) teqaabroadtc hirdespensm théor a

regi ster indirect branch type, the BAC 128 al ways predicts taken. |If the
BTB 124 dokkLO6t 134 wamsferstthk dldst Boto theeRAd (it drhel RATT Bt rebeigacthe t he BAC
128 overrides the BTB 124 njssed prediction or ingroger prediction.

After a briidst@6iand tapslpies the legedddaigro-aptade EHX1B8X, BAX infto atphyisizal 126
determnes that a predicted _branch instructigon is not a_branch instruction,
then the BASTaR FLEHHS EhaSpiockassre fieRRF Ndlaa orithe BAX eabydatibem nes
that the ei ved_jnastruction is a branch instypuction, thepn the ID 126
transfers I{*‘ﬁg arfé\)/pg%@f‘sB?talﬁl&%af%‘rg{‘?rﬁcﬁaixgﬁr?YéE%qIE}%%fhatthé‘Yéicé PAEERORL of the

branch, 2N4eLI5 e MLSORE UL Lalgcl AUk Sss Rl sthctbon Lo TS 124, 11 one
four t ypesargtf_lment 35 in the RAT array 1220 specifies that physical source two (psrc2)

resides in entry RE35 in the ROB 136 as indicated by the RRFV flag for the

EBX entry in the RAT array 1220. '

The RAT 132 transfers the physiéal micro-op, add eax/rrfv, 35,
36, to the RS 138 and ROB 136. The RAT 132 stores the allocated Pdst 36 for
the physical micro-op add eax/rrfv, 35, 36 into the ROB pointer field of the
EAX entry in the RAT array 1220. The RAT 132 also clears the RRFV bit for
the EAX entry in the RAT array 1220 to indicate that the logical register EAX is
ma};ped to the ROB 136 in a speculative state.

The ROB 136 receives the physical micro-op add eax/rrfv, 35, 36,
and reads source data for the physical source psrcl eax/rrfv by retrieving the
EAX entry in the RRF 137. The ROB 136 reads source data for the physical
source psrc2 by retrieving ROB entry RE35 in the result buffer 1610. The EAX
entry of the RRF 137 contains a data value equal to 229 for the committed

“state of the EAX architectural register. The ROB entry RE35 of the result
buffer 1610 contains a result data value equal to 522, and a set valid bit
- 'mdicatihg the current speculative state of the EBX architectural register.

The ROB 136 transfers source data (srcl), 229, and source data .
(src2), 522, and corresponding valid bits, to the RS 138. The ROB 136 receives
the logical destination (LDST) EAX for the add eax/rrfv, 35, 36, physical micro-



branch instructions: an unconditional relative junp/call, an unconditional
register indirect junp/call, a conditional junp, or a return from
subroutine. Each type of branch instruction is handled differently by the
BAC 128. Tabl e 2 sunmari zes the operation of the BAC 128 for
each type of branch instruction when the BTB 124 predicted the branch
instruction and 64 45 the ID 126
verified that the predicted branch instruction is actually a branch

i nstructign
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and bran di spl acenent
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and stores the add opcode into the opcode field of the RSO entry in the RS
buffer 1410 as specified by the ALLOC 134. The RS 138 also stores the physical
destination (Pdst) 36 into the PDST field of the RSO entry. The RS 138 stores
the physicél source locations, "xxx" for psrcl, and "35" for psrc2, into the
PSRC1/PSRC2 fields of entry RS0. The RS 138 also sets the entry valid flag for
the RS0 entry. In addition, the RS 138 rezeives the source data values, 229 for
srcl, and 522 for src2, as well as corresponding valid flags. The RS 138 stores
the source data values and corresponding valid flags into the SRC1 /SRC2 and
V fields, respectively, of the RS buffer 1410 entry RSO.

~ Note that if the RAT contains a READY bit identification for the
regi.ster location designated as containing the source data (e.g., srcl, src2) and
the READY bit for a source for a micro-op indicates that the data at that ROB
136 location is not valid (e.g., not ready), then the ROB 136 read will not be
performed because the ROB 136 Read operation will not result in data being
forwarded from the ROB 136 to the RS 138. If multiple micro-ops, such as
four micro-ops, are being forwarded from the RAT to the RS 138 in each cycle
and each has two source data values, then eight ROB 136 read operations
would havé to be performed eight times a cycle. Therefore, the ROB 136
would be required to have eight ports. Since statistically it is very unlikely
that all eight data sources are available, by maintaining the active register file
of READY indications in the RAT, the ROB 136 does not have to have eight
read ports. Therefore, use of the active register file allows only ready

operands to be steered to the source of the registers. Also the number of ports



Condi ti onal Junp - No, condition Yes, target cal cul ated

unknown fromIP and branch
di spl acenent Return from subroutine Yes, taken Yes, from BAC
Leturn stack buffer

Wien the BAC 128 receives an unconditional relative jump or call
instruction that was predicted by the 8TB 124, the BAC 128 validates both
the predicted branch outcone and the predicted branch target address.
Because t heeeideddoh thesROWcHodis tredwnedd, thdrebBIBrading the speedsartcheeducingh
outcone by ensurjng the branch was predicted taken. The BAC 128 val i dates
t he branchhegegeired@gexss thy U(ttégti\i?(gﬁfﬁ‘g!t-t he instruction pointer relative
target address and conparing the cal cul ated branch target address with the:
predicted branch tdigetesddarcilystrate 3} expanplerd dispateinga ploysdcadr branch’
target address re mspredicted by the BIB 124, the BAC 128 flushes the
pi pel i ne, ‘Ql’ﬁio'q{’e\,\g’f’&?f &ﬁeﬂﬁé{‘@rﬂ:ﬂ 3gfe ikt PR ermhndiment Ré the presensd
address. Because t
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in the RS buffer 1410, is ready for dispatch to the execution cluster 118 because

6

the source data is fully assembled as indicated by the source data valid bit (V)
for each source data. In order to dispatch the micro-op, the RS 138 transfers
the physical micro-op add 229, 522, pdst = 36 to an appropriate execution unit
in the execution cluster 118. Specifically, the RS 138 generates dispatched
physical micro-op add 229, 522, pdst = 36 by reading the OPCODE, SRC1/SRC2,
and PDST fields of entry RO in the RS buffer 1410. The RS 138 clears the entry
valid flag of entry RS0 to enable allocation of the RSO entry for use by a
subsequent physical micro-op. The RS 138 notiﬁés the ALLOC 134 of the
physical micro-op dispatch, and thereafter, the ALLOC 134 allocates the RS0
entr.y to a subsequent physical micro-op. |

Figure 20 illustrates a second data flow architecture example for
processing a logical micro-op in accordance with one embodiment of the
present invention. For the example illustrated in Figure 20, the issue cluster
114 issues a logical micro-op (sub EAX, EBX, ECX) while the execution cluster
118 executes the dispatched physical micro-op add 229, 522, pdst =36, The
ALLOC 134 receives the logical micro-op sub EAX, EBX, ECX, and generates a
physical destination (Pdst) equal to 57. The ALLOC 134 transfers the Pdst, 57,
to the RAT 132, and the RAT 132 translates the logical micro-op into a
physical micro-op, sub 36, 35, 57. The ROB pointer and the RRFV flag for the
EAX entry in the RAT array 1220 indicates that the physical micro-op

argument, 36, is located in entry RE36 in the result buffer 1610. Similarly, the



branch target address for unconditional relative junp or call instructions,

the branch instructions are fully executed. When t he BAC 128
recei ves an unconditional register indirect junp or call instruction that
was predicted by the BTB 124, the BAC 128 validates the predicted branch
out cone. Because the branch is unconditional, - the BAC 128 validates the

predi cted branch outcone by ensuring tg‘? branch instruction was predicted
"taken". However, the BAC 128 cannot vaftidate the branch target address

because the value within the register.is pot known at this stage in the
processor PSW&LSPF RUCTOTPR AEg HRENt, t%'hesﬁéeffgahﬁ?gég 1hipcated Hﬁ‘s‘%ﬂ*@hﬁ%ﬁé iRhe

branch target %ggﬁeﬁs g@di cted by the BTB 124. When t he BAC
128 recei VEs ¥ iR " junp instruction that was predicted by the BTB -

, th | I he_b h b | cul ati
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predi cted branch target address.” Because a return from subroutine

I nstruct i GhyisicalinGerebp sapak, 33,152, BIBe12% 138hhd @lEeROBBdr anch out come by
ensuring thé branch instruction was predicted taken.

The ROB 136 reads source data for psrcl by reading ROB entry
RE36 of the result buffer 1610, the ROB 136 reads source data for the physical
source psrc2 35 by reading ROB entry RE35 of the result buffer 1610. The ROB
136 entry RE36 contains a fésult data value eciual to "xxx", and a cleared valid
bit indicating invalid result data for the current speculative state of the EBX
architectural register. Prior to the result writeback for the dispatched physical
micro-op add 229, 522, pdst = 36 from the execution cluster 118, the result data
for RE36 is invalid. The ROB 136 entry RE35 contains a result data value |
equ.al to 522 and a set valid bit for the current speculative staté of the EBX |
architectural register.

The ROB 136 transfers the result data values, "xxx" and "522",
and the corresponding valid bits to the RS 138 for the srcl and src2 data.
The ROB 136 receives the logical destination () ECX for the physical micro-op
sub 36, 35, 57, and stores the logical destination () ECX into the LDST field of
the RES7 entry in the result buffer 1610. The ROB 136 clears the valid flag in
the RE57 entry to indicate that the corresponding result data are not valid.

The RS 138 receives the physical micro-op sub 36, 35, 57, and
stores appropriate information in the RS buffer 1410. Specifically, the opcode
"sub” is stored into the opcode field of the RSx entry, the physical destination

pdst 57 is stored into the PDST field, and the physical sources psrcl 36 and



The BAC 128 validates the branch target address by accessing the return
stack buffer. Figures 1la-b illustrate the operation of the
BAC 128 for one enbodi nent of the pipeline processor of the present
Lnvention. The BAC 128 primarily operates in four clock cycles. In

pi pestage 14, the BAC 128 supports

47 the BTB prediction nechanismfor r@t urn target by sending the return
| i near address stored in the return stack buffer to the BTB 124 via the
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ready. _
Figures 21a-b illustrate an example of a result data write back
from the execution cluster 118 configured in accordance with one
embodiment of the present invention. For the example shown in Figures
21a-b, the execution cluster 118 writes back to the RS 138 the data result "751",
corresponding physical destination Pdst "36", and corresponding valid flag for
the dispatched physical micro-op add 229, 522, Pdst = 36 on the writeback bus
139. The RS 138 receives the data result 751" and corresponding valid flag,
and stores the data result "751" into the SRC1 field, and the valid flag into the
V field of .the RSx entry. The physical micro-op sub 36, 35, 57 stored in the
RSx-entry is now ready for dispatch to the execut.ion cluster 118 because the
source data is fully assembled.

The ROB 136 receives the data result "751" and corresponding
physical destination Pdst "36", and stores data result "751 into the result data
field of entry RE36 as s.pecified by the physical destination Pdst 36. The ROB
136 also sets the corresponding valid flag to indicate that the ROB entry RE36
contains valid speculative data for the EAX architectural register.

Figures 22a-c illustrate a retirement example of speculative
information from physical registers in the ROB 136 to committed state .
registers in the RRF 137 in accordance with one embodiment of the present
invention. The retirement control logic 1620 retires the physical registers in

the result buffer 1610 in the original program order as a retirement pointer



shown in Figure 11b. A junp execution indicates a macro branch

m sprediction after resolving the branch in pipestage 83. During pipestage
84, the restoration of the top of stack pointer occurs. Regi ster Alias
Tabl e (RAT): The processor of the present invention utilizes
register renamng. In one enbodi nent, register renamng is perfornmed in
the register alias table (RAT) 132. | gggeneral , the RAT 132 nmintains
mappi ng from |l ogical register names to physical register nanes. For the

Intel [errkq ol oy RERAI Uy ﬁ{ogg{iérﬁgato%t%r ﬂ%ﬁb%rgho&ieﬁlor%?};%g {cg) I nclude the

Intel mcroprocessor archi I'nteger FPegi sters, I'Ng poi nt

regi stersgod ) far@d’ St er ' egi ster
names cor rre p%%?j %&ﬁﬁe@ﬁggﬁﬁggﬁﬁ fer Ef%r@%%%& gh'?}el ﬁ&e%}éﬁ%@rig@ i's .
descri bed)dme¢ %iﬂiiétﬁfe@@ie%ysﬂ&'l Q@QeHREBS’fbyriﬁﬁiaﬂtyet'ést”u?g‘%@ ng as provided by

the RAT 132, a | arger 48
regi ster sefresporrlif@yalilhe.t Thé helidaceei@iteArahitheedtbshontigguse of a

| arger register set facilitates out-of-order dispatch and conpl eti on of
execut i onspéculatined ragatti duts are vhlié. pxoeesssquence, the retirement control
| logic 1620 transfers speculative result data from the physical register RE35 to
the committed state register EBX in the RRF as specified by the field of the
physical register RE35.

Similarly, the retirement control logic 1620 retires the physical
register RE36 by initially testing the corresponding valid bit. Because the
corresponding valid bit indicates that the corresponding speculative result
data is valid, the retirement control logic 1620 transfers speculative result data
from the physical register RE36 to the committéd state register EAX in the
RRF 137 as specified by the field of the physical register RE36. In addition, the
retirement control logic 1620 notifies the RAT 132 and the ALLOC 134 of the
reﬁ;ement of physical registers RE35 and RE36. In response, the RAT 132
updates the RRFV flags in the RAT array 1220 to reflect the retirement. The
retirement notification indicates to the ALLOC 134 that the retired physical

registers RE35 and RE36 are available for allocation.

Integer Execution Unit (TEU):

In general, the IEU 144 executes and computes all single cycle
ALU micro-ops. In addition, the IEU 144 validates the correctness of all
control flow micro-ops and reports the result to the appropriate units. The
IEU 144 contains two similar ALU clusters, thereby allowing the processor to

execute two integer ALU micro-ops in parallel. The first and second ALU



I'n one enbodi nent, the RAT 132 is inplenented as a | ook-up table. The

| ook-up table is indexed by the architectural register (i.e. |ogical

regi ster) designator fromthe decoded macro instruction. The | ook-up table
produces the physical register nunber in the ROB 136 for the renam ng of
the |logical register. Consequently, for every mcro-op renamed, the RAT
132 is wupdated. Therefore, every mcréB op that targets an architectural
register is allocated a new physical register, and the address of the new
physi cal robgstetsan thaiptiardst dra coliplddAb thaRS 188. altte fitst WIEUdedrer ops. I n one
enbodi nent, the RAT 32 renanes up to four mcro-ops per clock cycle.

I n order texeharslmeost oé thelstrigié eyde dntegepmiato-ope; et indudAg GR2Junsi | i zes an
inmplicit sequential relationship anong the four mcro-ops that are .
si mul t anecnirg-opsi tEhedsaspnd heLUDrluster caieinseiiagniripaxaceatiani wmshilhei s used
to determ ne which mcro-op replaces any given entry of the RAT 132.

Gener al | y,seeond Pdilé stustercperionms fmrrpawgaaugmch@ns:t axemttes akh Adrdhi t ect ur al
regi ster overrides the correspondi ng RAT 132 entry. The | ook-up table is
not updat EBICHPIOPE. Efacutes X mié’rt&r@b%lﬂém%@ﬁnﬁ aphaetutedibytthe first st

m cro- op w tlarget regi ster thak,the ecgnd m Gro-op sources. To

al | evi at e AhP<IBHEbIdeRs mipgs BRrbagsh s gradiete Wf"@cgm gxRfusesnpErteol] ogi c
that detect this condi.fion nd errj de the no I T 132 outputs. As )
Shown | n_AEGHE 258 THle feanediss WEER deliraifing Whethens hateh sriecoder (1D

120, o o5 Bl A, 1k B L B 0 R SeA ST AR O

both int e%‘%ﬁn&ﬁﬂi\@}ﬁﬁtion, and computes the linear or virtual branch address for
the target. The RS 138 dispatches micro-ops to the appropriate cluster within
the TEU 144. If the micro-op is a branch instruction, the IEU 144 transmits the
target address and branch information to the BTB 124, MS 130, IFU 122, and
BAC 128. The writeback ports, coupling the IEU 144 to the writeback bus 139,
are shared with the FEU 1.42. |

The jump execution unit within the IEU 144 detects valid jump

mic;o-ops dispatched from the RS 138. In response, the jump execution unit
executes either micro or macro jump micro-ops to ascertain the actual branch
condition. The jump execution unit compares the actual and predicted
branch conditions to report the branch as preaicted correctly, or predicted
incorrectly (e.g. whether the branch is taken or not taken). The jump
execution unit writes back linear and virtual branch addresses for the branch
micro-op. If a branch was incorrectly predicted and subsequently taken, the
jump execution unit asserts a control signal, JE Clear, to flush the in-order
instruction pipe upon detecting the oldest mispredicted branch. The JE Clear
starts the in-order portion of the processor fetching and decoding down the
correct path, and stalls instruction issue into the out-of-order portion of the

processor.



renamng and floating point register renamng. In general, the RAT 132
contains logic to track retirenent of mcro-ops including retirenent
overrides 49 and read
overrides. The retirement overrides bypass array data for new addresses
provided by the real register file (RRF) 137 addresses. Read overrides
bypass previous tenporary physical sod@ces for renaned physical sources.
The RAT 132 also contains priority wite logic to update the | ook-up table
wi th new physical digutas iDnsrdtbathealBY 286 ogeediodywithen ahbocator 134.  The
RAT 132 contains next pointer logic to record data dependenci es, and the
dat a depeemibodineentasfethet processdr Iﬁ)ﬁ:émeﬁfUMerm'eBmtttheﬁﬁoﬂ3a'he ROB 136

Figure 12 illustrates a high le bl ock di agram of the RAT 132 and

f unct i onatea) andk RSt ¥dtready endlackedule beture iRATpds3Res GifarglgedThalEW@Ccor dance
wi th one enbodi nent of the present invention. The |ook-up table is

i npl ement Bt wiceives a RATiIdamicag-op2 20. toftpio ssacte eperapds; fegsRATd ddsey 1220
stores a ROB pointer |dent|fy|n the correspondi ng physical register, a
real regi o8y tekel o Bipegtages 3 B\ﬂfﬁbhﬂmmem ackniei result As shown
'n fault information, flags to the RS 138 and ROB 136 in pipestages 33 and 83. As

shown in Figure 23, the [EU is a single cycle execution unit.

Address Generation Unit (AGU):

The AGU 146-computes the linear address utilizing a base
address, a displacement value, a scale value, an index value. and a segment
value. In one embodiment, the linear address contains 32-bits wherein, 20
higher order bits identify a memory page and 12 low order bits identify the
off-set within the memory page. The address generation (AGU) 146 performs
address calculations, handles all segment operations, and controls accesses to
all control test registers. The AGU 146 contains two independent address
calculation blocks, each capable of producing a linear address and effective
address every clock cycle. In addition, the calculation blocks check for
segment limit violations, alignment faults, and perform access time
protection checks.

The AGU 146 is coupled to the RS 138 in order to receive micro-
ops. The AGU 146 is also coupled to the memory cluster 120 permitting
transmission of the linear address to the memory cluster 120 every clock cycle.
For address generation, the AG.U receives data from either the RS 138, IEU
144, or MIU 140. The data is utilized, with a segment base, to create a linear

address. For control register accesses, the AGU 146 receives input data from



Figure 12, the RAT array 1220 receives |logical sources (LSrcs) fromthe ID
126. The LSrcs indicate the logical architectural register for source
operands in the corresponding mcro-ops. In response, the RAT array 1220
putputs the correspondi ng physical sources (PSrcs). The array PSrcs are

i nput to a

retirement override |ogic 1230. The retirenment override |ogic

1230 receives a list of retiring physical destinations fromthe ROB 136.
The retirenent override |ogic 1230 bypasses array PSrc data for retiring
destinations to generate a tefdporary physical source (PSrcs).

The tenporary physical sources are input to read override logic 1250. Also
i nput to rthad&SdAérinithe forgiaf mz50-ops apHysoiuced datesipenandony o memdrdye
134, and | ogical sources (LSrcs) and |ogical destinations (LDsts) from ID.

physi cal

126. The rc@

sources for ren d physjcal,K sources. The priority wite logic 1210
bisyes HE s

receives €

t he RAT
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The AGU 146 supports the segmentation and protection
implementation for compatibility with the Intel® architecture
MiCrOprocessors. The AGU 146 contains a segment block that includes the
segment register file. The segment block is capable of handling all the
segment register loads. In addition, the segment block contains the hardware
that performs protection checks for segment register loads. In general, a
segment operation loads segment register data in the segment register file. If
a segment operation is successful, the AGU 146 writes status back to the ROB
136. If the segment operation is not successful, the AGU 146 drives a vector
containing the fault status for the operation that faulted. The AGU 146 also
contains a scratch pad unit having architecturally visible control registers that
are used by micro-code. For control register operations, the AGU 146 writes
data to the ROB 136. For a control register rgad, register data is written, and
for register writes, the micro-address of the control register is written.

Figures 24a-c illustrate processor pipeline stages involving the
AGU 146 configured in accordance with one embodiment of the present
invention. Figure 24a illustrates the AGU 146 address calculation pipeline

stages. In pipeline stage 32, the AGU 146 receives inputs from RS 138 and

~ latches the inputs in pipeline stage 33. The linear address and MOB split

information is driven to the MIU 140 in pipestage 33, and a special AGU

cancel signal is driven to the MIU 140 in pipestage 34. All writeback data is



records data dependencies so as to facilitate scheduling in the reservation
station. The output of read overrides logic 1250 is the renamed physical
sources, and the renaned physical sources is transmtted to the ROB 136.
Consequent |y, the RAT 132 converts logical mcro-ops issued fromthe 1D 126
to physical mcro-ops for execution in the out-of-order portion of the
processor. ' In one enbodi nent, for each entry, the RAT array
1220 also contains a status bit indiddtion, identi fying whether the data
stored at the corresponding ROB entry is valid data. In other words, each
ROB 136 efifivgn dushigweiiehasl pipestegas DegidsiderlPipsstagemdhBdi and BB apr ocessor i's
associ at ed_ wi tcp a, READY bit iin the RAT array 1220 that i ndicates when the
| ocal regidlighed vth e meeery pipestrgesidlsiyandd3dat a. The col | ection of READY.

bits is referred to.. hereip.as the active register file. The READY bit may
be set, either di re’é&a‘ve3(*@}39?“%?@9&?@5%%menégf piralingrstagas faritheback

ti i ndi t,l 0., b t.h f unct.i I it itori th |
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pipestage 34, tests are performed on the segment data including segment limit
and fault checks. Writeback, including fault information reporting, occurs
during pipestages 34 and 35.
Figure 24c illustrates the AGU 146 control register operation
pipeline stages. For control register operations, the op code is decoded in
pipestage 32. In pipestage 33, the address is latched from the RS 138, and
broadcast to all units with the read write signals based on the op code. In
pipestage 34, the appropriate unit reads the control register. In pipestage 35,

the control registers are written, and during pipestage 83, the result writeback

occurs.

Memory Interface Unit (MIU):

The memory interface unit (MIU) 140 performs integer and
floating point format conversions. Figure 25 illustrates, in part, a block
diagram of the MIU 140 configured in accordance with one embodiment of
the present invention. The MIU 140 contains four distinct sub-blocks: the
load converter 2525, the store converter 2515, the store data buffer 2535, and
the floating point constant ROM (not shown). The load converter 2525 is

responsible for converting both integer and floating point data from a specific



when the basic RAT 132 functions are executed. During the first half of

I nternal pipestage 21, array reads to the RAT array 1220 are executed.

Al so, during the first half of internal pipestage 21, the retirenent
override function is perforned. In the second half of internal pipestage
21, a Pdst override and

stall generation, if necessary, is perfgned sequentially. Al so, during the
| ast half of pipestage 21, Pdsts are witten to the RAT array 1220.

Al ocat or (rﬁéfh%) format to a processor inRensrRemhat TNe d%%(ae%ie%i?g@CU 14?
out - of -order dispatch and * conpl etion operation of the processor of the

present i nyRBtides thedutd &scalirt,i:aidadhel 1990 W eBRVERRM Iheedbihl tectural |y
defined registers. The allocator (ALL 134 al |l ocates or assigns

addi tional resour ces Therstdfecoavens: 25Ut cobplea tohtbe IsBré2fita baffgenstal , the
ALLOC 134 assigns resources to the ROB 136, the RS 138, and nenory order

buf f er ( MOB)ichFhat Foer yortvecten-265p5 recpivasedatadrorarthe RS 183 hadREards3@itand t he
ROB 136. In addition, nenory mcro-ops require space in the MOB 150,
st or es requiate ts fecstorenddth dudfeo 283 ulrf mspossed theegjomndata buffer 2535
transmits data to a data cache 2830 (Figure 28). In general, the store converter
2515 converts floating point data for store operations. The store data buffer
2535 receives and stores the store operations and in cooperation with the store
address buffer 2520, and a physical address buffer 2810 (Figure 28) of the DCU
) 148, retires/commits the store 6perations as appropriate, and causes execution
to the memory system.
| The memory order buffer (MOB) 150 supervises each load
operation, and controls special bypass cases from the store data buffer 2535.
The store converter 2515 is responsible for converting both integer and
5 floating point data from processor internal format to a specific memory
format. The RS 138 provides the type of data conversion to perform. The
store data buffer 2535 holds stored data in the memory format. The MOB 150
stores the data to memory by transférring a specified store data buffer entry to
the DCU 148. Both integer and floating point data reside in the store data
) buffer. In addition, data are transferred from the store data buffer 2535 to the
load converter 2525 under MOB 150 control. The floating point (FP) constant
ROM contains floating point constants in an internal precision format. The
constants are utilized by the Intel® architecture microprocessor instructions.
The MIU 140 is described more fully below in conjunction with a description
3 of the MOB 150. | |
Figure 26a illustrates pipeline stages for the load conversion

operation performed in the MIU 140. As shown in Figure 26a, the DCU 148



register |loads require physical segnent registers. The ALLOC 134 all ocates
resources to the ROB 136 and MOB 150 sequentially (e.g. in the original
program order). The ALLOC 134 allocates resources to the RS 138 utili zing
nonsequential allocation techniques. The ALLOC 134 al so contains the
ability to stall, such that no additional resources are allocated for

I ncomng mcro- ops. An allocator st?Lll I's generated froma determ nation
that i nadequat e resources exist, ctated by the applicabl e resource

al l ocation or.fr pi peli hown.in Fi gyr t he
ALLOC 134 8%8 *é*ﬁ‘ﬁlppﬁsga@s@ éggMﬁﬁ %‘L%"‘b %@S@me BiRssta for

The ROB 1?P$ &% fongured as a circular buffer, such that the ALLOC 134
assigns entri eg romzero until the highest address t hen vvraps ar ound

L0 0 o T M eSS ISRy LAY D T2
cTbod, TensSrideppetmen Lo onie AMTRARtu L Mg 0L |,
.the all obuffer in pipestage 33. In pipestage 83, the MIU 140 drives writeback flags,
fault information, and data valid.
Figure 26c¢ illustrates the store to memory operation in the
processor pipeline of the present invention. The MOB 150 transmits an index
to the MIU 140 in pipestage 41. In pipestage 42, the MIU 140 writes store data
to the DCU 148. In pipestage 43, the DCU 148 writes data to the a level 1 (L1)
cache located within the DCU 148. .
Figure 26d illustrates a floating point ROM read operation
within the processor pipeline of the present invention. In pipestage 32, the
RS 138 dispatches micro-op, source 1, and source 2 data. In pipestage 33, the
MIU latches data and creates a ROM address. The ROM address is utilized in

pipestage 35 for an array access. In pipestage 83, a floating point constant from

the ROM access, is written back.

Floating Point Execution Unit (FEU):

The processor of the present invention performs floating point
operations via a floating point execution unit (FEU) 142. The FEU 142 may
comprise any floating point functional unit without deviating from the spirit
and scope of the invention. In one embodiment, the FEU 142 contains a
floating point adder unit (FAU), a floating point rounding unit (FRND), a
floating point multiplier (FMU), and a floating point wire unit (FWU), as

well as source data and bypass multiplexors. The FAU performs floating



not hi ng all ocation policy, the ALLOC 134 all ocates resources for all
‘mcro-ops in that allocation pipeline stage if sufficient resources are
avai lable. Alternatively, if insufficient resources are available, then
ALLCC 134 allocates no micro-ops during that allocation pipeline stage. If
insufficient resources are available, the ALLOC 134 stalls operation until
resources becone avail able. The sequential managenment of the ROB 136 is
performed in conjunction with reti reg%gt or sequential deallocation
utilizing a retirenent pointer. The 136 Pdst al so serves as the

m cro-op I D for, the ticular i cro-qp. The Pdsts are.stored jn the RAT
array 122B0RSAddiGR, %%&ﬁ%} C?E}Baﬂg%“ ést‘é@?ﬁépt}éefn%?%th"g ROWfie RS 138.

In addition Ehe Pdst va esevsfaﬂsl%g Q Bf theRCBentryfor-
execut i onCRF7 8“558?(353“3" Or Support o mﬁL?_% 1%545 ?%tfé’spaw out - of - or der
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ready. Consequently, free entries int are typicall% 1 nterspersed

Wi th USedda&rwaﬂté&&ﬁtf@fjaﬁfﬁdahﬁg pdifit 8f5@:%hoh9p@l'fb%@8@nec%@ﬁﬁ§ dnd the RS
138, the ALLOC 134 utilizes a Bit map scheme’ In the bit nap schene, each

RS 138 enflMU.TERS FMU avhiteba€loihRiaetbsults Frdf® tak IRMEt iwhoRPRbuh@pat ed in the
allocator 134. By using a bit nmap schene, entries for allocation may be
drawn or ThplReEdpéifomms fleafieg point and integer primitive micro-ops that

require large amounts of routing and multiplexing of data. The FEU 142 is

coupled to .the RS 138 and ROB 136, permitting writeback of executed results

to the RS 138 and ROB 136.

Figure 27 illustrates the operation of the FEU 142 in the

processor pipeline including the interaction with micro-op dispatch and

writeback. The two cycle scheduling pipeline of the RS, consisting of

ready/schedule and dispatch operations, requires prior notification of the

arrival of source data of at least two cycles prior to the dispatch of micro-ops

- utilizing that data. Consequently, the RS 138, during pipes;tage 30, identifies

micro-ops -capable of being dispatched, and dispatches the micro-ops in

pipestage 32. The FEU 142 perfo'rms data bypassing and op code decéding in

pipestage 32. For micro-ops requiring three and four cycle latency execution,

the FEU 142 pefforms micro-op execution in pipestages 33 and 34. For the

three cycle execution, FRND rounds during pipestage 35, and writes back in

pipestage 83. For the four cycle latency execution, a stall occurs during

pipestage 35, the FRND rounds during pipestage 36, and writes back in

pipestage 83. For a one cycle latency execution in the FWU, execution occurs

during pipestage 33, and writeback occurs during pxpestaoe 83.



application pool in any order. However, such a bit map schene
generation of a free list to specify unallocated entries in the RS 138. In
order to generate the free list, the allocator 134 starts scan

requires

ning from

l ocation zero 53 wuntil the

first three free entries are found. If the RS 138 is full, the allocator

134 stalls allocation of new entries. In addition to the

al l ocation of resources for the reservation station (RS) 138 and reorder

buffer ( ; § the gator 134 decodes micro- ops so as to determ ne
; ta h . . .

whét her ries or physical segnent registers are needed.

The MOB 150 is treated as a circular buffer. However, every mcro-op does

not

require a load buffer or store buffer entry. The all ocator

134 utilizes-

|1 h ' 0 | ||'
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description of the nenory cluster 120. !

level one (L1) data cache 2830, and a DCU buffer 2840. The physical address

buffer 2810 is coupled to receive an input (e.g., the physical address) from the

DTLB 154, and is coupled to produce physical address to data tag array 2820.

The data tag array 2820 is coupled to receive an input (e.g., either store

address

or load address) from the MOB 150. The data cache 2830 is coupled to receive

an input from the data tag array 2820, and the store data buffer 2535, as

being coupled to the bus cluster 110. 'In response to a data cache access,

well as

the

data cache 2830 produces an output to the execution cluster 118 and MOB 150.

The DCU buffer 2840 is also coupled to the data tag array A420 and data cache

2830. The DCU buffer 2840 s also coupled to receive an input from the MOB

150 and the bus cluster 110.

The physical address buffer 2810 receives and saves the 24 high

order bits of the translated physical addresses from the DTLB 154 for store and

load operations. In cooperation with the MOB 150 and MIU 140, the physical

~ address buffer 2810 commits the translated physical addresses to processor

state and executes the addresses as appropriate. The data tag array 2820
the physical address tags of the data currently stored in data cache 2830

tag matches the accessing physical addresses against the stored physical

stores

, and

address tags. The data cache 2830 receives and stores data for caching, and

responds to data loads. In one embodiment, the data tag array 2820 and the

data cache 2830 have sufficient capacity for storing 128 sets of 2-way set

associative 32-byte cache lines of data and the corresponding address tags. The



Reservation Station (RS): In general, the reservation
station (RS) 138 is a buffer in front. of the execution units that holds
both integer and floating point mcro-ops that are waiting for needed
resources in order to execute. The needed resources include source data
operands, and an appropriate execution unit to execute the mcro-op. For
exanpl e, valid source data operands be dependent upon previous

m cro-ops that have not yet been execut'ed. The RS 138 begins the

SRR A E R T o IR T RN T
Dl el ne o9y A6 hal b8 SR 30,000 R B EpAREIPL LS LR % |
5 ooats oS SRR, UL LTR A AL BRI, P20 05,
1T o B B R e R oy "ot Cycl & may
| apse The DCU buffer 2840 contains accesses to data cache 2830 that

miss the cache memory and are currently pending on the bus. The entries in

the DCU buffer 2840 are also checked in conjunction with a data cache 2830

access to determine whether the desired data are stored in a DCU buffer 2840

entry or the desired data are a cache line currently pending on the bus. The

DCU buffer 2840 includes storage locaticns for temporarily storing data

returned for pending cache line request operations. The DCU buffer 2840

supplies data and the corresponding tag information to data cache 2830 and

data tag array 2820, respectively. In one embodiment, the DCU buffer 2840

includes four entries having a 256 bit width (one cache line).

Figure 29 illustrates the operation of the DCU 148 in one

eml;odiment of the processor pipeline of the present invention. Typically,

memory operations consume three pipestages (41, 42 and 43). In pipestage 41,

the micro-op is dispatched to the DCU 148. In the first half of pipestage 42, the

DTLB 154 performs address translation, and the DCU 148 utilizes the

untranslated address bits (lower 12 bits) to read the tags out of the tag data

array 2820. In the second half of pipestage 42, the DCU 148 performs the tag

compare using the translated address from the DTLB 154 to ascertain whether

a cache hit occurred. Data are read out of the data cache 2830 in the second

half of pipestage 42 for a load operation. In pipestage 43, the DCU 148 writes

back low data if a cache hit occurs. If the data is not in the data cache 2830, a

bus request is issued in pipéstage 42. The fastest that the external bus 158 can

respond with the low data is four cycles after the request is made in pipestage



before the entry is determ ned ready, and subsequently scheduled. In this
case, pipeline stage 22 does not overlap with pipeline stage 31 and the
decoupl ed nature of the RS 138 is observed. Figure 14

i<l lustrates a block diagramfor a reservation station (RS) 138 confi gured
I n accordance with one enbodi nent of the present invention. The RS 138
contains a RS buffer 1410 that stores ag entry valid bit, mcro-ops,
control i,nformation, source data including a data valid bit and

cor r espondiz g5 sl eal RO % M?;%’ 1§ocgt§/’n§ %@% HeREP io%gi. Hen gy 38 al so

I ncl udes content addressab rea bit" geéheration
1430, and ¢m 2] I [ t ts I
tHe POLORSSHRG A1 RE A4 4QnsiafedOPRy SO AdIRALs1Ofed! REHR 1:%%%[&%(1) Cof an.

i nvention, the RS buffer 1410 stores 10 entries, .The control

entry, ni ciduregs beffér 3810abi diiligd the piféstbg@lﬂ tfan@Rkdd 8d MNdsOEoh3dh@nd RAT
132.. The data portion of RS buffer 14107is input fromthe ROB 136 and the
execut i on DTLBS54i tTherchieble fexxe eadhiedtit 6¢cuss &mﬁh%&;ipestage 42, and the atR€1CAM

| ogi ¢ 1420 and bypass | ogic 1450 controls the bypassing of witeback data
fromthe edstaubiha288( issviitien it pdpRBgE3B. Stoee HAdded 420miatly wkeithi zeshet O
conpare the witeback physical destinations (Pdsts) with the stored

physi cal spipestegeq #stheslpad Whiss) bt rveitic b doffenens requeist &ypenaltheduar e assert ed
to bypass the needed witeback data into the appropriate entry in the RS
buffer 1410. In this manner, data on the witeback bus can be supplied to

mul tiple
Memory Qrder Buffer (MOB):

The memory order buffer (MOB) 150 interfaces the out-of-order
portion of the processor to the memory system. The MOB 150 contains two
main buffers as shown in Figure 25: the load buffer 2510, and the store
address buffer 2520. The load buffer 2510 and the store address buffer 2520 are
circular queues, such that each entry within the buffer represents either a load
or a store micro-op, respectively. The MOB 150 receives load and store
operations from the RS 138. The RS 138 provides the corresponding op code,
and the AGU 146 calculates and transmits the linear address for the access.
The load and store operations are either executed immediately, or the.load
and store operations are written into the MOB 150 for dispatch at a latef time.
During memory cluster execution, the DTLB 154 converts the linear address
to a phjsical address, of alternatively, signals a page miss to the PMH 152.
The MOB 150 performs numerous checks on the linear address and data size
to ascertain whether the operétion can proceed or whether a block must
occur.

The store address buffer 2520 operates in conjunction with the
stored data buffer 2535 and the physical address buffer 2810 to effectively

manage a store operation. In one embodiment, the store address buffer 2520



data sources in the RS 138 at the sane tine, without having to be witten
into the ROB 136. For nore information, see U S. Patent ‘Application serial
no. 08/174,837, filed Decenber 29, 1993, entitled " Method and Apparat us
for 55 Broadcast
Associ ative Witing of Data", assigned to the corporate assignee of the
present invention and incorporated by reference herein. The RS 138 is
responsi bl e for latching and transm’tt7|9ng the witeback Pdsts to the ROB
136. The ready bit generation 1430 receives CAM matching information
gener at ed CORfagRs fwelveARtieytheray bolding agdior fvwrive skse opssstions: Teeer ati on
1430 receives exeCLg i Eegggng)t ar,ﬁi tration i rﬁ}or mation jdentifying the
avai | abi | iStaregddress budles 2¢P dnutibzed to queyraalbswae ppertions Prar to18. |1 n
response, the ready bit eneration.unit 1430 utilizes the CAM mat ching
 nf or et | GHSRAER B Ha TGmAK SYSIHr rHREISHTe o eGRIRTISATE SBRER ey
I nformation identjfyjng data,readi ness, and execution unit availability for
each entr ﬁ?ﬁ?qﬁﬁéf J‘%{}gucfrg@pahgﬂgram 3ider When the Flg0 ‘Pﬁ% chester 13 or mat i on
is input to the.m cro-op scheduler 14 and a priorit ol nt | s al so
i nput to tsf,%'na:l]ﬁ tgxraég%%stgg%lgdm gqngfﬂaagcv.ﬁ%ﬁve. h&sfld Sadrebs BOkEr 3524
| checks all loads for store address conflicts so as to keep loads consistent with
previously executed stores still residing in the store data buffer 2535. In one
embodiment, the load buffer 2510 contains sixteen buffer entries, storing up to
sixteen load operations. The load buffer 2510 is utilized to queue load
operations unable to complete when ordinarily dispatched by the RS 138. The
queued operations are subsequently redispatched by the load buffer 2510 when
the conflict is later removed.
In one embodiment, address dependencies are determined
through the use of store coloring. In general, store coloring is utilized to track
dependencies between load and store operations. In order to implement store
coloring, a store buffer identification (ID) is assigned, or tagged, to each load
operation during decoding. In one embodiment,'the store buffer ID includes
five bits including a wrap bit. The store buffer ID identifies the entry in the
store buffer storing the most recent store operation. TheALLOC 134 allocates
store buffer entries sequentially to the issued store operations. Each memory
load operation is tagged with the store buffer ID of the most recent store
operation. Consequently, the store buffer ID assigned to the load operation
defines the youngest store operation older than the corresponding load
operation. Therefore, knowledge of the age of store operations relative to
load operations, permits possible identification of dependencies. By

identifying the dependencies or a lack thereof, the memory cluster 120 of the

present invention determines when each of the load operations may be



one enbodi nent, - the m cro-op schedul er 40 contai ns one schedul er for each
execution unit contained in the execution cluster 118. The m cro-op
schedul er 1440 utilizes the entry ready information and priority pointer to
schedul e m cro-ops for dispatch to the execution cluster 118. The priority
pointer is utilized to specify where the mcro-op schedul er 1440 shoul d
begin scanning the RS buffer 1410 for selected entries. The priority
pointer is generated according to a péghdo first-in-first-out (FIFO
algorithm The use of the priority pointer reduces stale entry effects,

t her eby i nexeadechg Myetef pattighiasly.ithe (piesers inwention utilizes the relative ALLOC 134
performs a | oad ? | anci n | gori,thm that knows the nunber of mcro-ops in
the RS buf f&RPIA SO%QOH %gg‘@gpa‘é%ﬁti%ﬁ YHhFespRay dp thg atase iopgratians

i nterface. Tge al gori thm kn%gn as ?tatic_gin ing wth |oad bal ancing of
ready m cr &2 GpEITHRG HNENS FhsEeus DA SuS RAT BREFHONS M3 BXGER befase

di spatch, entri.es i uffer 1410 are read and transferred to the

Ln t he R8a$
appropri at BUOL AFTERGHOPR S 2 FRES RS 138 di spatches all of the necessary
56 . '

Load Operation:

In operation, load operations issue to the RS 138 from the
allocator 134 and RAT 132. In response, the allocator 134 assigns a new store
buffer ID to each load that issues into the RS 138. The load operation waits in
the RS 138 until the corresponding data operands for the load operation are
available. Once available, the RS 138 dispatches the load operation to AGU
146 and load buffer 2510. The AGU 146 generates the linear address used by
the DTLB 154, MOB 150, and DCU 148.

'I'hé DTLB 154 translates the linear address to a physical address,
and the DCU 148 does an initial data-lookup utilizing the low order 12 bits. In
addition, the store address buffer 2520 utilizes the lower order 12 bits along
with the store buffer ID to check for conflicting addresses. The upper 20 bits of
the linear address are translated by the DTLB 154 into a physical address. If the
DTLB 154 cannot tfanslate the address, then the DTLB 154 generates a blocked
status. For example, a page miss may occur when the page mishandler 152 is
busy. In this case, the load operation is blocked.

Assuming a DTLB 154 page hit and no store address buffer 2520
conflicts, the DCU 148 utilizes the physical address bits, along with the lower
12 bits of the untranslated address, to execute a tag array look-up and
subsequent data array read, if required, in the data cache 2830. If the load

operation generates a hit in the data cache 2830, then data are read out of the



mcro-op information to the schedul ed execution unit. At times, witeback
data is invalid. For exanple, when the nenory cluster 120 detects a cache
m ss, di spatching of mcro-ops, dependent on the witeback data, is
cancel ed and rescheduled at a later tinme. Consequently, cancellation is
the inhibiting of a mcro-op frombeing schedul ed, dispatched or executed
due to a cache mss or possible future resource conflict. Al cancel ed

m cro-ops are rescheduled at a later @inme unless the out-of-order portion
of the processor is reset. After a mcro-op has been dispatched to an

executi on Watd cacRBUSIW aligAbE eldPirhAsTelrad to keI IdaRidcortveerr 2825 Rf: buf fer 1410

entry can be deall ocated™for use by a new m cro-op. Fi gure 15
i |1 ustrat egegpiopsd,ithe lsidgesvdrerdsebngntaes Hes dalsaintenhe prepeintdB@l
configured in accordance with one enbodi nent of the presen i nvention. As

shown in Figuna réSogriRtediby deaptamassoecand wiites backptheelesokt dats agaie21L and
22L.. Specifically, the initial witing of RS control information to the RS
buf f er 1416vrdtebacksbakuiIndf phekladrepesstiore g@idratearadcache tmiat inthid g of data
occurs in pipeline stage 22L. Data enters the RS buffer 1410 from

execut i on uadhe 28301 & bapiest fondiategisExpelited do sheles 88kter Di0i ddtqritheldafe st age
31H, the RS 138 determ nes which entries are ready for dispatch in pipeline
stage 32H. atpmirieeedkbyithe hys ahistsr 18A: either fromtevREry2 (D2heasheganetyory he RS
138 schedules RS entries for di spaéch N pipeline stage 31L. The bi ndi ng of
mi cro- ops (WOART &adk gkiesmalunemornttBe fdeld 148 raquestnr icyfle it theswaitehasly

pi pestage giL..Jhe, di spatch of micro: ops frompe [ huifer 1410 jo the

cycle or the writeback bus 139, the DCU 148 transmits the data to the load
converter 2525. The load converter 2525 performs the necessary format
conversion, and subsequently drives the converted data on the writeback bus
139. |

‘Upon dispatch of a load operation, the store color of the load
operation is utilized to determines if the store buffer contains any invalid
store addresses that are older than the load operation. In one embodiment,
the entries of the store address buffer 2520 are checked. Because load
operations cannot pass store operations with unknown addresses, the check is
utilized to block the load operation until the store address micro-op has been
dispatched from the RS 138 (e.g. until the address calculation is executed).. To
determine if the s.tore operation is older, the present invention utilizes
address detection to search the store buffer from the olciest store operation
contained in the store buffer to the store operation identified by the store
buffer ID assigned to the particular load operation. If an entry in the store
buffer contains an invalid address, then a signal (e.g., a bit) is asserted with the
corresponding store buffer ID. If the address is not valid, the load operation

is tagged with the store buffer ID of the store operation with the invalid



occurs during pipestage 32H. I n pipestage 22L, when source data is witten
to the RS buffer 1410, that source data, for a correspondi ng m cro-op nay
not be wvalid at this tine. The corresponding mcro-op nust remain in the
RS buffer 1410 until the corresponding source data are valid. During

pi pestage 83L, data writeback occurs.

57 Reorder Buffer (ROB): The reorder buffer (ROB) 136 is a
fundamental conponent in three aspectgzof the processor of the present

i nvention: specul ative execution, register renam ng, and out-of-order

di spat ch aggld el ﬁEé\R&ﬂt tl:[é"ﬁ)_aa%e]ééon Qfd?i‘(:’dil tél’ﬂﬁg‘fﬁﬂtﬂaﬁhﬂ Slogge for

physi cal registers ' that permts register enam ng” The additional physi cal

regi sters pédiesd miBfocopanabb@l HEPatdhed Fx@aLthe WS 1385t ructions. In addition,
the ROB 136 permts storage of mcro-ops that are specul atively executed

to provide a storagenipsrhiel tprthonpetionin fheiDQU 148e tHeeMOB 950 Qigrags

architectural state of the processor. Furthernore, the ROB 136 provides a

st or age buftfedpad bupfer @510 o Btedmmn plgtedf opdretiomc Hi nmeadd @t conflicthexist
and the address identified by the load operation is not stored in the DCU 148,
the load buffer 2510 bypasses the load operation for immediate execution in
the bus cluster 110 assuming no other dispatches are waiting. However, if the
store address buffer 2520 signals én address match, the store address buffer
2520 signals the store data buffer 2535 to forward data, ignoring the DCU 148
data. If a store address buffer conflict exists but the addresses do not match,
then the load operation is blocked and written to the load buffer 2510. The
load operation waits until the blocking condition is removed. Upon
completion of the load operation, the RS 138, ROB 136 and MOB 150 reflect

the completed status.
In general, the memory cluster 120 receives dispatched load

ope-rations one per cycle. Because the RS 138 dispatches micro-ops to the
memory subsystem 120 based purely on data dependency, the MOB 150
performs multiple load blocking checks to determine whether a load
operation can be executed without conflicts. In order to check for address and
resource dependencies, the MOB 150 gathers all the blocking conditions, and
prioritizes the conditions to determine the highest priority. If a conflict exists,
the load operation is blocked, such that the load operation is stored and tagged
with the block code and is prevented from completion. The conflict in the
memory system is monitored to determine when the conditions that caused
the load operation block no longer exist. At this time, the load is allowed to

redispatch.



original programorder, from out-of-order operations. The ROB 136 al so
provi des enough physical register space for register renam ng. The ROB 136
al so- detects exceptions and m spredictions, thereby subsequently initiating
Fepair to retain the proper nmachine state. The ROB 136
supports specul ati ve execution by buffering the results fromthe execution
units before committing architecturallysvisible state of the witeback data
in the RRF 137. Consequently, instructions are fetched and executed at a

maxi mum rate by assgﬁdt&ga NG | 8?{535 nggﬁhbﬁﬁwﬁqi‘ggﬁﬁﬁ?g}%@r cepti O_ns -

occurred. If a bran I's mspr exce I n

executing o , ; . 1ol i I.hg the
RSHA OTeB 1st4meene££e§§§%%<8u@€§t§5%c%egsarémp the @%rggdlsgwtgety

specul ative result stored in t In t'his case, rocessor

restarts RrRCASHINE aaarésﬁeeoaﬂm@%m@mosqtsbQﬂnmés ];epf@m'dakﬁgv thg,s conmitted

architectural state in the RRF 137. The process of commtting specul ative

state to aopllificshHEadddres eonflict BIFFRAatEE bhePMritiZsk@y dorastdaaQf the
ROB 136 is retirement or conpletion of mcro-ops.

58 conflicts 13 ltletdratiherwlséthepgecdapleex eLatution e 1WEH to?é%ﬂ%r{_ewl ts is
utilized to support register renam ng. As di scussed above, register
renani ng ahkdoad eperation cannot complete due to a conflict, the load operation is

halted, or blocked. In order to block the load operation, the DCU 148 aborts

the load request, and the MOB 150 creates a block code identifying the event, if

any, required to comi)lete before the load operation is permitted to execute.

Upon the occurrence of the appropriate event, the load operation "wakes up"

and is redispatched for execution.

Although a load operation awai<es, the load operation is not
necessarily executed during the next execution cycle because the load
operation may be blocked again for the same or different reasons. For
example, a load operation-may be blocked by the MOB 150 upon initial
diséatch because of an address conflict with a store operation.currently
residing in the store address buffer 2520. When the store operation that
generates that address is dispatched, the load operation is awakened and
redispatched. The redispatched load may be blocked by the DCU 148 due to a
pending load operation for the same cache line for a different load currently
executing in the system. When the appropriate data are returned, the load
operation is awaked, and is redispatched. Once redispatched, the load may
block again, or comleete execution.

When load operations are blocked, the load operations are stored
in the load buffer 2510. In one embodiment, the load buffer contains six.teen
entries. Therefore, up to 16 load operations can be pending in the processor at

any one time. In addition, as many as 16 load operations may "wake up” in a



a new physical register as the destination register of every mcro-op that
wites to an architectural register. The execution unit wite result data
is subsequently witten into the renanmed physical register in the ROB 136.
Retirenment |ogic, contained within the ROB 136, updates the architectural
registers in the RRF 137 based on the contents of each rename instance of
the architectural registers. Mcro-opsgg that specify source data from an
architectural register, obtain either the contents of the act uaI

ar chi tect upgley cé/%ﬁi Sﬁ@fau?é oh@eor?eof&taﬁ%ﬂxs&fat{ﬂ% é&??gﬁgé{h{y fheS refedf | ster.

Because t h& cessor resent Ion 1S per SCa erent

m cro- ops bgb%dlaeﬁélwl RIOBASE hbQdk ﬁ\le%lfalgey}glagfdg%em Ahfo%%lé R

architectur regi ster, but 1n-fact, access physic registers.

The ROB 136n§umdﬁ@eﬁutm@t;u@m@r1swpdahiearb>bmealbhawu@&r 29%%63%59 nits to
conpl ete m cro-op execution and “Wri‘t eback ddta results rd to

ot her ni cr fradpsst heddyineg rxealit iupg Thendatangeusisyo scHnIes 8re of far as
t he execution units are concerned, mcro-ops conplete out-of-order. The

retirement "eadyt tdadsdgt dmpatcﬂ*heacR@cle’SGTBel beriy/eliddule hR@hdRIsth N6ws
conpleted mcro-ops into the original sequence issued by the ID 126 as it

updat es t héheaitohiigbptuohdna icrdesdhedtibedl REFCYEBT. As shown in
Figure 1, the ROB 136 is closely tied to the RRF 137, ALLOC 134, RS 138,
and RAT 132. As discussed above, the ALLCC 134

tor ration:

) In one embodiment, the store operation is split into two micro-
ops: store data micro-op followed by a store address micro;op. Because a store
operation is represented by the combination of the store data and store
address micro-ops, the ALLOC 134 allocates a store buffer entry only when the
store data operation is issued into the RS 138. The allocation of a store buffer

.3 entry reserves the same location in the store address buffer 2520, the store data
buffer 2535, and the physical address buffer 2810. In order to maintain a
correlation between a particular store address micro-op and the corresponding
store data micro-op, each set of store address and store data micro-ops is
assigned the store buffer ID. When the store data register data becomes.

) available, the RS 138 dispatches the store data operation to the store converter
2515 for a write into the store data buffer 2535. The store converter 2515
signals valid data for that entry to the store address buffer 2520.

When the store address register data becomes available, the RS
138 dispatches the store address to the AGU 146 and store address buffer 2520.

3 The store address buffer 2520 always bypasses the operation by transmitting

the operation for immediate exécution. The AGU 146 generates the linear

address for transformation by the DTLB 154, and subsequently writes to the



manages the assignnent of ROB physical registers to support specul ative
operations and regi ster renam ng. The regi ster renam ng of architectural
registers in the ROB 136 is nmanaged by the RAT 132. The ROB 136 interface
with the RS 138 and the execution cluster 118 is |oosely coupled in nature.
59 Figure 16 illustrates a block diagramof the ROB 136
configured in accordance with one enb ginent of the present invention. As
shown in Figure 16, in addition to th&”RRF 137, the ROB 136 contains four

i nt er nal nal ocks resul t. buff 1610 ti rerrent cont raol logic
1620, IP %81'30%]4 F%hu f%@%)s arftFSEURE ad%f%%i’?%?lh%ﬁ  physcakrediess igont ai ns
t he | ogi cal £t ters that c stltut chi t ectural e of the
processor. 8‘Hg° ﬁ?ﬁ@i‘ys“%ﬁ] f%séthj‘rf r?@lgiq) otEJFE?@é(S%?Eleflﬁg tgﬁ%ﬁ“’fé? contai ns .
ei ght reqgi

cont ai ns 4@%&%%?‘“’“0%&{‘&%‘?”?51 eesé %ﬁ@%%@?é&ﬁ ’?ﬁ?éﬁ@%@g +o10
cont ai ns 14683 % \g/leqﬁ{ &Bt)(ﬂf‘g control information fields, incl ud| ng a

physi cal re€gist eI d and a |ogical destination (LDst) field.

e ozl oot st sitales G R e R Tag 1 0ot i
retires both the store data and store address operations. The store address
buffer 2520 monitors the retirement thereby marking the store data/store
address pair as committed processor state (senior). Once senior, the MOB 150
dispatches the store operations by transmitting the op code, store buffer ID
and lower 12 address bits to the DCU 142, and by transmitting the store buffer
ID to the store converter 2515. The DCU 148 and store converter 2515 utilize
the store buffer ID to look-up the physical address in the physical address
buffer 2810 and store data in the store data buffer 2535, respectively.

The MOB 150 completes the store operation by writing a valid bit
into the store address buffer 2520 and to the RS 138 and ROB 136. The data
por;ion of the store operatidn is executed by the store data buffer R35. The
MIU 140 signals the RS 138, ROB 136, and store address buffer 2520 when data
are received and written into the store data buffer R35. The MOB 150 retains
store information until the ROB 136 indicates that the operation is retired and
committed to memory state. At this time, the MOB 150 dispatches data to the
DCU 148 to commit the store data to memory state. Once the store operation
is completed, the MOB 150 signals the allocator 134 to de-allocate the
corresponding MOB éntry.

In the memory pipeline, memory operations are not totally
predictable, thereby requiring, in certain cases, deferral. In order to
accomplish memory deferral, the store address buffer 2520 employs a

restricted mechanism for blocking store address memory operations. All



LDST -field specifies the corresponding | ogical register. The
| P cal cul ation 1630 generates the architectural instruction pointer as
wel | as several other macro and mcroinstruction pointers. The

macroi nstruction pointer is generated based on the lengths of all the macro
instructions that retire, as well as any branch target addresses.

In general, the retirenent control |ogic 1620 conputes retirenment valid
signal s indicating which physical regi %er entries with valid witeback
data are ready for retirenent. The ret enment control logic 1620 reinposes

the original program. order on t he physical mcro-ops b%/ comitting the
specul at i velogkiag qondions 3ug P]fﬂ@dr@gﬂ }erm{pf%fmgb;l@og%e piate.afBRi t ect ur al

wer e roce U8 aaggg%;ggm@,%qu AT s 10T %@e Uesothof dresnadieases for
asul ¢ dat PO nie OREr 5%&9%8%95%@ & ﬁ?es%bc?cee?%é”%gaﬁ FerivRe 1610,
50 state Pl BRERlEpd st T o BT R PR R Pl
cont rol 1 Qg t&@?@Dw hgges up to four physical registers concurrently.
In one embodiment, the MOB 150 functions during the

execution phase of the pipeline as shown in Figure 30. The RS dispatch

occurs during pipestages 33, 34, and 35. The memory execution pipeliﬁe

occurs during pipestages 4i, 42, anci 43. When an operation dispatched from

the RS 138 is bypassed by the MOB 150, the operation occupies both pipestages

simultaneously. The load buffer 2510 requires an extra cycle (pipestage 40) to

evaluate the ready entries and schedule the load dispatch,

External Bus Logic (EBL):

The primary function of the external bus logic (EBL) 106 is to -
provide an interface between the first and second level caches and the
external computer system. As shown in Figure 1, the EBL 106 interfaces with
the BBL 108, DCU 148, and [FU 122. In one embodiment, a token based
internal bus cycle request/acknowledge/complete protocol is utilized to
interface the EBL with the requeéting units. The token based internal bus
cycle performs the function efficiently. Using this internal protocol, the EBL
106 receives, prioritizes and accepts bus cycle requests from other functional
units. In response, the EBL 106 converts the requests, complying with the
internal protocol, into requests that conform to the external bus 158 cycle

protocol.'



The retirenent control logic 1620 maintains a retirenent pointer to the
physical registers in the result buffer 1610. The retirenment pointer
identifies the next four consecutive physical registers for retirenent. The
retirement pointer follows the allocation pointer through the physical
registers in the result buffer 1610 as the retirenent control |ogic 1620
retires the speculative results of the’physical registers to the
architectural state. The retirenent control logic 1620 retires the

physi cal registers i endembeeit@uas thhextethdlBuslHB Bld aaasationhe physi cal
registers in the original order of the logical mcro-ops order.

| n order torieatedrieusa hgeviecal] theeBBE 186 prodessasatejuesgnespates,and ogi ¢ 1620
initially tests the corresponding valid bit of the physical register. If
the vali dthinsadtivisc o4 esqueserefatsrtp the pratdsd of sequestihgtactibe tspecwd. at i ve
result data for the corresponding physical micro-op is contained in the
physi cal r dypiady, a redquesst inuolyes an action thednequired agrdd Bgrefjuastsf/pes t he
correspondi ng specul ative result data to the conmtted state register in
the RRF as asge@i ideatifisgtiahtag loolgteraiefarends hatregredti &l desploDST yefermtoaamed i n
t he physical register entry. _ The event detection 1640
det er m nes 2GR FepatisipingxBeaeqwstudi tranprcsioagefary te the exshaagpehdi ng
m cro-op, reported an event. |If an event is reported, the ROB 136 entries
that foll owff%ﬁ@agﬁ{\rrﬁq%ﬁgﬁ? Fﬂ@??fﬁé the &K Saeélfwﬁgﬁéf%&quﬁﬁf%égemon, t he
MS 130 is signaled. to ju 0 articular mcro- . code handler, and nost
of the st afelBsaciEnCrETSRANY TS (BVBRENTE BEREas FET e B0eendo Kad | ng
use. The signalin of an event is based on the events '
completich Of résponse.
In one embodiment, the EBL 106 provides an interface between
the processor 100 and the external bus 158. ‘In providing the interface, the EBL
106 interfaces with two different clock speeds: a core clock speed for the
~ processor 100, and a bus clock speed for the external bus 158. The bus clock is
synchronized to the speed at which external events occur (e.g. the speed at
which the external bus protocol operates). The core clock refers to the clock
speed at which processor 100 operates. Figure 31 illustrates the EBL 106
configured in accordance with one embodiment of the present invention. In
general, the EBL 106 contains seven major functional divisions: external bus
queue 3160, snoop logic 3120, error logic 3130, protocol control.logic 3140,
micro request sequencer 3150, and pad logic 3110.
The external bus request queue 3160 processes transaction
requests from the DCU 148 and [FU 122. The external bus request queue 3160
transmits requests to the BBL 108 that require L2 cache 156 service, and
forwards requests to the external bus 158 that the L2 cache 156 cannot
successfully process (i.e. a L2 cache 156 miss). Therefore, the external bus -
request queue 3160 operates as the transaction scheduler for the EBL 106 and

BBL 108 units. The external snoop logic 3120 processes external, self and



reported to the ROB 136 by the execution units in the execution cluster

118. The event detection block 1640 saves all states fromthe correspondi ng
ROB entry needed by the m cro-code event handler.

61 The event detection 1640 al so generates several events in
addition to the events reported by the execution cluster 118. After
executing a branch instruction, a junggexecution unit, located in the |EU
144, returns virtual address of a branch target to the physical registers

o 0 ehalonkl 10 AYA0ED TR BN SHLch S LR, SHCHLGO R . 1T
i nf or mat i o, théMCUE 48] BBL. 188 alriSbud F%u'e@‘t‘ éﬁ@@l@@'btabéﬁ‘oﬁfsnwﬁ rru Q&g SOr

fetchi ng and decodi ng down the corre path, and stalls 1ns tion issue

into the obmOfhe®@BIC10POAE ItRE effertdlusPISBC EFE0IxtetiAMENSSp 1dJ1€ 3681 LREL Path
determ ned by the junp execution unit may not be the actual correct path

Wien b i Spr a0yt d branch et iTee, the R 136 a0se (5 a O B et Si gnal
The RO C eBClsi4hat wheaekelf mbdifpingt @defis detectaalit Tiod extestes] saeopilogicof t he
processor. In addition, the RO O ear signal

3120 issues memory state change directives to the IFU 122, DCU 148, BBL 108

and the external bus request queue 3160 based on external request type and

internal snoop results.

The error logic 3130 generates the error correctional code for
outgoing data and parity for .outgoing address and request pins. In addition,
the error logic 3130 checks i:arity on incoming address, request and response
pins, and performs error correctional coding checks on incoming data pins.
The error logic 3130 corrects single bit errors on the data bus and detects
double bit and nibble errors. When an error is detected, the error is reported
to the external bus 158. The micro request sequencer 3150 provides support
for misaligned data in order to remain backward compatible with existing
Intel® architecture microprocessor interfaces. The micro request sequencer
3150 examines requests from the bus request 3160 to ascertain whether the
new request crosses a bus width boundary. If a bus width crossing is detected,
the micro request sequencer splits the single request from the bus request
queue into two separate requests, and sequences the two sei:arate requests to
the protocol control iogic 3-140.. If the request is not misaligned, then only a
single request is presented to the protocol control logic 3140. The micro
request sequencer 3150 also generates the correct byte enables, cacheable.
attributes, and deferred instruction decoding for external bus requests.

The protocol control logic 3140 interfaces the'processor to the

external system by implementing the external bus protocol. In general, the



unstalls the in-order portion of the processor, and the RS 138 receives
correct mcro-ops fromthe issue cluster 114. Al so, when the ROB 136
retires a mcro- op that faults, the event detection 1640 asserts a RO
Nuke signal so that the in order and out-of-order clusters, 114 and 116
are cl eared. : The ROB 136 is active in both the in-order and
out-of -order portions of the processorgg Figure 17a illustrates the
processor. pi peline stages, enphasizing the involvenment of the ROB 136. In

pi pest age 2Lio®NtEhBs) 152336%%0 f%a%ngﬁD@% F&? ﬁeéﬂs %‘&' ty58f tf{;‘ﬁg

specul ati m Ccro-ops a I"'ocat I on, resses 0

entries ( %iﬁ&xshrfc@ibnhhﬁnm 6f @xt@%l%ﬁu@t %@uvi‘ﬂ?' &&ﬁé?eﬁsoreﬁngﬁt@@@§ 136 t he

pi pestage 22, imediately follow ng ntry al location

sour ce datkerwesn @sPBBUI0E, DOULTIB, I C2ehoBS6, And tRAE thé emthIef {PB-136. The
source addresses are provided by the RAT 132 based on the alias table

updat e perdutstardirigregiupsts! dhe pad. logitGBII?G\-Eoﬂ&ZnsAﬂiet@ﬁerHABbu@@ﬂ@ﬂﬁ&ﬁés of the
ROB 136 entries sourced with each mcro-op into the RS 1

62 IEEE 1149 Hi purelaty bedn ¢elist ared émdthaaRﬁEulﬂ@ntyl‘thbMem during the
execut e pipeline stages. In pipestage 83H, the executlion uni t performns the

appropriate functiomhediil. 106 ppgretes weurbigaljepP@ktagedeTworafethp ipkstgges
execution

are related to the BBL 108 and the L2 cache 156, and nine of the pipestages
involve external bus operations. Pipestages in the EBL 106 do not correspond
to specific or sequential clock periods. Instead, EBL pipestages refer to
different phases of completion through which a transaction may pass. A
particular transaction may not be involved in a given stage at all, or removed
from the pipe midstream, or even remain in the given stage for many clocks
whxle other transactions occur.

Figure 32a illustrates a pxpestage diagram for EBL read
transactions. In pipestage 51, the EBL 106 sends the request to the BBL 108 for
L2 cache proceséing. In pipestage 55, the BBL 108 notifies the EBL 106 whether
the request resulted in a cache hit or miss. If the request resulted in a L2 cache
hit, data are returned to the DCU 148 and IFU 122. If the event resulted in a
L2 cache miss, then the EBL 106 transmits an internal request for the
transaction in pipestage 61. If the processor does not have control of the
address request bus, then the EBL 106 arbitrates for the bus in pipestage 62. If
the processor already gained control of the bus, then the EBL 106.issues the
request to the external bus 158 without entering pipestage 62. The EBL may
have to assert the internal request for one or more clock cycles until the
processor actually arbitrates for and or sends the request to the bus.

The request is transmitted to the external bus 158 in pipestage 63.

If a request error is reported on the bus during pipestage 64, then the request is



unit wites back destination data into the ROB 136. The witeback pipestage
Is decoupled fromthe renane and regi ster read pipestages because the
mcro- ops are issued out-of-order fromthe RS 138. Arbitration for use of
witeback busses is determined by the execution cluster 118 and RS 138.
Figure 17c illustrates the involvenent of the ROB 136 during the

retirenment pipeline stages. In pipeline stage 92H, the retirenment control

l ogic 1620 reads candidates for retireggent. In pipeline stage 92L,

m cro-ops ready for retirenment are calculated. In pipeline stage 93H, the

Pl e oo AT 898 rolRlb R ABLEYERE S ORBRLLE N Ft’ra%il!,&;qna%%ogcggi}ggcgs e

cal cul ates e curren I NS I on retirene

decoupl ed Egipég}gtg?i gsg%?gpef{%géﬁs,%%ts Q%fﬁlé?é%\t&&‘gn%é LRRACH DA B8

out - of -order* w resp the origina program In pipestage 93L, the

ar chi t ect umgk cwdreof the W¥ALRASRY i§ HARSHEID. 'Y net&lsh HEThERSMIH S to the
RRF 137. Data Fl ow Architecture Exanpl es: Figure 18

i | | ust r at eprétodall AldwoRsratailing @f ths encopsigeby ahy fbeeesshigagedtogi cal
m cro-op in accordance with one enbodi nent of the present invention.

Al t hough t Inckaheb alaitn graexfemolvendrshas| Yeea tdendretinedis thearespeedef dgenk giveal and
physi cal m cro-op, any format of the m cro-op nay be used wthout

devi at i ng, tlie caspbhse, Spipipéstagedts odpmn ddtatthmnsfenie néadynto BEgen.l ogi cal
O P B R hormal fespbnse is received, daia are ratumed on the bus 31
p , eturned on the bus in
pipestage 67 and forwarded to the BBL 108/ DCU148/TFU122 in pipestage 55. If
a retry response is received, the transaction returns to pipestage 61, and is
retried on the external bus 158. If an error response is received in pipestage
66, the transaction does not proceed beyond pipestage 66. As the data are
received, each block is checked for ECC errors and corrected if necessary in
pipestage 68. Once all data are received, a transaction complete signal is
transmitted to the BBL 108 to signify ending of the transaction during |
pipestage 68. |
. Figure 32b illustrates a partial pipestage diagram for write

operations. The write pipestage diagram is similar to the read pipestage
diagram except that data are'retrieved from the BBL 108 rather than
transmitted to the BBL 108. Also, write transactions have a split response
during pipestage 66, wherein the first part of the response initiates the data
transfer, and the second part of the response completes the transaction. The
first part of the response may occur concurrently with the request error phase
pipestage 64. Response completion cannot be sent to the BBL 108 until the

processor transfers all write data onto the external bus 158, and the final

response is given by the response agent.



logical register EAX with the contents located in the |ogical register EBX
and storing the result in the logical register EAX. In order to process the
exanpl e 63 mcro-op, the
ALLOC 134 receives the logical mcro-op (add EAX, EBX, EAX), and generates
a physical destination (Pdst) equal to 36. In response, the ALLCC 134
transfers the Pdst 36.-to the RAT 132. The RAT 132 receives the Pdst 36, and
transl ates the | ogical mcro-op add EARl EBX, EAX into a physi cal m cro-op
add eax/rrfv, 35, _36. Because the RRFV flag for the EAX entry in the RAT
array 1220B Bu g nt eax/rrfv specifies that physical source one
(psrcl) resides in the EAX entry of the real register file (RRF) 137. The
argurment 35 in the RAT array 1220 specifies that physical source two

2 i des i t RE35 in, th 6 i ndi cated by the RREV flag
frgfa:]gp)grSE'?%;Eﬁtsr;ini:an?igccr oglh?rl%lgg%rlj)?\:sgingaﬂm; &“t ttg&iwlé?’i% andag
Roo 156, THESIRIR S Mo Brek F R re 11 T fusidion sl thﬂ@LpE Iscie)

i cro-op add eax/yrfy, | i nter field of, t t
IEECRI I NETR S ST o SO

108 to the L2 cache 156. The L2 cache 156 requests originate from other agents

on the external bus 158, from the IFU 122, DCU 148, or thrbugh direct access
from the memory cluster 120. In general, the BBL 108 balances the various
requests for service in light of a limited bandwidth for the backside bus 160.

t The BBL 108, together with the L2 cache 156, insures the integrity of all cache
accesses and storage.

The BBL 108 acts as the data buffering and routing agent of the
bus cluster 110, steering, and if needed, buffering both inbound and outbound
data packets from the external bus 158, daf'a cache 2830, and L2 cache 156. In

i order to maintain cache coherency, the BBL 108 interacts with the EBL 106,
IFU 122, DCU 148 and L2 cache 156. The BBL 108 maintains the cache
hierarchy in the L2 cache 156 such that the BBL 108 controls all state
transitions in the L2 cache 156, and flushes invalid lines from the L2 cache
156. |

) In general, the BBL 108 acts as the front end of the L2 cache
subsystem. The BBL 108 accesses the L2 cache 156 through the backside bus
160. In one embodiment, the backside bus 160 is a collection of data, address,
and control lines working in synchronization with the processor 100 clock.
Requests for access to the L2 cache 156 are processed by BBL sequencers, BBL Q

i sequencer and BBL snoop sequencer, to determine which L2 micro-operations
are needed to carry out the desired action. Certain requests are completed

with one L2 cache 156 access (e.g. an [FU 122 request, L2 cache hit). However,



the EAX entry in the RAT array 1220 to indicate that the |ogical register

EAX is mapped to the ROB 136 in a specul ative state.

The ROB

136 receives the physical mcro-op add eax/rrfv, 35, 36, and reads source

data for the physical source psrcl eax/rrfv by retrieving the

the RRF 137. The ROB 136 reads source data for the physical

EAX entry in
source psrc2

by retrieving ROB entry RE35 in the re&:lt buffer 1610. The EAX entry of

the RRF 137 contains a data val ue equa
t he EAX architectural

to 229 for the commtted state of
ister, The ROB entry RE35 of the'result buffer

1610 cont & %r%?qeiséfawawg% 5°m1¢}§dwéar‘~9@rme Leerche 486 ageasses. bi t

I ndi cating the currigtth 8$CU| ative staﬁtl @?ge EBX archjtectural register.
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522, and Corr vaI id bi 0 the RS,138,, T 136 receives the
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m cr o-

and stores

t he | ogi cacilusé %2 flrst(s)torlc:zgxn malL%gfeg}xgﬁt&uggegﬁgo %péé‘é entry of
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The RS 138,1peRIVEStrhRgaREGhe Je%fsvtoorf@ BBinCéBgy@H,??Enﬂrﬁrfgoxg%ge 1gnd stores

the add opcode into the opcode field t he y 1nt

data cache 2830, the processor, through control register access, requests L2

cache 156 access via the BBL sequencers. The internal BBL buffers, once full,

request BBL sequencers to process the data. The external snoop logic 3130,

within the EBL 106, presents external bus snoép requests for L2 cache 156

through the BBL sequencer. In addition to handling the requests to the L2

cache 156, the BBL 108 contains buffers and multiplexors to route data

between the L2 cache 156, EBL 106, IFU 122, and DCU 148. The BBL 108 also

routes data transfers between the PIC 109 and the DCU 148.

Figure 33 illustrates the operation of the processor BBL 108 in the

processor pipeline. The DCU 148 or IFU 122 gene..r:ate a request to the external
bus request queue 3160 in pipestages 12 or 42. The external bus request queue
3160 processes the request, and presents the request to the BBL 108 in
pipestage 51. The BBL 108 transitions to pipestage 52 in one or more ways,
and may occur over several clock cycles. In pipestage 52, the BBL 108 drives a
request to the L2 cache 156. Pipestage 152 is always one clock in duration.
During pipestage 53, the L2 cache is accessed, takﬁwg one or two clock cycles,
depending upon the configuration of the cache subsystem.

During pipestage 34, the L2 cache 156 returns data. Also, during
pipestage 54, the BBL 108 may commence another L2 cache 156 access, thereby
permitting overlap with pipestages 52 and 54. If the read was a cache hit, data

are returned in four successive clock cycles. However, if the read was a cache



huffer 1410 as specified by the ALLOC 134. The RS 138 al so stores the

physi cal destination (Pdst) 36 into the PDST field of the RSO entry. The
RS 138 stores the physical source |ocations, "xxx" for psrcl, and "35" for
psrc2, into the PSRC1l/PSRC2 fields of entry RSO. The RS 138 al so sets the
entry valid flag for the RSO entry. In addition, the RS 138 receives the
source data values, 229 for srcl, and 522 for src2, as well as
corresponding valid flags. The RS 138 $Bores the source data val ues and
corresponding valid flags into the SRCL/SRC2 and V fields, respectively,
of the RS midsi gxre BRLO08nssues R3@quest to the EBL 106 thdetehtdead vid thehextEARL
contains a READY bit identification for the register |ocation designated
as cont ai nbugylihelsoBBEd 0darturne dgta tosthe IFUdR2 o DY 148Hp ppedtygdbs. for a
source for_a mcro-oqp indicates that the data at that ROB__136 |location is
not valid fepipestagerty biedBL 106wl icaies RABULBR, LEJd 1484 andhEBLHAS that f or med
because the ROB 136 Read operation wl|l 1,_not result in data being forwarded
from the RasgicHRritrAnSREian s complgiady j kArd-2wachg 16 fitsspipestageriéur

m cro-ops, are bei.n%&f orwarded_[_\rgmthe AT t he, RS 138 in each cycle and
each has t NBCRHT YEENEOYSly (8l the dest ogien RbE i Beng@tamedaini ons” woul d

h tob d &i ti . | e. Ther ef. t he , ROB 136 | d be -
have, (0 PochRsl IR SO LN 3.CL Rur TRSEEL 018, e 005 130, voul  be
[l eight i } i NH th ti i st

o O LB S e B LA e actve regioter

ei ght read ports. Therefore, use of the active register file allows only
ready operands to be steered to the source of the registers. Al so the

nunber of paYdEmmable Interrupt Contraller (PIC):

In one computer system embodiment implementing the
processor of the present invention, a multi-processor interrupt management
scheme may be utilized. The multi-processor interrupt management scheme
provides both static and dynamic interrupt distribution across all processors.
In general, the multi-processor interrupt management implementation’
contains two parts: the local unit, that resides within the processor, and an
I/0 unit external to the processor. The I/O units collect interrupts from a
variety of sources, and transmit the interrupts to the local units of the
processors over a dedicated bus. In one embodiment, the local unit is referred
to as a programmable interrupt controller (PIC) 109. As shown in Figure 1,
the PIC 109 is contained within the bus cluster 118.

The PIC register space is treated as memory mapped I/O. The
core of the PIC 109 is analogous to the implementation based on the Intel®
80486P54C™ processor. However, the PIC 109 may be based on interrupts
implemented on any computer system. The PIC 109 receives interrupts from
different sources, and dispatches the interrupts to the processor core. In one

embodiment, interrupts are generated from local interrupts, serial interrupts,



65 needed for the ROB 136 is reduced, thereby increasing the speed and
reducing the required area on the integrated circuit. '
Figures 19a-c illustrate an exanple of dispatching a physical mcro-op
fromthe RS 138 in accordance with one enbodi nent of the present

i nvention. The add eax/rrfv, 35, 36; physical mcro-op, residing in entry
RSO in the RS buffer 1410, is ready for dispatch to the execution cluster
118 because the source data is fully & senbled as indicated by the source
data valid bit (V) for each source data. In order to dispatch the

m cro-op, irierpRSceESE intamsperand tiver pblf shizatupts.c The HICaNY 220pts%32R pdst =
36 to an appropriate execution unit in the execution cluster 118.

Speci fi cal inferrupbaRS stBSqyendy girdwitiiesthe dhedrugih pasehbnni paicafrradd
229,522, pdst = 36 by reading the OPCCODE, SRC1/SRC2, and PDST fields of
entry RO i valun@fREe fufermipt vectpr. The Rgheggpdorr intetrapeis dispatchkidof | ag of
entry RSO to enable allocation of the RSO entry for use by a subsequent
physi cal ntherproggssorkererIrugmessl dispatching apiinteorupg4odhe tprecesphy si cal

m T o-ob 9L ShaE, A0 bRl gelers LIS AEIORA3Y Gl cales Lhe B0 ety
second dat 6pfo|nor\t/avc§(/1%?;i RSk err?u;?t)_(aac:@llo%légée cycle, the PIC 109 provides the
interrupt vector. In one embodiment, the interrupt acknowledge cycle is
implemented in micro-code. When the micro-code processes the interrupt, a
signal to the PIC 109 occurs. The PIC 109 supports special interrupts such as
8259™ based intérrupts, known as external interrupts, non-maskable

interrupts, processor initialization and system management mode (SMM)

interrupts.

Computer System:

Figure 34 illustrates a high level block diagram of a computer
system configured in accordance with one embodiment of the present
invention. A computer system 3400 contains at least one processor, such as
processor 3410, for processing information. In a preferred embodiment of the
present invention, the processor 3410 comprises the processor 100 described
above. The processor 3410 includes, but is not limited to microprocessors
such as an Intel® Architecture Microprocessor, manufactured by Intel®
Corporation of Santa Clara, California, the corporate assignee of the present
invention, PowerPC™, Alpha™, etc. As described above, the processor 3410
includes an internal cache memory, data cache 2830, which is commonly
referred to as a level one (L1) cache memory, for temporarily storing data and

instructions on-chip.



_processing a logical mcro-op in accordance with one enbodi nent of the
present invention. For the exanple illustrated in Figure 20, the issue
cluster 114 issues a logical mcro-op (sub EAX, EBX, ECX) while the
.execution cluster 118 executes the dispatched physical mcro-op add 229,
522, pdst = 36. The ALLCC 134 receives the logical mcro-op sub EAX, EBX,
ECX, and generates a physical destination (Pdst) equal to 57. The ALLCC
134 transfers the Pdst, 57, to the RA¥ 132, and the RAT 132 translates the
|l ogical mcro-op into a phyS| cal mcro-op, sub 36, 35, 57. The ROB pointer
and the RRFV flag fdrs dlnetrEax mrﬁxgyrq%tah@rmmearsyaymlm comitoetted t hat

t he physical nicro-op argunent, Is located in entry RE36 in the result
buf fer 16m™ith g‘,hmp|rg¢qs§or @Eg@ne present mventxon, generally comprises a processor-

66 physical g} 3\%@ argupent, 35, specifies that psrc2 is located in
entry RE3SYpfem 3ATtOtHeE F%W“l@l‘@atlon means for comnmpRICRATE 132 stores t he

all ocated Pdst 57 fo thep sj.cal mc sub 36, 3?\ 57 into the ROB
poi nter fii Qi'frbaft‘qr’he eRe &t %Amm& ‘3cht %rpsreﬁeﬁ‘é xnm;ﬂprb,t CIRIPCEIBI-ECX entry

to indi Cats%s%e?r?hus Qioé m% Ccijles arded%lasssE ata C)é conthﬁ%ses. A level two (L2)

cache memory 3412 is coupled to the processor 3410 for temporarily storing
data and instructions for use by processor 3410. In one embodiment, the cache
memory 3412 is contained in the same chip package as the processor 3410.

In order to provide increased performance, the computer system
3400 may contain a processor 3415, coupied to the processor-system bus 3405,
for processing information in conjunction with the processor 3410. The
processor 3415 may comprise a parallel processor, such as a processor similar
to or the same as processor 3410, or may comprise a math co-processor, or any
digital signal processor. Furthermore, the computer system 3400 may
comprise additional processors, coupled to the processor-system bus 3405, for
providing increased performance suitable for particular applications. The
computer system 3400 also includes a level three (L3) cache memory 3425, for
temporarily storing data and instructions for use by other devices in the
computer system (e.g., processor 3410, processor 3415, etc.) and a L3 cache
controller 3420 for controlling access to L3 cache memory 3425. The L3 cache
memory 3425 and L3 cache controller 341220 are also coupled to processor-
system bus 3405. In addition, the L3 cache controller 3420 is coupled to a
memory-system bus 3417.

The memory-system bus 3417, or other communication means
for communicating information, is coupled to processor 3410 to provide
processor 3405 and other devices in the computer system 3400 access to the

memory and input/output (I/0) subsystems. Specifically, a memory



to the result buffer 1610 in a specul ative state. The RAT 132 transfers the
physi cal m cro-op sub 36, 35, 57, to the RS 138 and the ROB 136.

The ROB 136 reads source data for psrcl by reading ROB entry RE36 of the
result buffer 1610, the ROB 136 reads source data for the physical source
psrc2 35 by reading ROB entry RE35 of the result buffer 1610. The ROB 136
entry RE36 contains a result data value_equal to "xxx", and a cleared valid
bit indicating invalid result data for ?he current specul ative state of the
EBX architectural register. Prior to the result w.iteback for the

di spat ched W%W”@éﬁ“q%rﬁc‘?‘blﬁﬁd s eremarysysicgs bus 3447 fepaentrellisgecut i on
cluster 118, the result data for RE3§ Is.invalid, The, ROB 136 entry RE35
contai ns a €810 YEANKIOPAREEESS BRTAPTH ioél‘?gh%f dEramyic staragerdgvice t he
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i  j [ S 1,38 . T ROB
oprespond agougll B Rl b PR IR Lo B ol and ez e The
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57, and stog ' ' [ i ' ; Lfically,
t he opcodeoﬁ[?ﬁgf&?gst@g?igﬁlea? tlanmt[g)r' tgﬁte' fgggg @?ﬁ%lﬁgog# Eslﬁfel téRLS%Qg%t ?(Eé{ he
physi cal degddrnadel @uphidbio e mmrPlisfsteb@s 3419, PDST fiel d, and the

physi cal sources psrcl 36 and
: An input/output (I/O) bridge 3445 is coupled to memory-system

) bus 3417 and an 1/0O bus 3442 to provide a communication path or gateway for
devices on either memory-system bus 3417 or I/O bus 3442 to access or
transfer data between devices on the other bus. In one embodiment, the I/O
bridge 3445 turns the byte/word /dword data transfer traffic from I/O bus 3442
into line size traffic on memory-system bus 3417. In general, the I/O bus 3442

i communicates information among devices in the computer system 3400. For
example, the I/O bus 3442 may couple a display device 3455, such as a cathode
ray tube, liquid crystal display, etc., a keyboard input device 3460 including
alphanumeric and other keys, etc., for communicating information and
command selections to other devices in the computer system (e.g., processor

} 3410), and a cursor control device 3465 for controlling cursor movement. |
Moreover, a hard copy device 3470, such as a plotter or printer, for providing
a visual representation of the computer images, and a mass storage device
3480, such as a magnetic disk and disk drive, for storing information and
instructions may also be coupled to I/O bus 3442.

; As will be appreciated by one skilled in the art, certain
implementations and uses of the present invention may not require nor .

include all of the above components. For example, in certain



67 psrc2 35 are stored into the PSRC1/PSRC2 fields. In addition, the RS
138 sets the entry valid flag for the entry RSx. The physical mcro-op sub
36, 35, 57 is not ready for dispatch to the execution cluster 118 because
the source data is not fully .assenbl ed. Upon wite back fromthe
di spat ched physical mcro-op add 229, 522, pdst = 36, the physical
m cro-op sub 36, 35, 57, becones data _ready. Fi gures 2la-b
illustrate an exanple of a result datawite back fromthe execution
cluster 118 configured in accordance with one enbodiment of the present
i nvent i on.implememniatioranbled Ftanhe dontilignead Ldgachs memerexeayunpbhecl ust er
118 wites back to the RS 138 the data result_"751", corresponding
physi cal degeiretht foaudy s plegaentaipns, QIPEesspEdilAgndal4ld mprugeside t he
di spat ched_physi cal, m'cro-op add 229, 522 PoEt .= 36 on the witeback bus
139. The RErerHy arethe METQriesyaier busSdie- Ly sirerimplemeptionndt display i d
flag, and stores the data result "751" into the field, and the valid
flag into deyie 6% digriay G M@W%m%w&%rﬁﬂwgﬁﬁuﬂb%o% caiipirgs, 35,
57 stored.in,the  RSx e i s now. ready for dispatch,to the execution
ol ust or - 1IBIUBEREEAG! Lh P Rs R o EoR Py OB A CompPonents.
For example, the computer system 3400 may contain a pen based hand written
recognition system. utilized as a general purpose input device.
In the foregoing specification, the invention has been described
with reference to specific exemplary embodiments thereof. However, it will
be evident that various modifications and changes may be made thereto
without departing from the broader spirit and scope of the invention as set
forth in the following claims. Accordingly, the specification and drawings are
to be regarded in an illustrative sense rather than a restrictive sense.
Figure 35a illustrates the hierarchical structure of the UNIX®
operating system on computer system 3400. As shown in Figure 34, the
computer system 3400 contains at least one processor, configured in
accordance with the present invention, main memory, and a plurality of I/0O
devices. In one embodiment, the computer system 3400 operates via the
UNIX® operating system.
In order to control the I/O devices residing in computer system
3400, a set of device drivers (3505, 3510, and 3520) are situated in a device
driver layer 3522. In general, the device driver layer 3522 is responsible for
interacting directly with the computer system 3400. Different device drivers,
such as the set of device drivers (3505, 3510, and 3520) control different
hardware devices. The UNIX® operating system implemented on the

computer system of the present invention may comprise any number of

device drivers to control any number of hardware devices.



.The ROB 136 receives the data result "751" and correspondi ng physical
destination Pdst "36", and stores data result "751 into the result data
field of entry RE36 as specified by the physical destination Pdst 36. The
ROB 136 al so sets the corresponding valid flag to indicate that the ROB
entry RE36 contains valid specul ative data for the EAX architectural
regi ster. Figures 22a-c illustrate a retirenent exanple of
specul ative information from physical registers in the ROB 136 to
commtted state registers in the RRF9837 in accordance with one enbodi nent
of the present invention. The retirenent control logic 1620 retires the
physi cal registers Ahovhthe device dpivief dayer 8592 iim thébieyrrafiiesd Istpichgream or der
as a retirenment painter 68 -
fol l ows tised ﬁé‘é&%ﬁifldﬁef interfage Aph diiyie kermel mtécf@ﬁe {RRI{TAKSY lager BPabsi cal
regi sters e i1 lustrated | ur es the retirenent
control Fba%@l{g??@ ﬁg¥g‘?}‘ Ri&! yaéﬁ ‘é‘éﬁfr dﬁ%&’%ﬁm Régsnwaw 35381ang t esti ng
the corr di The valid bit. indica
correspongTeg’é‘%‘%lag’éﬁaSY’lc9g“rv€§% I e Srivel et 52 CBRIVIOAEE, ¢ e
retirerreni coa%g Iog g 1620 é sferg Feculf\l sult d ta fromthe
physi cal rgf ¢ alspRainfainy g se 8 REYCS 4B éigfvécte DN the  he RRF as
speci fi eddb%c ASivE ?ay%r%gﬁ Phe DDI/DKI layer 3525 hides details about device
drivers from the UNIX® kernel.
A kernel layer 3535 is located above the DDI/DKI layer 3525 in
the hierarchical structure. The kernel layer 3535 contains the UNIX® kernel
which implements most of the functionality of the UNIX® operating system.
Within the kernel layer 3535 are several operating system subsystems. In
current implementations of UNIX®, a network file system (NFS) 3540, a
virtual memory manager (VM) 3545, and a timeout mechanism 3550 are
implemented as operating system subsystems. The kernel layer 3535 interacts
with the computer system 3400 by making calls to the device drivers (3505,
3510, and 3520) through the DDI/DKI layer 3525.
- A user application layer 355 is located above the kernel layer 3535
as shown in Figure 35a. The user application layer 355 contains at least one
user application program , such as application programs (3557, 3559 and 3561).
Any number and type of application program may reside within the user
application layer 355. The user application programs (3557, 3559 and 3561)
interact with the UNIX® operating system by making system calls to the
UNIX® kernel. The UNIX® kernel processes the system call, and returns a
result to the user application program that made the system call. The

operation of an operating system, such as the UNIX® operating system, is

well known in the art.



physi-cal

control
regi ster

retirenent control

regi ster RE35. Simlarly, the retirement control

| ogic 1620 retires the physical register RE36 by initially testing the
corresponding valid bit. Because the corresponding valid bit indicates
that the correspondi ng specul ative result data is valid, the retirenent
| ogi ¢ 1620 transfers specul ative result data
RE36 to the commtted state register EAX in the RRF 137 as
specified by the field of the physical 99egister RE36. |In addition, the

| ogi ¢ 1620 notifies the RAT 132 and the ALLOC 134 of the
retirenment of physi didgure@blstibosrfit8theainidrdERRal $touctaspohnsles t he RAT 132
updates the RRFV flags in the RAT array 1220 to reflect the retirenent.

reti r ement Windpwis®aoperatinglsystemsoperating iAldodfud@ibrt hdth the comiputed

physi cal

regi sters RE35 and RE36 are available for allocation.

from the physical

| nt eger

The

Execut i on $ysitem(3480) : The Windows™  operatingegystemh  envieo ninfen t gt meixerutlis and
conmputes all single cycle ALU mcro-ops. In addition, the | EU 144

val i dat es askingoph eppliasionoprograme oiig £Blenhrpgedrimade. ophe IMidayport s t he

result to the appropriate units. The IEU 144 contains two simlar ALU

clusters, ENABY BPABWNRALHENIPdEe ey resfossnecin the Windaws géandard

mcro-ops in parallel, The f.

t d d Al
mode, creates the use of c{igk o%gratﬁl%(:s%gtem I'(BOS) virtual machines.(VMs).

The Windows enhanced mode utilizes a virtual 8086 mode on the processor
of the present invention to emulate a DOS environment for operation of
each DOS VM. A first virtual machine holds Windows itself, all the
Windows applications, any DOS terminate stay resident (TSRs), and device
drivers loaded before Windows. The first virtual machine is known as the
system virtual machine (system VM).

The Windows enhanced mode supports a memory paging
system that allows access to system memory for storing a number of DOS
VMs and a system VM. With the use of addition systex;n memory, the
Win.dows enhanced mode supports several DOS VMs concurrently. A VM is
formed under protected mode; however, the VM consists of both real mode
and protected mode code. Windows creates DOS virtual machines using a
combination of hardware support from the processor and software support
from the operating system.

As shown in Figure 35b, tﬁe Windows system software supports
2 system VM 3562 and a plurality of DOS VMs, 1 - n. The system and DOS
VMs are coupled to a Windows virtual machine managér 3568. The system
VM and DQOS VMs are also coupled to a plurality of virtual device drivers
(VxDs) 3570, 3575, and 3580. The Windows system software may comprise
any number and‘type of VxD to support the computer system 3400. In |

general, the VxD serializes access to hardware by providing a buffer between



69 clusters in the |EU 144 are coupled to the RS 138. The first ALU
cluster executes nost of the single cycle integer mcro-ops, not including
the junp mcro-ops. The second ALU cluster contains the junp execution
unit. The second ALU cluster perforns four primary functions: executes all
ALU m cro-ops, executes six additional ALU instructions not executed by
the first ALU cluster, determnes if a branch is predicted correctly, and
executes control register read wite requests. Wen determ ning whet her a
branch was properly predicted, the ju execution unit within the IEU 144
reports the branch information, and Cgﬁ‘BQIt es the linear or virtual branch
address forthd r The RS ,138 dj spatches m cro-ops to the appropriate
cluster withi ngﬁtﬁg (?ﬁﬁfrffgld %rdt"‘fﬂ?ererﬁzle(‘!if@s@pnt?én@d e &mfb&lgﬁrtéﬁ%ke%’ t he

| EU 144 ”am-t?héWin&og\FéJ@k dress and branch information to“the BTB
124, MS 130, |FU 122, an 28N MANegenass sar tayer o Wiidig,d he | EU
144 to the systérabacivird : shared wi.th the FEU 142.

The junp exz{:tl,’::ei on uni tq\?m}'?ﬁ?rr?%gng E]j 9pEfalder é’étGQCvaMdnjduWDsrgicg(,Q- ops

di spat ched #r e ¢dmep &3r k38t S . the junp execution unit executes
either mcro or maclr)o juﬁp ﬂg?%@oﬁgﬁ%{é’&vﬁﬁmlt@w nedndgeanshs is

condi ti on. CPmpPsedpofs@euili Bdrtidnk! st he ..actual and predicted
branch conditions to -reportpc'?}he bralﬁglgagéaqp#gdﬁvdf‘éawédﬁf@@i Inyachdrie pr edi ct ed

manager 3568 schedules tasks among all the DOS VMs and the system VM
via a Windows Process Scheduler. The Windows virtual machine manager
3568 may interface with any VxD installed. In addition, the Windows virtual
machine manager 3568 provides I/0 emulation, virtual memory
nanagement, general interrupt handling and event servicing. The operation

of an operating system, such as the WindowsT op

erating system, is well
known in the art. |



l.Lncorrectly (e.g. whether the branch is taken or not taken). The junp
execution unit wites back linear and virtual branch addresses for the
branch mcro-op. If a branch was incorrectly predicted and subsequently
t-aken, the junp execution unit asserts a control signal, JE Clear, to
flush the in-order instruction pipe ug@f detecting the ol dest m spredicted
‘branch. The JE Clear starts the in-or portion of the processor fetching

and decodi ng down the correct path, and stalls instruction issue into the
out - of -order portion of the processéﬁf&l—ﬁ

70 Figure 23 illustrates the | EU 144 operation within one

- enbodi nent of the processor pipeline of the present invention. The ROB 136
read, and RS 138 ready and schedul e occurs in pipestages 31 and 81. The IEU-
144 receives a valid mcro-op, up to two source operands, flags, and Pdsts

romthe a3 T b pest g ana (DB TR gr Ptk e
33 and 83. i.ré‘fruc?ila%‘”?n'ancd:rhpﬁfe‘? s%’t’en{,r}ﬁ.id Rdihed ‘E’orﬁb?gkfg Wecgt%pg Xgeution

unit.
decoding the plurality of instructions to produce a continuous

stream of operations, wherein the plurality of instructions are decoded in
order and wherein the step of decoding inclﬁdes the steps of writing the
continuous stream of operations into a first buffering mechénism and
feading data from a second buffering mechanism for use in execution of the
continuous stream of operations;
executing each of tﬁe continuous stream of operations, wherein

the step of executing includes the steps of | |

scheduling and dispatching each of the continuous stream
of qperétions once data ready,

execuﬁné each opéraﬁon,aﬁa

writing back results from execution,

wherein the step of writing back includes the steps of
writing data results directly into the first buffering mechanism for use by a
plurality of operations in the first buffering mechanism in execution, such
that operations become data ready by obtaining data written into the first
bi.xffering mechanism instead of from the second buffering n"\echanism, and
writing data results into the second buffering mechanism;

and further wherein the steps of scheduling and
dispatching, executing and writing back are perfofmed in consecutive
pipestages and the continuous stream of operations is executed out-of-order;

and

LT



Address Generation Unit (AQU): The AGU 146 conputes the

| i near address utilizing a base address, a displacenent value, a scale
val ue, an index value and a segnment value. In one enbodinent, the |inear
address contains 32-bits wherein, 20 higher order bits identify a nenory
page and 12 | ow order bits identify the off-set within the nenory page.
The address generation (AGJ) 146 perforns address cal cul ati ons, handl es
all segnment operations, and controls accesses to all control test

regi sters. The AGU 146 contains two inq endent address cal cul ation

bl ocks, each capable of producing a |linear address and effective address

| ock cycle. I'n addition, t | cul ati on plocks check f t
it violations. al FoRANEns deriiE SER SedhiaR e SR RS sfradfion

checks . spgeaine e ARR SR BT D AR

receive mc SO couple | uster 120

ve T o . lLuster 120
A i A T e T S VI (5 e

every cl ock €Ss generation,

ei ther the a@ﬁ?@f'iﬁéﬁ%ns"ire’%%gé@- oU6r-8de ih S PigelihdgnaihidN 2
segnent base, to'create a |linear address. For contr regi ster accesses,
the AGU 146 receives input data from-

2. The method defined in Claim 1 wherein the step of
decoding further includes the steps of:

performing an instruction cache memory lookup to fetch the
‘plurality of instructions,

performing instruction length decoding,

rotating the plurality of instructions, and

decoding the plurality of instructions in an instruction decoder
to generate the continuous stream of operations,

performing register renaming, allocating resources and sending
a portion of each of the continuous stream of operations to the first buffering
mechanism, | |

wherein the steps of performing an instruction cache memory
lookup, performing instruction length decoding, rotating the pIuraiity of
instructions, decoding the plurality of instructions, and performing register
renaming are performed in consecutive pipestages to generate the continuous

stream of instructions.

3. The method defined in Claim 2 wherein the step of
performing instruction length decoding includes marking the plurality of

instructions to identify each of the plurality of instructions.

I



71 the RS 138 in the formof mcro-ops and source data operands. If a
menory calculation is successful, the AGU 146 transmts an address to the
menory cluster 120 to conplete the nmenory operation. Alternatively, if the
nenory calculation faults, the AGJ 146 drives fault status to the ROB 136,
and cancels the operation in the nmenory cluster 120. The AGU
146 supports the segnentation and protection inplenentation for
conpatibility with the Intel architecture mcroprocessors. The AGJ 146
contains a segnment bl ock that includes ? segnment register file. The
segnent bl ock is capable of handling all the -segnent register | oads. In

2ﬂ§LLLfPar Ceomont rehi st oind SRR BehAg 47 GRS whaRln BRG 5B On) 32%'3"” -
e encceser i g e B TR heSFIBR A PRI fishoibigeghd %&“%P#er%ﬁera o

segrent opeftiPAohs RkuAKE ﬁieqhstrhéﬁoregéc _drives a vector

cont ai ni ng e fau status for the operation that faulted. The AGU 146
al so contains a scratch pad unit having architecturally visible control
registers that are used by mcro-code. For control register operations,

the AGU 146 wites 5, The method defined in Claim 2 wherein the step of

decoding the plurality of instructions is performed in two pipestages.

6. The method defined in Claim 2 wherein the step of
performing register renaming, allocating resources and sending each of the
continuous stream of operations to a reservation station is performed in a

single pipestage.

7. The method defined in Claim 1 wherein the step of

retiring is performed in two pipestages.

8. A pipelined method for executing a plurality of
instructions in a computer system, said method comprising the steps of:
decoding the plurality of instructions to produce a continuous
stream of operétions, wherein the plurality of instructions are decoded in
order and the step of decoding includes the steps of
writing the continuous stream of operations into a first
buffering mechanism and _
reading data from a second buffering mechanism for use
in execution of the continuous stream of operations, wherein the step of
reading data includes maintaining a status of each data entry in the second

buffering mechanism and reading data in the second buffering mechanism

A




data to the ROB 136. For a coyntrol register read, register data is
witten, and for register wites, the mcro-address of the control
register is witten. Figures 24a-c illustrate processor

pi pel i ne stages involving the AGU 146 configured in accordance with one
enbodi nent of the present invention. Figure 24a illustrates the AGJU 146
address cal cul ation pipeline stages. Iqogipeline stage 32, the AGU 146
receives inputs fromRS 138 and |atches the inputs in pipeline stage 33.

The i MB,split, inf ion is,dri he MU 140 i
oi pest age 33 A gans u PR e R Frasevent baTeRBEM U 140 i n

pi pestage 34, Aldni.t eback data is
72 driven during wi'teback pipestages 35 and 83. Pipestages 33, 34, and 35

are aligned with t heeg@dm%n&cﬂe@ %gi]%in@i}\uoﬁg W@g?ﬁgf Pﬂ%ratigga,n\é/&erqia':i gure

24b illustrates one enbodi t of pi ne staé’es r ad

oper ati ons QREYf; id&ﬂe@u@iﬁgirﬁ%aééﬁe gﬁg;s segnment register file operations,
the AGU 146 decodes the op code in pipestage 32. I n pipestage 33, the

segment register file IS 1oakduling ArlaRsa:hE dadt bPthd Mnth RRATRR,H, 02d
Is conpleted, and a null selector test is perfornmed on a segnent provided.
In of operations once data ready, -
executing each operation, and
writing back results from execution,
wherein the steps of scheduling and dispatching,
executing and writing back are performed in consecutive pipestages and the
continuous stream of operations are executed out-of-order; and
committing results from execution of the continuous stream of
operations to architectural state, wherein the results are committed in

sequential order of the continuous stream of operations, such that the

plurality of instructions are executed out-of-order in a pipelined manner.

9. The method defined in Claim 8 wherein the step of
decoding further includes the steps of:

performing an instruction cache memory lookup to fetch the
plurality of instructions,

performing instruction length decoding,

rotating the plurality of instructions, and

decoding the plurality of instructions in an instruction decoder
to generate the continuous stream of operations,

performing register renaming, allocating resources and sending
a portion of each of the continuous stream of operations to the first buffering

mechanism,

T



pi pestage 34, tests are perfornmed on the segnent data including segnent
limt and fault checks. Witeback, including fault information reporting,
occurs during pipestages 34 and 35. Figure 24c illustrates
the AGQU 146 control register operation pipeline stages. For control

regi ster operations, the op code is de%@ged in pipestage 32. In pipestage
33, the address-is latched fromthe RS ‘t388, and broadcast to all units

with the read wite signals based on the op code. In _pipestage 34, the
appropriate unit readaR@ thenstess of Qﬁféf@g‘.g A %?tﬁ‘é%tf‘g'géaé?, MeEYcont r ol

120 SLeTS qre bt L1 200 JULLRS, RLRSRIARSAE, LIRS RLRASEC
ont® (M0 40, BEE O A RLESE Rl L QPR R R SRRl R
| 2C0r g i 00 EARRMLTEor O RS, PESSEAL 4 BYGOBLOThe [ 140

converter ta buffer 2535, and the floating point constant
ROM ( not sﬁsglj\ﬁngr B?Eré&?lg{atgxggnverter 2525 is responsible for converting both

I nteger and floating point data froma specific

10.  The method defined in Claim 9 wherein the step of
performing instruction length decoding includes marking the plurality of

instructions to identify each of the plurality of instructions.

11.  The method defined in Claim 9 wherein the step of
rotating is performed based on an instruction fetch pointer and a number of

instructions consumed by the instruction decoder.

12. The method defined in Claim 9 wherein the step of

decoding the plurality of instructions is performed in two pipestages.

13.  The method defined in Claim 9 wherein the step of
performing register renaming, allocating resources and sending each of the
continuous stream of operations to a reservation station is performed in a

single pipestage.

14.  The method defined in Claim 8 wherein the step of

retiring is performed in two pipestages.

15. A pipelined method for executing a plurality of

instructions in a computer system, said method comprising the steps of:

A



73 nmenory format to a processor internal format. The data cache unit (DCU)
148 provides the data to convert, and the type of conversion to perform
The store converter 2515 is coupled to the store data buffer 2535, such
that store converter 2515 receives data fromthe RS 138, and transmts
data to the store data buffer 2535. In response, the store data buffer 2535
transmts data to a data cache 2830 (Fimgre 28). In general, the store
converter 2515 converts floating point data for store operations. The

store data buffer '2%@oﬂﬁf’geih‘é?lu@ﬂﬂg%f%@t%uétﬁ‘tﬁ\sstto%x%d%ﬁ@raaédxﬁﬂﬁl d in
cooperation with the store™ address buffer 2520, and a physical address

buf f er 2810sttdaing f @pefaticis, WieréiUhe JABralitplof ieRtEQTAst e dRo8EANRR
operations as appropriate, and causes execution to the menory system

The nenory erdéeanduhé etep( dMADcolHly wpﬁiesithesm?a@n | oad operation, and
controls special bypass cases fromthe store data buffer 2535. The store
converter 2515 is responsivatiengdhe contirndunstrémhiofiogesgionsairdo 4 fieat i ng

poi nt data from processor internal format to a specific menory format. The
RS 138 provbufferingeneshamissh agat a conversion to perform The store data
buffer 2535 holds stored data in the nenory format. The MOB 150 stores the
data to nenory by transferfidiggdapdramisesecendbufigaing maehasrismnioryseo

in execution of the continuous stream of operations, wherein the step of
reading data includes maintaining a status of each data entry in the second
buffering mechanism and reading data in the second buffering mechanism
only if the status indicates that desired data is in the second buffering
mechanism; |
executing each of the continuous stream of operations, wherein

the step of executing includes the steps of

sche-duling and dispatching each of the continuous stream
of operations once data ready, |

executing each operation, .and

writing back results from execution,

wherein the step of writing back includes the steps of
writing data results directly into the first buffering mechanism for use by a
plurality of operations in the first buffering mechanism in execution, such
that operations become data ready by obtaining data written into the first
buffering mechanism instead of read from the second buffering mechanism,
and writing data results into the second buffering mechanism,

and further-wherein the steps of scheduling and
dispatching, executing and writing back are performed in consecutive
pipestages and the continuous stream of operations are executed out-of-order;

and

* c L M S *



the DCU 148. Both integer and floating point data reside in the store data
buffer. In addition, data are transferred fromthe store data buffer 2535
to the |oad converter 2525 under MOB 150 control. The floating point (FP)
constant ROM contains floating point constants in an internal precision
format. The constants are utilized by the Intel architecture m croprocessor
I nstructions. The MU s described nore fully below in conjunction with a
description of the MOB 150. 107 Figure 26a illustrates pipeline
stages for the | oad conversion operation perforned in the MU 140. As shown
in Figure 26a, the D@Irdritting results from execution of the continuous stream of
74 rotates data in pipestage 43, and MU 140 converts data in pipestage 83
for a | oadopgretians émarchitectural state, wikérgin the2sisuits lans tcoatreitadhin st or e
conversion operation within the processor pipeline. The MU 140 converts
data and wrieqeential otderwifdhe caatinuobspiream; of gpareiongysuB. thahthe pest age 83,
the MU 140 drives witeback flags, fault information, and data valid.
Fi gure 26c plurdityreftisstrugdony arecexesutashpulobpedeitinonpipelined mgnoesssor
pi peline of the present invention. The MOB 150 transmts an index
16.  The method defined in Claim 15 wherein the step of
decoding further includes the steps of:
performing an instruction cache memory lookup to fetch the
plurality of instructions,
performing instruction length decoding,
rotating the plurality of instructions, and
decoding the plurality of instructions in an instruction decoder
to generate the continuous stream of operations,
performing register renaming, allocating resources and sending
a portion of each of the continuous stream of operations to the first buffering
mechanism,
wherein the steps of performing an instruction cache memory
lookup, performing instruction length decoding, rotating the plurality of
instructions, decoding the plurality of instructions, and performing register

renaming are performed in consecutive pipestages to generate the continuous

stream of instructions.

17. The method defined in Claim 16 wherein the step of

decoding the plurality of instructions is performed in two pipestages.

18. The method defined in Claim 16 wherein the step of

performing register renaming, allocating resources and sending each of the

QLT



to the MU 140 in pipestage 41. |In pipestage 42, the MU 140 wites store
data to the DCU 148. |In pipestage 43, the DCU 148 wites data to the a

|l evel 1 (L1) cache located within the DCU 148. Fi gure 26d
illustrates a floating point ROMread operation wthin the processor

pi peline of the present invention. In pipestage 32, the RS 138 dispatches
m cro-op, source 1, and source 2 data. In pipestage 33, the MU | atches
data and creates a ROM address. The ROM address is utilized in pipestage
35 for an array access. |In pipestage 83, a floating point constant from

t he ROM access, is witten back. Fl oat}8g Point Execution Unit (FEU):
The processor of the present invention perforns floating point operations
via a fl oat icoqtipeions séseaoudf opexations (tFRUesg¢rvationsatiguisl perfoayed dompr i se
any floating point functional unit wthout deviating fromthe spirit and
scope of thesingleqripeBage.l n one enbodi nent, the FEU 142 contains a floating
poi nt adder unit (FAU), a floating point rounding unit (FRND), a floating
point multiplier (FMJ), and a floating point wire unit (FW), as well as

S_OW ce data and bypasslgfrul eI Thethod d;argi]r?ecl: 'iA‘r\UCI?aexgrlc % rxrvshgrlei%aﬁ{ensqep of |

retiring is performed in two pipestages.

20. A method for executing a plurality of instructions in a
computer system, said method comprising the steps of:
providing the plurality of instructions as a continuous stream of
operations in an in-order pipeline, wherein the step of providing the
plurality of instructions includes the steps of:
performing an instruction cache memory lookup to fetch
the plurality of instructions,
performing instruction length decoding,
rotating the plurality of instructions,l and
decoding the plurality of instructions in an instruction
decodef to generate a continuous stream of operations,
performing register renaming, allocating resources and
sending a pdrtion of each of the continuous stream of operations to a
reservation station,
wherein the steps of performing an instruction cache
memory lookup, performirg instruction length decbdihg, rotating the
-plurality of instructions, decoding the plurality of instructions, and
performing register renaming are performed in consecutive pipestages, such

that a continuous stream of instructions is generated;

*



75 poi-nt addition, subtraction, and conparison, as well as other floating
poi nt operations necessary for support of floating point assists, floating
poi nt exception handling, and floating point transcendentals. The FMJ
executes both floating point and integer multiplications and divisions,
and partial remainder and square root operations. The FRND perforns
roundi ng and data witeback for all floating point operations perforned in
the FAU and FMJ. The FMJ writeback integer results fromthe FMJ wi t hout
rounding. The FWJ perforns floating poifgg and integer primtive mcro-ops
that require large anobunts of routing and nultipl exing of data. The FEU

142 i coupl ed L0t neBR, 138 A0\ 0Ry! 8PindRIURL LRSI gbick of execut ed

results to the RS 138 and ure 2 Ustrates the

operation ofp lpbﬂné:EéJP%é@uéé“eié&ﬁt1oHrr‘é§tﬂ§ssQ&hé}bﬁg }E@er%%?leyg&& &t g%%‘é%%sdul i ng

interaction wth mcro-op dispatch and wite e two cy
pi peline of thbetdps,ofconsi sting of ready/schedul e and di spatch operations,
requires prior notification of the arrival of source data of at |east two

cycles prior to the. dispat cletamminirgg exapsionueadinekef bhat oA
Consequently, the RS 138, during pipestage 30, identifies mcro-ops
capabl e of hwintigudiis saeetmedf operdtidns paticfebed tilieg daeyr feadySopdtations in the
continuéus stream of operations,
| dispatching each of the continuous stream of operations
to an execution unit as each becomes data ready,
executing operations determined to be data ready and
writing back the results, |
wherein the steps of determinihg execution readiness,
dispatching and executing are performed in consecutive pipestages; and
retiring eac_:h of the continuous stream of operations, wherein
results from execution are committed to érchitectural state and order is
rees.tablish_ed, such that the plu;'ality of instructions are executed in a

pipelined manner.

21.  The method defined in Claim 20 wherein the step of
- performing instruction length decoding includes marking the plurality of

instructions to identify each of the plurality of instructions.

22.  The method defined in Claim 20 wherein the step of
rotating is performed based on an instruction fetch pointer and a number of

instructions consumed by the instruction decoder.

* c L M H *



pi pestage 32. The FEU 142 perforns data bypassing and op code decoding in
pi pest.age 32. For mcro-ops requiring three and four cycle |atency
execution, the FEU 142 perfornms mcro-op execution in pipestages 33 and
34. For the three cycle execution, FRND rounds during pipestage 35, and
wites back in pipestage 83. For the four cycle |atency execution, a stal
occurs during pipestage 35, the FRND rounds during pipestage 36, and
writes back in pipestage 83. For a one cycle |atency execution in the FW,
execution occurs during pipestage 33, 1d8d witeback occurs during pipestage

83. Dat a Cache Unit

(DCU) : 23. F| gm%ng'\qq d@fsrtadamélaan detb@r@ma@?éﬁﬁmf’f a data cache
uni t ( DCU) confi accor.dance ne enbodi nent of the present -
i nventi on. fﬂ‘? ingche ‘8r Bhf’ginﬁgm t‘?ﬂ?y‘élpégp FLE¥0 BIRSSEAEE2810, data tag

array 2820, a level one (L1) data cache 2830, and a DCU buffer 2840. The
physi cal address buffer 2810 is coupled to receive an input (e.g., the

physi cal address) from t hene EWRL3dindh CRi QURRSIOHRIREIGE PhYSi ca

address to data tag array 2
performing register renamxng, allocating resources and sending each of the

continuous stream of operations to a reservation station is performed in a

single pipestage.

25.  The method defined in Claim 20 wherein the step of
executing operations determined to be data ready and writing back the results

is performed in a single pipestage.

26. The method defined in Claim 20 wherein the step of

retiring is performed in two pipestages.

27.  The method defined in Claim 20 wherein the steps of
performing an instruction cache memory lookup, performing instruction
length decoding, rotating the plurality of instructions, decoding the plurality
of instructions, and performing register renaming are performed in seven

consecutive pipestages.

28. A pipelined method for executing a plurality of
instructions 'in a computer system, substantially as hereinbefore

described with reference to the accompanying drawings.
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-The data tag array 2820 is coupled to receive an input (e.g., either store
address or |load address) fromthe MOB 150. The data cache 2830 is coupl ed
to receive an input fromthe data tag array 2820, and the store data

*buf fer 2535, as well as being coupled to the bus cluster 110. In response
to a data cache access, the data cache 2830 produces an output to the
execution cluster 118 and MOB 150. T buffer 2840 is also coupled to
the data tag array 420 and data cach 30. The DCU buffer 2840 is al so
coupled to receive an input fromthe MOB 150 and the bus cluster 110.

The physical address buffer 2810 receives and saves the 2Prbtegésororder bits
of the translated physical addresses fromthe DILB 154 for sj@ye and | oad
operations. In cooperation with the MOB 150 and M U 140, the physical
address buffer 2810 commits -the transl ated physical addresses to processor
state and execut gBxtbhfal Bidrggses as appropr%@l@bﬁidihe da g array 2820

stores the ps—of—T1ik dat Bus srglé data cache
2830, and tag t ches|the accpssi ng physical addressefcaad®i|nst the stored
physi cal paeress—tagst—Hre—doa—eache—2830—feeeres—ana—stomas—data for
cachi ng, apd respopds—{o data dat a tag array
2820 and t he_dat ache 2H306-hbve—suiiteent -eapactty—fer4sfori ng 1pP8 sets
of 2-way sft aism ti yev32- byt ¢ cafptetimes o dataanmatiecorTespondi ng
address ta . . _ >
1306 -] 'EBL | | BBL |- 108 15 I prs
3 ; 2
h 4 . > 1
109-| PIC T PME L, 154
Bus v Yy vy
Cluster 110 > :
MOBle—t | I bpcu
150 151- —
1. 148 Memory
: - Cluster 120
IFU - 122 | ACU .143L
3
+—> - 144
.124 > IEU >
BTB Execution
3 -142] Cluster
Instruction| | | FEV le—| 118
Fetch 140
Cluster 112 | MIU f¢—>
h 4 - 139
> BAC |.128 138
y v 132 .
» RAT > T
4 136
t L— 3 | 4
- ROB ¢
130-] MS &
»| ALLOC RRF
T
Issue 134 Out-of-Order
Cluster 114 Cluster 116
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77 physical address buffer 2810 will be discussed in further detail bel ow
The data tag array 2820 and data cache 2830 are intended to represent a
broad category of these elenents found in nost conputer systens, whose
functions and constitutions are well-known and will not be further
descri bed. : The DCU buffer 2840 contains accesses to data
cache 2830 that m ss the cache nenor d are currently pending on the
bus. The entries in the DCU buffer 2 are al so checked in conjunction
with a data cache 2830 access to deterni ne whether the desired data are
stored in a DCU buffer 2840 entry~0Or _the tegired data are a cache line
currently pending on the bus. The 2840 includes storage:

| ocations for tenporarily storing Oata etr ned for pending cache line

request operations. The DCU buffer 284Q supplies data and the

correspondi ng tag i nformat gat-g-caehe—2830—aid data tag array 2820,
respectively. In one enbod nent Fatgd Ipstrustions 2g40 dl cludes four entries
having a 256 bit width (onke caslong exequtable path "“Figure 29
illustrates the operation of the DCO I Tn one enbodi mrent of the

processor pipeline of the present invemtion. Typically, nenory operations
consune three pipestages (Y1, 42 and 43). In pipestage 41, the mcro-op is
di spatched to the DCU 148. I n tBecede inStyactions pi pest2i§e 42, the DILB 154
perforns address transl ati! -

Issue operations in
original program order

Is

issued
operation data
ready and appropriate
execution unit
available

- 225

Dispatch to appropriate execution unit |- 230

I

Execute operations to
generate result data

!

Commit result data to processor
state in the original program |- 240
order when result data are valid

Figure 2

- 235




untransl ated address bits
data array 2820.
the tag
ascertai n whet her

(1 ower 12

In the second hal f of pipestage 42,
conpare using - the translated address fromthe DILB 154 to
a cache hit occurred. Data are read out of the data

bits) to read the tags out of the tag
the DCU 148 perforns

Icache
read

cache 2830 in the second half of pipestage 42 for a |oad operation. In
pi pestage 43, the DCU 148 wites back Vgg/data if a cache hit occurs. If
the data is not in the dgta—cache 2 3&, bus request is issued in
pi pestage 42. The fastest] that the gxternal bus 158 can respond with the
| ow data is four cycles dfter the rdquest is nade in pipestage
78 42. Stores are issued 5& tﬁ§°NCB 150 in the sanme manner is | oads.
Al though the DCU 148 may utili*®e tHe transl ated physical address stored in.
the physical address bufffer2810__4dr utilize the pipestage 42 transl ated
address fromthe DITLB 134. The chegk for a cache hit occurs during
pi pestage 42, and the actjual dita dache 2830 is witten in pipestage 43.
Store msses nornally use ﬁh_e %mé pi pestages as the load mss, but with a
different request type tdq the bus. Menory Order Buffer (MOB):
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The nenory order buffer (MOB) 150 interfaces the out-of-order portion of
the processor to the nenory system The MOB 150 contains two nain buffers
as shown in Figure 25: the |oad buffer 2510, and the store address buffer
2520. The | oad buffer 2510 and the store address buffer 2520 are «circular
queues, such that each entry within the buffer represents either a load or
a store mcro-op, respectively. The Ng? 50 receives |l oad and store
operations fromthe RS 138. The RS 13 f} ovi des the correspondi ng op code,
and the AGUJ 146 cal cﬁé tes ﬂnp transmts the linear address for the access.
The | oad and store o “Yre either executed i medi ately, or the | oad
and store operation %f g@?&é‘ I nto t h@PradiBtishondrs di spatch at a |l ater
time. During rrenor B ution, frag FEBTRM4cOoNverts the |inear

address to a physical a#ldre$s, or alternativel

signals a page mss to the

PVH 152. The—NB—£56—n and
data size to ascert&aar het at{ he operation can proceed dnskmeetion ja bl ock
must occur. 1 The Store address bufffer 2520 oper Heéehin
conjunction W th the | Bisehftioddt & DUTTer 2535 A The phylsi cAUn#ddr gss
buffer 2810 }oleffect| wele¥niBPAq8 FLSL.QTE.Ope on. In >oz!ne et2adi mgnt, the
store addresp RQuffer> r(ISg) o ahgpxts f : 79
410 Logic
460
Y _
»|Instruction
—»{ Cache . |[nstruction| 1nstructions/
» (ICache) | Buffer & |, 1rarked
420 Instruction »| Rotator 1D 126
yy Length L (IFBR)
Decoder | 470
»| Instruction (ILD)
»| Victim Cache R 465
> (IVC)
430 Instruction
. - - . Pointers to
Pointer Logic 440 > —> ID 126
TLB (ITLB) from PMH 152
445 ~ Linear Fetch
- Address to
BTB 124
Next IP
— Logic Fetch Address from
450 ¢ BTB 124, BAC 128
and IEU 144
Internal snoop address
Snoop from the DTLB 154
Logic
455 External snoop
address from EBL 106

Figure 4



contains twelve entries thereby holding up to twelve store operations. The

store address buffer 2520
to
di spatched in the origina
signals that the state is
2520 "checks all Ioad; for

consistent with

data buffer 2535 1n one
“buffer entries, |stor@ng uf
is utilized to queu& Fdad

di spat ched by the RS 138.
redi spat ched by

is utilized to queue all 'store operations prior

di spatch to the nenory system The store operations are subsequently

116
The store address buffer

program order when the out-of-order cluster

no | onger specul ative.
store addr§§% conflicts so as to keep | oads
y execut ed pes still residing in the store
enbodi nent, the | oad buffer 2510 contains sixteen
to sixteen | oad operations. The | oad buffer 2510
operations unable to conplete when ordinarily
The queued operations are subsequently

)juf fer 2510 when the conflict is |later renoved.

I n one enbodi nent, addresq dependencies are determ ned through the use of
store coloring. In g&nerall, store coloring is utilized to track
dependenci es betMeerSIdad jand store operations. In order to inplenent store
coloring, a stor bkfer ildentification (I'D) is assigned, or tagged, to
each | oad operapion durindg decoding. In one enbodi nent, the store buffer
IDincludes five bits inqluding a wap bit. The store buffer IDidentifies
the entry in the] sto bufffer storing the nost recent store operation. The
ALLOC 134 all ocat es torgq buffer entries sequfntralty tp the issued store
operations. Eachl meng§y | dad operation is tagged with thg store buffer ID
of the nost rece store - o
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operation. Consequently, the store buffer ID assigned to the | oad operation
defines the youngest store operation older than the correspondi ng | oad
operation. Therefore, know edge of the age of store operations relative to
} oad operations, permts possible identification of dependencies. By

i dentifying the dependencies or a |ack thereof, the nenory cluster 120 of
the present invention determ nes when ggh of the | oad operations may be

80 executed. Mre particularly, the 6? ent invention utilizes the
relative tenporal |ocation of -the | oad operations with respect to the
store operations—todetermne whether subseguently issued.load aperations

may execut gBirahoheTargétaBuffesrud&43t ore operati ons. Load Operati on:
In operatipn, |oad operations issue to the RS 138 fromthe allocatqgr 134
and RAT 13P. In response, the allocator 134 assigns_a new store bufffer ID
to each | opd_thatBr Pnto the RS 138. The | ¥ waits ijn the
RS 138 untjjl the correspondi ng data operands for the | oad operatign jare
Branch Target Buffer Cache branch
_ pattern
610
tables
612
offsetsl tags offsetsl hiswryl pred| |[targets
Y A
Offset'=’ Tag'="' Offset’>=" || Prediction
Comparators || Comparators { | Comparators || Derivation Spec.
614 616 618 620 Update
Control
Logic
| Predicti 6o
BTB Write rediction C
Control Logic _ Control Logic control
622 626
3
NLIP control
' Y
v Target
Prediction » Mux Ret.Reg. 642
h Branch Info to 638
Pranch | b Table IFU 122
Info _
(BIT 630)
A A
Return
Mux
646
BTBLIP

Figure 6



avai l abl e. Once available, the RS 138 di spatches the | oad operation to AGU
146 and | oad buffer 2510. The AGU 146 generates the |linear address used by
t he DTLB 154, MOB 150, and DCU 148. The DTLB 154 transl ates
the linear address to a physical address, and the DCU 148 does an initi al
data | ookup utilizing the low order 12 bits. In addition, the store
address buffer 2520 utilizes the |ower ger 12 bits along wth the store
buffer ID to check for conflicting addggi es. The upper 20 bits of the

| i near address |are transljated by the DTLB 154 into a physical address. If
the DTLB 154 dannap trarnsl ate the address, then the DILB 154 generates a
bl ocked statug. Fgt cgxarnpl e, a page m ss may occur when the page
m shandl er 152 }is HIsy. lln this case, the | oad operation is blocked.
Assum ng a DTLB 154 page |(hit and no store address buffer 2520 conflicts,
the DCU 148 utifl i zes the|physical address bits, along with the |ower 12
bits of the'untranqgated address, to execute a tag array | ook-up and
subsequent datd arrmay«redd, if required, in the data cache 2830. If the
| oad operatior gerférated a hit in the data cache 2830, then data are read
out of the 81
:
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data cache 2830, aligned, and transferred to the |oad converter 2525. In
response, the | oad converter 2525 converts the data into the proper
internal format recogni zed by the processor, and wites back the result
data on the witeback bus 139. If the | oad operation generates a cache
mss in the data cache 2830, a request for data is executed to the bus
cluster 110. After the data are retriggg% by the bus cluster 110, either
froma level two (L2) cache nenory (156) or from external nenory, the DCU

148 requests a ftycle on the witeback bus 139 to return the requested
data. Wen the PCU 948 receives a grant for a cycle or the witeback bus
139, the DCU 14B trgnremtls the data to the |load converter 2525. The | oad
converter 2525 perf@rns the necessary format conversion, and subsequently
drives the converted data on the witeback bus 139. Upon
di spatch of a lfjpad operat]on, the store color of the | oad operation is
utilized to detlerm@es if] the store buffer contains any invalid store
addresses that [are-8lder fthan the | oad operation. In one enbodinent, the
entries of the |stor@ addrjess buffer 2520 are checked. Because | oad
operations cannjot pass stfjore operations with unknown addresses, the check
is utilized tg block theg | oad operation until the store address m cro-op
has been dispdtchedfromthe RS 138 (e.g, until the address calculation is
executed). To [detergrine|if the store|operation]is older, the present
invention utilifzes $addrgss detection ho searchjthe store buffer fromthe
ol dest store ogderati%n ® Ca
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contained in the store buffer to the store operation identified by the

store buffer ID assigned to the particular |oad operation. If an entry in
the store buffer contains an invalid address, then a signal (e.g., a bit)
is asserted with the corresponding store buffer ID. If the address is not
valid, the load operation is tagged with the store buffer ID of the store

operation with the invalid 9/4
82 address t he | oad operation%ﬁwwndispatching until that store
address m cro-jop hgs been di spatched fromthe RS 138. In

parallel to the operation in the DCU 148, the MOB 150 signals the |oad

buf fer 2510 of} t hégconplleted operation. If no address conflicts exist and
the address identified by the | oad operation is not stored in the DCU 148,
the | oad buff asses the | oad operation for i mediate execution in
the bus clustgr 11Q assum ng no ot her dispatches are waiting. However, if
the store addressubuffer 2520 signals an address match, the store address
buffer 2520 signaﬁéqthe store data buffer 2535 to forward data, ignoring
the DCU 148 -
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data. If a store address buffer conflict exists but the addresses do not
match, then the | oad operation is blocked and witten to the | oad buffer
2510. The | oad operation waits until the blocking condition is renpved.
Upon conpletion of the | oad operation, the RS 138, ROB 136 and MOB 150
.reflect the conpleted status. In general, the nenory cluster
"120 receives dispatched | oad operatiag& gne per cycle. Because the RS 138
di spatches mcro-ops to the nenory s § tem 120 based purely on data

dependency, the MOB 150 perfornms nu d bl ocki ng checks to
determ ne whether a |load operation fan be ex¢cuted without conflicts. In
order to checkffor—addrgss and resoygce depepdencies, the MOB 150 gathers
all the blockifhg cgnditilons, and pripritizes fhe conditions to determ ne
the highest prijoriEy If| a conflict gxists, the |oad operation is blocked,
such that the lfoad@operdtion is storpd agd tagged w th the bl ock code and
is prevented ffom conpl gtion. The cofikl igtg8ism|the nenory systemis
nonitored to d¢term ne en the cond Siogg%%@at caused the | oad operation
bl ock no longef expst. At this tine, {thgoldadfis allowed to redispatch
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83 After a | oad operation is dispatched fromthe RS 138, the
DCU 148 and DTLB 154 generate a blocking status. In parallel, the MOB 150
detects one or nore address conflicts. The MOB 150 utilizes the bl ocking
status condition and address conflict information and prioritizes the
conditions and conflicts to determ ne whether to conpl ete execution of the
| oad operation. If the |oad operatiom&%@@not conplete due to a conflict,
“the load operation is halted, or blocked. In order to block the |oad.
operation, the DCU 148 aborts the |oad request, and the MOB 150 creates a
bl ock code identifying the event, if any, required to conplete before the

| oad oper @tToOM TS peErTH ettt U execute—Ypormr—the—occurrence—of—the—
appropri al eInstrmctiore Deaddencl26i on "wakes up" and is redispatchefl for
execution Al t hough a | oad operation awakes, the | oad
operationfis not necessaril y—executedduri-ng-the next execution cyc|e
because the | oad operation ray 1B Ihbo¢kmeffagai n for the same or difjerent
reasons. - For exanple, a |oad operati may be Bl ocked by the MOB 15D upon
initial (ispatch because of |an_addreSs conflicf with a store operat}on
currently} residing in the store addreps buffer 2520. When the store
operation|that generates that address|is dispatched, the | oad operation is
awakened @4nd redi spatched. The redi spatched | oad may be bl ocked by {he DCU
148 due tp a . , .
Instruction Steering Logic
820 :
macro instructionl l l l
Issue Template 830
Decoder 840
Field Locator
865
Translate Decoder Decoder Decoder
XLAT PLA 845 850 855
.870
Alias Mux
875
micro-ops i
' YYVY Yy Yy y
ID Output Queue
860
micro-ops

Figure 8



pendi ng | oad operation for the sanme cache line for a different |oad
currently executing in the system Wen the appropriate data are returned,
the | oad operation is awaked, and is redi spatched. Once redi spatched, the
{oad may bl ock again, or conplete execution. When | oad
operations are bl ocked, the |oad operations are stored in the | oad buffer
2510. I n one enbodinent, the | oad bquﬁﬁggontains Si xteen entries.
Therefore, up to 16 | oad operations c pending in the processor at any

one tine. In additifjon, as nmapy as 16 | oad operations may "wake up" in a
84 given cycle. Bgcauge only one load is dispatched every cycle (in the
preferred enbodi mgnt):;z dshe MOB 150 queues the awake | oad operations for
di spatch. In one ¢nboffi ment] the queuing is perforned by the |oad buffer
2510 by tagging | ¢ads as "rEady" upon wake up. The | oad buffer 2510
schedul es one of the "readyl |oads for dispatch each cycle. The
r eady/ schedul e nechanian1al|3ms t he t hroughput of one |oad schedul ed per
cycl e. Store Openat i@ I n one enbodi ment, the store
operation is split|int@ two fcro-
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ops:
store
store
when t he
a store buffer
buffer 2520,
2810.

t he

the store data buffer
In order to naintain a correl ati

store data mcro-op followed by a store address m cro-op. Because a
operation is represented by the conbination of the store data and
address m cro- ops,

store data operation is issued into the RS 138. The all ocation of

entry reserves the sane location in the store address

ALLOC 134 allocates a store buffer entry only

2 4§and t he physi cal address buffer

etween a particular store address

m cro-op and the cor
address and store dd
store data register

data operation to th
buf fer 2535. The std

respondi ng

ta @écro-<
dat g &eco
e stbre cf

store data mcro-op, each set of store

bps is assigned the store buffer I D. Wien the
es available, the RS 138 di spatches the store
nverter 2515 for a wite into the store data-:

the store address by
regi ster data becons
the AQU 146 and st or
al ways bypasses the
execution. The AGU ]

t he DTLB 154, and s\
85

re converter 2515 signals valid data for that entry to
ffer 2520 When the store address
s awail able, the RS 138 dispatches the store address to
e agdwess|buffer 2520. The store address buffer 2520
opeation|by transmitting the operation for immediate
46 generates the |linear address for transformation by
bsequently wites to the
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store address
is
store address
and ROB 136 i

m spredi cted branches,

addr ess oper at
t her eby mar ki

witten into the physi cal

buffer 2520. Assumi ng a DTLB page hit, the physical address
address buffer 2810, thereby conpleting the
the status in the MOB 150, RS 138
Assum ng no faults or
retires both the store data and store
gﬁéer 2520 nonitors the retirenent
; Ss pair as commtted processor

operation. In response,
s updated accordingly.
the ROB 136

ions. The store address
g-the store datal/store

state (senior)l. Once serfior, the MOB 150 dispatches the store operations
by transmttirjg tf¢ op dqode, store buffer ID and |lower 12 address bits to
the DCU 148, 4nd qgctrarsnitting the store buffer IDto the store
converter 2515. The DCU|148 and store converter 2515 utilize the store
buffer ID to Illaok-up the physical address in the physical address buffer
2810 and storg data in tfhe store data buffer 2535, respectively.
The MOB 150 cqnpl tes the store operation by witing a valid bit into the
store address |buf £&ri2520 and to the RS 138 and ROB 136. The data portion
of the store gperalion ijs executed by the store data buffer R35. The MU
140 signals the RS 138 J|ROB 136, and store address buffer 2520 when data
are received and wjtten into the store data buffer R35. The MOB 150
retains stor¢ infegymatifon until fhe ROB 136 jndicates that the operation
isretired ang cofmtted to meng[y state.gAt f&is time, the MOB 150
di spat ches dafa tox he 5")CU 148 t/o} commi t t-§1¢gst bre data to nenory state.
Once the storé opefatio _g:s
Q
: = e
3 ~ SR
3 0 /e
2 2o S
© £ 80 iy
oY Q
m = © 8
oU)g = 3
& & 3 3 20
Op* o .
e PE SR o
£ 8 « 73559 <3
S = S cE2w§
1~ U,C’OE
= SZ EEm
L= 5<W
o & SMM
8
o N .
® S
2 B3
QO : &g_m"’vﬁ
'gH ) t:-;;mg-c
o N SORHSS
L OEm_Uh
© ak o8
SBEEE
= 8.0 a3
3
£ :
)
) £m9
= B
58
a ~ Z238nm
= E%Eo
Q -
T o N
539%
© N es 3
L o
O«
QS O
'21-




is conpleted, the MOB 150 signals the allocator 134 to de-allocate the

corresponding MOB entry. In the nenory pipeline, nenory
operations are not totally predictable, thereby requiring, in certain
cases, deferral. In order to acconplish nenory deferral, the store address
buf fer 2520 enploys a restricted nechani smfor blocking store address
menory operations. All '1 / 86
bl ocki ng conditions_are fal ded togetherﬁ‘ﬁgo a single blocked state. The
operations remain plocked until the ROB 136 indicates that the store
address mcro-op |s t8e oldest non-retired operation in the processor.
Upon receiving thg iﬁgﬂﬁati n, the store address mcro-op is dispatched
with a sinmultaneoup wkite tpp the DCU 148. I n one enbodi nent,
the MOB 150 functijpns duringl the execution phase of the pipeline as shown
in Figure 30. The RS dispatc occursTaurtng prpestages 33, 34, and 35. The
menory execution pj pel £ne curs durilng pi pestages Y1, 42, and 43. \Wien an
operation dispatched fEomthe RS 138 i|s bypas%pd by [t he MOB 150, the
operation occupi es bot & pi pelst ages sinultaﬂ%musly. The | oad buffer 2510
requires an extra pycle (pipestage 40} to g £
bt
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eval uate the ready entries and schedul e the | oad di spatch. Ext ernal Bus
Logi ¢ (EBL): The primary function of the external bus |ogic
(EBL) 106 is to provide an interface between the first and second | evel
Caches and the external conputer system As shown in Figure 1, the EBL 106
interfaces with the BBL 108, DCU 148, and |IFU 122. |In one enbodi nent, a

t oken based internal bus cycle requeg&&g know edge/ conpl ete protocol is
utilized to interface the EBL with th éﬁesting'units. The token based
internal bus cycle perforns the function efficiently. Using this internal
protocol, the EBL 106 receives, prioritizes and accepts bus cycle requests
fromother functional wunits. In response, the EBL 106 converts the

requests, conplying with the internal protocol, into requests that conform .
to the extern | e protocol~
87 RCBHY enpodi ment, thé exterHAI1Zfs 158 |is a transaction
oriented bus.| In gdBédral, the EBL 106 precessestregtests responses, and
transactions.=ATgguest—TEfers to the process off requesting action to
occur.
_ RAT 132
PDsts LSrcs and LDsts
Y
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exchange of i
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interfaces wt
processor 100,
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i nvol ves an action that requires an address, request

dentification tag to |later reference the request. A response

action to satisfying the request. A transaction refers to the

nformation required to conplete the task specified by the

A transaction essentially refers to the entire process,

conpl eti on of gﬁ@gpnse. In one

provi des an int ce between the processor 100
In providing the interface, the EBL 106

a core clock speed for the
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successfully process (i.e. a L2 cache 156 m ss). Therefore, the external

bus request queue 3160 operates as the transaction schedul er for the EBL
106 and BBL 108 units. The external snoop |ogic 3120 processes external,
sel f and 88 internal snoop
requests. The external snoop |ogic 3120 issues snoop inquiries to the DCU
148, BBL 108, and bus request queue 3133vg§sed on snoop requests fromthe
BBL 108 and the external bus 158. The nal snoop | ogic 3120 al so
perfornms self snooping on the external bus requests when requested by the
DCU 148 or when self nodifying code is detected. The external snoop logic
3120 issues nenory state change directives to the | FU 122, DCU 148, BBL 108

and the external bus_request gueue 3160 based on external request type and
i nternal snoop repults. The error Togrc 3r3ogemeratys t he
error correctiona}l code for qUt90|ng data and parity for outgoing jaddress
and request pins.{ln additiony Sthe error logic 3130 checks parity |on
i ncom ng address, |request and«response pins, and perforns error
correctional codipg checks orfgiTiconming data pins. The error |ogic {3130
corrects sinng bf t P Prs ot he data bus and [0€TectTs
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doubl e bit and nibble errors. Wen an error is detected, the error is
reported to the external bus 158. The m cro request sequencer 3150

provi des support for msaligned data in order to remain backward
conpatible with existing Intel -architecture mcroprocessor interfaces. The
m cro request sequencer 3150 exam nes requests fromthe bus request 3160
to ascertain whether the new request qgﬁgges a bus width boundary. If a
bus width crossing is detected, the m request sequencer splits the

singl e request fromthe bus request queue into two segearete—eguests, and
sequences the two separate requests to the protocol/cgqntrol lodic 3140. If
the request. is not msaligned, then only a singlLg& request | spdresented to
the protocol control logic 3140. The micro regdest sd&@iencerzd150 al so
generates the corregct byte epabl es, cacheabl attribytes, and|deferred
instruction decoding f extlernal bus requ S. he prot ocol
control l|ogic 3140 intg?¢mces the processdar to the ex&ggnal syqt em by
i npl enenting the eqtermal bus protocol.1n general, t =)
89 protocol contr loglic 3140 for Os requests to {ffe ext éfjal bus 158,
informs other fungtional units of eXternal request agtivity, Hransfers
request ed data t : .
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-between the BBL 108, DCU 148, L2 Cache 156, and tracks the status of al

out st andi ng requests. The pad |ogic 3110 contains the external bus 1/0O

| at ches, | EEE 1149.1 boundary scan cells, and functional redundancy check
1 ogi c. The EBL 106 operates during 11 pipestages. Two of the
pi pestages are related to the BBL 108 and the L2 cache 156, and nine of the
pi pestages involve external bus opeaébgﬁ? Pi pestages in the EBL 106 do
not correspond to specific or seque cl ock periods. |Instead, EBL

pi pestages refer to different phases of conpletion through which a
transaction may pass. A particular transaction may not be involved in a
given stage at all, or renoved fromthe pipe mdstream or even remain in
the given stage for many cl ocks while other transactions occur. :
Figure 3 ' ' +qns. In

pi pestag¢ 51, the EBL 106 sends the request to the BBL 108 for L2 |cache
processi fg. I n pipestage 55, the BBL 108 notifies the EBL 106 whetther the
request fesulted in a cache hit or mss. If the, r?quest resulted ijn a L2
cache hift, data are returned to the DCU 148 andﬁEFU 122. |If the gvent
resulted{in a 42 cache mss, then the EBL 106 % %nsmts an interral
request for &h tawe processor not have

u_a.nsa.cLl_on_J_n._p.L.pﬂs.L.a.g.e__ﬁl__.
~control gf t%q::: address request bus, then the| ERI#106 afbh‘ﬂ"a@smfor t he
gl ned o

bus i n pilpes @ 62 __1f the processor glready} g control| & toHe bus,

then the{EBL 106 issues the request |th ghe ejxt busg158 wbidqut
enteringl|pi pestage 2. The EBL may hawe>t 0 ajssert tFe‘El_dster n&k eedquest for
one or mjre cl agk cycles until the pr(‘fEe?sor act ual D arﬁlﬁrm flor and or
sends t hg reg&t tpb the bus. :
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ThHe request is transnmtted to the external
is reported on the bus during pipestage 64,

r equest error
is

pi pest age 65.
158. The owner
external bus protoc
processor bus agent.
response agent drive
ready to begin.
returned on the bus

retried from pi pestage 61. Otherw se, the transaction proceeds to
I n pi pestage 65,
of the data transfer i

Onge the
res
I

bt

ot
d

o
n pipest

P WP

bus 158 in pipestage 63. If a
then the request
90 cancel ed and
results are presented on the external bus

ad ermned. |If necessary, the
or stallldg

of the snoop stage by any
data transfer owner has been determ ned, the
pbonse,

i n pipestage 66, when data transfer is
f a normal response is received, data are
hge 67 and forwarded to the BBL

108/ DCU148/ | FU122 in
transaction returns

158. If an error res
does not proceed bey
is checked for ECC e
all data are receive
BBL 108 to signify e

o
bonse i s T

bnd §i Pest
rors and

1ainqgof t
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55. If a retry response is received, the

pe 61, and is retried on the external bus
bceived in pipestage 66, the transaction

hge 66. As the data are received, each bl ock
corrected if necessary in pipestage 68. Once
action conplete signal is transmtted to the
he transaction during
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pi pest age 68. Figure 32b illustrates a partial pipestage
diagramfor wite operations. The wite pipestage diagramis simlar to

t he read pi pestage di agram except that data are retrieved fromthe BBL 108
r‘ather than transmitted to the BBL 108. Also, wite transactions have a
split response during pipestage 66, wherein the first part of the response
initiates the data transfer, and theéﬁﬁggnd part of the response conpl etes
the transaction. The first part of th ponse may occur concurrently with
the request error pllase pipegtage 64. Response conpletion cannot be sent
to the BBL 108 until} the@ progessor transfers all wite data onto the
external bus 158, and tfgeefindl response is given by the response agent.
91 Backside Bus Lodic ¢BBL): The backsi de bus | ogic (BBL)
108 is contained wtlhin the byis cluster 110 as shown in Figure 1. The
primary function of jthe BBL 1§8 is to nanage all requests of the L2 cache

156. A back side bug 16@ coupljes the B 108 ta the L2 cache 156. The L2
cache 156.requests (rigimate §rom ot be€r| agent s<5
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o the external bus 158, fromthe I FU 122, DCU 148, or through direct
access fromthe nenory cluster 120. In general, the BBL 108 bal ances the
various requests for service in light of a |limted bandwi dth for the
backsi de bus 160. The BBL 108, together with the L2 cache 156, insures the
integrity of all cache accesses and storage. The BBL 108
acts as the data buffering and routingﬁigﬁﬁé of the bus cluster 110,
steering, and if needed, buffering bot und and out bound data packets
fromthe external bus 158, data cache 2830, and L2 cache 156. In order to

mai ntai n cache coheréncy,’the BBL lﬂe’imteracts Wi th the EBL 106, |FU 122,
DCU 148 and L2 cache . 108 haniasuthe cache hierarchy in the

L2 cache 156 such that the BBL| 108 cont Isvaﬁhgstate transitions in the
L2 cache 156, and flusheg ipvajid |ines th'LZ cache 156.
In general, the BBL 108 ats ap the froEL_end_QL_the L2 cache subsystem
The BBL 108 accesses jthe L2 cafhe 156 t hrough thgq backsi de bus 160. In one
embodi ment, the backsfr@e buS IB0 is a cphl estdion fof data, address, and
control Iines working ingsynchyonizati ohRw Ehctﬁe processor 100 cl ock.
Requests for access t tﬁ;,LZ cache 156 aregpﬁogessed by BBL sequencers,
BBL Q sequencer and [BBL §&noop| sequence] E egernlne whi ch L2
m cro-operations areg _needed tp carry ot t: 3d§ ired action. Certain
requests are conpletdd. with ope L2 cacheg ks Gc a€dess (e.g. an | FU 122
request, L2 cache hit}). verl, &
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92 other requests may be conpleted with two or nore L2 cache 156 accesses.
O her requests are partially conpleted, then handed to another unit for
further processing. L2 cache requests fromthe IFU 122 or nmenory cluster
120, are first stored in the external bus request queue 3160 if the
requests require BBL 108 processing. The external bus request queue V
forwards or translates the requests t y%g BBL 108. |ndependent fromthe L1
data cache 2830, the processor, througﬁ' ntrol register access, requests
L2 cache 156 access via the BBL sequencers. The internal BBL buffers, once
full, re - ogi c
3130, wthin th %@106, pr ¢slent s ext%“c}a bus snoop requests for L2
cache 156 throu% Re BBL seduencer. I@%@ition to handling the requests -
to the L2 | cache 16%" the BBL 8 cont akn® Buffers and nul ti pl exors to

route datd bet he 12 cathe 156, EBL!106, |FU 122, and DCU 148. The
BBL 108 alfso routes |daja t r afsif g)f3Pe T&PTTR109 and the DCU 148.
Figure 33!l us ra t he opg £on (Z;,E t E Thbcegsspr |BBL 108 in the
processor {pi p@i neX=/Tthe| DCU 148 a | {FR) 142 nerfat ¢ 4 request to the
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bus request queue 3160 in pipestages 12 or 42. The external bus request
queue 3160 processes the request, and presents the request to the BBL 108
in pipestage 51. The BBL 108 transitions to pipestage 52 in one or nore
ways, and may occur over several clock cycles. In pipestage 52, the BBL
108 drives a request to the L2 cache 156. Pipestage 152 is al ways one
clock in duration. During pipestage 53, $4¥§ L2 cache is accessed, taking
one or two clock cycles, depending menz configuration of the cache
subsystem During pi pestage 54, the L2 cache 156 returns
data. Also, during pipestage 54, the BBL 108 nay commence another L2 cache
156 access, thereby permtting overlap w th pipestages ngand 54. If the
read was a cache hit, data are returned in four successiw33clock cycl es.
However, if.the read was a cache
93 mss, fhe BBL 108 issues a frequest to the EBL 106 to fetch data via the
external” pus 158. The BBL 108 Jreturns data to the | FU 12 o0r DCU 148 in

pi pestage p5. | Epestage 56,] the BBL 108 indicates to AU 122, DCU 148,
and EBL 10p that pdt eQbarticuIar transaction is conpl etedpFor L2 cache 156
hits, pipeptage 56 moperates si|mul taneously with the Iasttﬂprtion of data
being retufned in _pipestage 5. For L2 cache m sses, thfizransaction IS

not conplete until_th R
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externally fetched data are witten into the L2 cache 156. Pr ogr ammabl e
Interrupt Controller (PIC: I n one conputer system

enbodi ment i nplenenting the processor of the present invention, a

ful ti-processor interrupt nanagenent schene may be utilized. The

mul ti-processor interrupt nmanagenent scheme provides both static and
dynam c interrupt distribution across I# processors. In general, the

mul ti-processor interrupt nanagement ?ﬁé mentation contains two parts:
the local unit, that resides within the processor, and an /O unit

external to the processor. The I/Ounits collect interrupts froma variety
of sources, and transmt the interrupts to the local units of the
processors over a dedicated bus. In one enbodinment, the local unit is
referred to as a programmable interrupt controller (PIC) 109. As shown in
Figure 1, the PIC 109 is contained within the bus cluster 118.

The PIC register space is treated as nenory nmapped |/ QO The core of the
PIC 109 is analogous to the inplenentation based on the Intel -
80486P54(C err]. processor. However, the PIC 109 nay be based on interrupts

i npl enented on any conputer system The PIC 109 receives interrupts from
different sources, and dispatches the interrupts to the processor core. In
one enbodinment, interrupts are generated fromlocal interrupts, serial

i nterrupts,

RO-B 136 RESULT DATA V LDST
~ ~
RE19 229 1 1 | BEAX
~ % Result
RE35 522 1 | EBX |— Buffer
~ A
RES7
RESULT
DATA
EAX | 229 Real
EBX| 312 — Register
File
ECXN SET:

Figure 19¢



94 interprocessor interrupts and tiner self interrupts. The PIC 109
accepts each interrupt and subsequently prioritizes the interrupts based
on a particular value of the interrupt vector. The highest priority

i hterrupt is dispatched to the processor core. |In general, dispatching an
interrupt to the processor requires that the PIC 109 informthe ROB 136
about the arrival of an interrupt. Upog7gﬁgeiving the interrupt,

acknow edge cycle, the PIC 109 provide { interrupt vector. In one
enbodi ment, the interrupt acknow edge cycle is inplenmented in m cro-code.

When t he nrcro-ctodeprocesses—tim lunterrunt __a_signal to the PIC 109
occurs. THe Pl &—+09+supperts—spedifal interrupts such as 8259[err] basged
interruptﬁ, lkapwn a ext er i ntigrrupts, nqQn- kabl e interrupts,
processor fi niZ| alizdtion|a sg/stem nmanageneg npde (SMM) interrupts.
Conput er $ysthen Hilgure 34 ilBygtRates a high level blodck
di agr am of gcgvnpp?'u ay?Leunxonfigured in accordance with one enbodi nent
of the prgs TR R
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i-nvention. A conputer system 3400 contains at | east one processor, such as
processor 3410, for processing information. In a preferred enbodi nent of
the present invention, the processor 3410 conprises the processor 100
descri bed above. The processor 3410 includes, but is not Iimted to

m croprocessors such as an Intel Architecture M croprocessor, manufactured
by Intel Corporation of Santa d ara, Ci&%ﬁgrnia, the corporate assignee of
the present invention, PowerP(err], [err], etc. As described above,
t he processor 3410 includes an internal cache nenory, data cache 2830,
which is comonly referred to as a | evel one (L1) cache nenory, for
tenporarily storing data and instructions on-chip.

95 As illustrated in Figure 34, a conputer system 3400,
constructed w th the processor of the present invention, generally
conprises a processor- system bus 3405 or other communi cation neans for
comuni cating information. In one enbodi nent of the present invention, the
processor- system bus 3405 includes address, data and control buses. A

| evel two (L2) cache nenory 3412 is coupled to the processor 3410 for
tenmporarily storing :

sub EAX, EBX, ECX

RAT 132
ROB
POINTER RRFV
EAX 36 0 RAT
EBX 35 o |— Agrzay
ECX 57 1220
7 24

Figure 21 a



ddata and instructions for use by processor 3410. In one enbodi nent, the
cache nenory 3412 is contained in the sane chip package as the processor
3410. In order to provide increased performance, the conputer
system 3400 nmay contain a processor 3415, coupled to the processor-system
bus 3405, for processing information in conjunction with the processor
3410. The processor 3415 nay conprise iﬁgg?allel processor, such as a
processor simlar to or the sane as p sor 3410, or may conprise a math
co-processor, or any digital signal processor. Furthernore, the conputer
system 3400 may conprise additional processors, coupled to the
processor-system bus 3405, for providing increased perfornmance suitable
for particular applications. The conmputer system 3400 al so i ncludes a

| evel three (L3) cache nenory 3425, for tenporarily storing data and
instructidns for use Dy other devjces in the conputer system(e.qg.
processor [3410, prqcessor 3415, ejc.) and a L3 cache controller 3420 for
controllirg acce§§§;§>L3 cache nmepory 3425. The L3 cache nenory 3425 and L2
cache contjrol | er 3 20 are al so coupl ed to processor- system bus 3405. In

addition, fthe L3 cBhAe controll er| p#26—~s cotpHet—to—a—rerBy-sysioem hus
ot her conmuni cati on

3417. The nenory-syptem bus 341% 0k
means for] comupi ' sLnformat| on, is coup@dg;go processor 3410 to
provi de prlocesgor 3405 ahd [ot her | Hevi ces in.téhgoanputer system 3400 adcess
to the nerory a i npu /outpug (1o subsystenf. Specifically, a nenory
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96 controller 3440 is coupled to the nenory-system bus 3417 for
controlling access to a random access nenory (RAM or other dynamc
storage device 3435 (commonly referred to as a main nenory) for storing
information and instructions for processor 3410 and processor 3415. A nass
data storage device 3450, such as a magnetic disk and disk drive, for
storing information and instructions, di spl ay device 3430, such as a
cathode ray tube (CRT), |liquid crystal“display (LCD), etc., for displaying
information to the conputer user, are coupled to the nenory-system bus
3417. An input/output (I/0O bridge 3445 is coupled to
menory-system bus 3417 and an |/ O bus 3442 to provide a comuni cation path
or gateway for devices on either nenory-system bus 3417 or 1/0O bus 3442 to
access or transfer data between devices on the other bus. In one

enbodi ment, the 1/O bridge 3445 turns the byte/word/dword data transfer
traffic froml1/O bus 3442 into line size traffic on nenory-system bus
3417. In general, the 1/0O bus 3442 conmuni cates information anong devi ces

in the conputer system 3400. For exanple, the I/O bus 344%<Say couple a

di spl ay dexice 3455, such as a cat hode o
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ray tube, liquid crystal display, etc., a keybaoard input device 3460

i ncludi ng al phanuneric and other keys, etc., for conmunicating information
and command sel ections to other devices in the conputer system (e.g.,
processor 3410), and a cursor control device 3465 for controlling cursor
novenent. Modreover, a hard copy device 3470, such as a plotter or printer,
for providing a visual representationgﬂf4§he conputer inages, and a nmass
storage device 3480, such as a nagne |é i sk and disk drive, for storing
information and instructions may al so be coupled to I/0O bus 3442.

As will be appreciated by one skilled in the art, certain inplenentations
and uses of the present invention nmay not require nor include all of the
above conponents. For exanple, in certain .
97 inplenentations, the L3 cache controller and L3 cache nenory may not be
required. In such inplenentations, processors 3410 and 3415 may reside
directly on the nenory-system bus 3417. In other inplenentations, a display
device for displaying infornmation nay not be required. Furthernore, certain
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ik pl ement ati ons of- the present

exanpl e,

I'n the foregoing specification,
reference to specific exenplary enbodi nents thereof.

evi dent that various nodifications an
departing fromthe broader spirit and

i nvention may include other conponents.
the conmputer system 3400 may contain a pen based hand witten
recognition systemutilized as a general

pur pose input device.

the inventi on has been described wth

83

However,
nges nmay be nade thereto
e of the invention as set

it wll be

For

wi t hout
forth

in the follow ngjclainms. Accordingly, the specification and draw ngs are
to be regarded ih angillusftrative sense rather than a restrictive sense.
Fi gure 35a iIIus1raQ§aNthe hi erarchical structure of the UNIX operating
system on conput er spstem B400. As shown in Figure 34, the conputer system
3400 contains at|least one| processor, configured in accordance with the
present inventiofi, main nmepory, and a plurality of I/0O devices. In one
enbodi nent, the ¢onputer system 3400 operates via the UN X operating
system :E,Ln ofder to control the I/O devices residing in
conputer system {340@, a spt of device drivers (3505, 3510, and 3520) are
situated in a deyice drivel layer 3522. In general, the device driver |ayer
3522 is responsi pre T 1N acting directly with the conputer system 3400.
D fferent device|driv&rs, |suc S the set of device drivers (3505, 3510,
and 3520) controll difBeren} ohar dwane—devi-ces—Fhe—UNHX operating system
i npl emented on tle cofput e} stam df the prefent invedtion may conprise
any nunber of deyice #rivefs to 8m@nxﬂ gy nunberesof hlar dwar e devi ces
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98 Above the device driver |ayer 3522 in the hierarchical
structure is a device driver interface and driver kernel interface

(DDl /DKI') |ayer 3525. The DDI/DKI |ayer 3525 provides an interface between
a kernel layer 3535 and the individual device drivers in the device driver
| ayer 3522. The DDI/DKI |ayer 3525 al so naintains a set of properties for
each device driver in the device dH\ug%ﬁﬁyer 3522. The DDI/DKI |ayer 3525
hi des details about device drivers fromthe UN X kernel. A
kernel |ayer 3535 is | ocated above the DDl /DKl |ayer 3525 in the

hi erarchi cal structjure. The kernel |a —a-ns—the LN X ker nel
‘which inplements nost g theffunctiopglity of thelUNI X operatjing system
Wthin the kernel ljayerz 8635|are seyerfal ope??tin; systenﬁsubsystens. In
current inplenentatf ons of UNI X, a/netjwork fife S/stenl(NES) 3540, a
virtual menory mandger (VM 8545, /and [a tineagt ngchani sre3550 are
i npl emented as operjati ng syst twems. THe kpenel | a§er |3535 interacts
with the conputer slystem 340( d‘callg:to [ ffe devige drivers (3505,
3510, and 3520) t hrjougtks +he | gyer 352%. :
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A user application layer 355 is |ocated above the kernel |ayer 3535 as
shown in Figure 35a. The user application |ayer 355 contains at |east one
user application program such as application progranms (3557, 3559 and
3561). Any nunber and type of application programmay reside within the
user application |layer 355. The user application prograns (3557, 3559 and
3561) interact with the UNI X operating f%ﬁhgnlby maki ng systemcalls to the
UNI X kernel. The UNI X kernel processes e%ystemcall, and returns a
result to the user application programthat nmade the systemcall. The
operation of an ope] tem such as the UNI X operating system is

well known in the a 99
Figure 35b illustra | structuge df the W ndowg[err]
operating system op i on vkt .Ehe Jconput e® sys}em 3400.
The W ndows[err] op ironmeRtepRrmifjts nul t'E-  tapki ng of
application progra de. h@ & ndows enHanced] node, in
addition to the fe / nd Sshan &Bd e, crpates the
use of disk operati tualzggg ney (VMs) .- The W ndows
enhanced node utili node "omatde rocess%g
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of’ the present invention to enulate a DOS environment for operation of

each DOS VM A first virtual machine holds Wndows itself, all the Wndows
applications, any DOS ternmi nate stay resident (TSRs), and device drivers

| oaded before Wndows. The first virtual nmachine is known as the system

virtual machine (system VM. The W ndows enhanced node
supports a nenory paging systemthat access to system nenory for
storing a nunber of DOS VMs and a syst Wth the use of addition

system menory, the__Wndows enhanced node supports several DOS VMs

concurrently. A VMis forned under protec : M
consi sts of both real ®rode | and protecte de caogley ndows creatjes DOS
virtual machines ysing & clonbi nation har dwar & hippprt frgm t he
processor and sof fware support fromxhe operati Q-ggays em . ¢ As
shown in Figure 3% the Windows sygtem softwaresuppgrts agsystgm VM 3562
and a plurality of DOS VMs,| 1 - n/The sys] gm an VM dPe coypled to a
W ndows virtual n'tchi fie manager &568. The §$ste dn@ DOSSVMs are al so
coupled to a pluralit® f virtygal device d iversf x[}s) 35745, 3575, and
3580. The W ndows|syskem sdf re may conpfise @ nunber and type of VxD
to support the copputer syg¥em 3400. In ggneral g G’ue VxD sexi al i 7es access
to hardware by prvi di§|g a |buf fer between *-73
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100 the systemdrivers and hardware devices contained in the conputer
system 3400. The Wndows virtual machi ne manager 3568 is a | ayer of

W ndows system software for coordinating the operation of each VM and
VxDs active in the conputer system 3400. The W ndows virtual machine
manager 3568 is conposed of several portions. In general, the Wndows
vi rtual machine manager 3568 schedul e:fqtgiks anong all the DOS VMs and
the systemVM via a Wndows Process S é | er. The W ndows virtual
machi ne manager 3568 may ¢ 1th any WD installed. In addition,

the Wndows virtual machipe manager 3568 provides 1 enul ation, virtual
menory managenent , &er 4 I nterrupt handling and evept servicing. The
operation of an opgf &ing system such as th¢ Wwaddws|err] operating
system is well knowh g rmtfre—art- — 2
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101
pi pel i ned nethod for executing a plural

CLAI M5

ty of

system said nmethod conprising the steps of:

plurality of
wherein the plurality of
step of decoding includes the steps of
operations into a first buffering nech

e

and

1. A

instructions in a conputer
decodi ng t he

instructions are decoded in
ng the continuous stream of
readi ng data froma second

instructions to produce a continuous stream of operations,

order and wherein the

buffering mechani smfor use in execution of the continuous stream of
conti nuous stream of
udes the steps of

ous stream of operations

oper ati ons;
oper ati ons,

executing each

of th

wherein the step of executing inc

schedul i ng and di spat ching each of the contin

once data ready,

witing back results from execution
of witing b
the first bu
first buffering mechani smin executioml,

.|ncludes steps of |w Rki ngjd
ézzgﬁlfor use by32

executing each operation, and
mherein the Jstep
é ﬂﬂig req% y ijnto
itylo perptidns ijn t he
qurh haf opetations hecone data

ready by obtaining data witten into the firs

of fromthe second buffering nechani sm
second buffering mechani sm
steps of scheduling and

Figure 26b

Figure 26¢

Figure 26d

buffering mechfgni sm i rjst ead
and iting data res 583nt t he
and further pwherein jthe
32 - 33
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41 42 43
32 33 34 35

83




di'spat chi ng, executing and witing back are perfornmed in consecutive

pi pestages and the continuous stream of operations is executed

oyt - of -order; and 102
committing results fromexecution of the continuous streamof operations
to architectural state, wherein the results are conmtted in sequenti al
‘order of the continuous stream of openﬁgéﬁf such that the plurality of

instructions are e t - of - order pi pel i ned manner.
2. The nethod defijphed in dgim1l wherein the step of decoding further
includes the stepsf of :@ ' perform ng an instruction cache nenory
| ookup to fetch th pkmnallty of instructions, perform ng
instruction | ength dedbding, rotating the plurality of
i nstructions, and decoding the plurality of instructions in
an instruction decjoder to ggnerate the continuous stream of operations,
performng registegr rehan ng, allocating resources and sending a portion
of each of the co tin%?us stiream of operations to the first buffering
e . .
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nmechani sm wherein the steps of performng an instruction
cache nenory | ookup, perform ng instruction |ength decoding, rotating the
plurality of instructions, decoding the plurality of instructions, and
perform ng register renamng are perfornmed in consecutive pipestages to
generate the continuous stream of instructions. 3. The
nmet hod defined in Caim2 wherein the ff\a of performng instruction |ength
decodi ng i ncludes marking the plurali t;srg & nstructions to identi fy each of
the plurality of instructions.

103 4. The method defined in Claim#a ﬁ'ner ein the step of
rotating is perforned based on an instruction fetch;gom nter and a nunber of
i nstructions consuned by the instruction decoder. & 5. The
met hod defined in Claim2 wherein the step of decod&%the plurality of
instructions is perfornmed in two pipestages. £ — 6. The net hod
defined in Caim2 wherein the step of performng re 5t er renani ng,

al l ocating resources and sendi ng each of the conti nu$us st ream of
operations to a rleggrvation statron rs perrorned rn f STTgrg pi pest age.

Data Cach
Unit
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MOB 150
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7:*  The method defined in Claim 1 wherein the step of retiring is

performed in two pipestages. 8. A pipelined nethod for
exgcuting a plurality of instructions in a conputer system said nethod
conprising the steps of: decoding the plurality of
instructions to produce a continuous stream of operations, wherein the
plurality of instructions are decoded i order and the step of decoding
i ncl udes the steps of ting the continuous stream of
operations jate—a—~first buffering nechani sm and r eadi ng
data from g segond| buffering mechani smfor use in execution of the
conti nuous st (seam pf operations, wherein the step of reading data includes
mai nt ai ni ng a®fhtps of each data entry in the second buffering nechanism
and readind ddta ip the second buffering nechani sm
104 only iff—the—st at ys—indicates that desired data is in the second
buffering [meghanijsm N S5 executi ng eagh of° L,h% conti nuous stream
of operatigns,k wheref 1 ggthgpgep of executing infgudes & kel steps of
schedul i ng Jan@® di sjp tch‘fnggaei‘:bh of the conti nuousgstge@r@of oper at i oggy once
dat a.r eady, ) : Q-
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executing each operati on,

executi on,
di spat chi ng,

pi'pest ages and the

out - of - order;

conti nuous stream of operations to a

are commtted
such that the
pi pel i ned man
wherein the s
~perform ng an
i nstructions,

and witing back results from
wherein the steps of scheduling and
executing and witing back are perfornmed in consecutive
continuous. stream of operations are executed

commtting results fromexecution of the
rq#L} tural state, wherein the results
f e

onti nuous stream of operations,

and

ntial order

(0]

rotating the
plurality of
conti nuous st
allocating re
of operations

pluralityl of instructions are executed out-of-order in a
her . & 9. The met hod defined in daim8
[ ep BN degcodi ng further includes the steps of:

i nskructijon cache nenory | ookup to fetch the plurality of

per f QL I ruction length decoding
bl ural ity jof instrdgtions, an o~ decodi ng t he
nstPuctions in &h instr%%ﬁ%o degpdet>§b jenerate the
reaﬁ§of opler at/ons, |8 % perfQr & ng regi ster repam ng,
sourees an endi ng {a poF%i njof | each t he gonti nuous|stream
to-the-fiy'st bufferling nechani ¢m
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105

menory | ookup,
plurality of in
performing regis
generate the con
met hod defi ned

| engt h decodi ng
each of the plur

defined in d ai rnag

instruction fetc
i nstruction deco
wherein the step_o
two pi pest ages.

the step of perf
each of the con
perfornmed in a

wherein the steps of performng an instruction cache
performng instruction |ength decoding, rotating the
structions, decoding the plurality of instructions, and
ter renamng are perfornmed in consecutive pipestages to

11. The met hod
g i s performed based on an
I nstructions consuned by the
The met hod defined in Claim?9

tinuous streamof instructions. 10. The
n Caim9 V\hereinthezﬁfa of performng instruction
i ncl udes narklngthep ity of instructions to identify

ality of !-.

ng\tl@ and anm@ﬁ of
d

urallty of instructions is_performed in
defined in Cjaim9 wherein
ating resourcels and sepdi ng
ﬁr tp a reservationf stationfis
Pad Loglc 3110 Snoop Inquiry/
A 4 Directive
Snoop Result
Y Y
External Error
Snoop Logic |« Data —
Logic 3120 3130
Iy 4
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: 108
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si*hgl e pi pest age. ' 14. The nethod defined in Claim8
wherein the step of retiring is perforned in two pi pestages.

157 A pipelined nethod for executing a plurality of instructions in a
conput er system said nethod conprising the steps of:

106 decoding the plurality of instructions to produce a
continuous stream of operations, mherg% he plurality of instructions are
decoded in order and the step of decof i ncl udes the steps of

writing the continufuS Jstream of operations into a first buffefiho
mechani sm and L readi ng data froma second buf fer|i ng
mechani sm for use i p.exlecuti on of the continuous stream of gpergttqns,
wherein the step of | wdadi ng data includes maintaining a statfs &8 |each
data entry in the s¢t®nd buffering mechani smand readi ngdata | n tlhe
second buffering meCtami sm only if the status indicates ghatndpgl rjed data
is in the second buff:eri<ng 1O |
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méchani sm executing each of the continuous stream of
operations, wherein the step of executing includes the steps of

sehedul i ng and di spatching each of the continuous stream of operations
once data ready, executing each operation, and

witing back results from execution, wherein the step of
writing back includes the steps of M[I ﬂﬁ%data results directly into the
first buffering mechanismfor use by a rality of operations in the
first buffering nechanlslz:i:executlon such t hat operations becone data
ready by obtaining data fen into the first buffering nmechani sminstead
of read fromthe second hufféging nechanism and witing data results into

t he second buffering necha#i sm and fgfther wherein the
steps of scheduling and d?spatchlng, executing and wri i back are
performed in consecutive bipestages and the continuous s;##anLTf
operations are executed out-of-order; and 00
107 commtting results fron1execut|on of t he¥cdrdPi huous stream
of ?
= O I~ | ®
S O | <€
/2]
-
[ L]
. « |© | ©
] Te . P
o e} o o Q
. o , 0
m .
v © 8 .
®
° L
. Zg .
[ ] . .
(3]
©
» &
12}
U)"Su) ‘o
S8 |©
o uT
252 |o
= >
2.8 .
g = .
3 £
g3 o
0:3 &
L} ®
® L ]
L ]

Figure 32b

* s 4

. © o
-

w | &’

W | O E,g
b S E..
£8 53

X l= 2 = B
2 r

3|7 g

£ &

I~ €3]

N _

i

w0




operations to architectural state, wherein the results are commtted in
sequential order of the continuous stream of operations, such that the
plurality of instructions are executed out-of-order in a pipelined manner.
16. The nethod defined in Cdaim1l15 wherein the step of decoding further

i ncl udes the steps of: ‘perform ng an instruction cache nmenory
| ookup to fetch the plurality of instrgiiéons, perform ng
i nstruction |eng L.ng, 4 otating the plurality of
i nstructions, an decoding the plurality of instructions in
an instruction cod@r to|generate the conid cam of operations,
perform ng regi sk er ¥&aming, allocating sources anfl sending a portion of
each of the cont§ nuows strjeam of operatigng to téegfifst buffering
mechani sm wijerein the steps ¢f pequgniﬁg an instruction
cache nenory | ogkup, perfdrmng instryctio $end?hgde:oding, rotating the
plurality of insgtrucions,] decodi ng Yhe pl rﬁligx gf | nstructions, and
perform ng register ¥ emnanmjng are peffornedfin cgqsgcufive pi pestages to
generate the continueus stlream of A nstructijons. R Q 17. The
met hod defined i I whereyn the step of decodiphg the plurality of
instructions is jperfqgynedl]in t pi pest age$- 18. The
met hod defined ijn A& m 1 whefein the step of perforfing register
renam ng, allocatinggesoyrcgs and sendi ng each*ngthE
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168 continuous stream of operations to a reservation station is perforned

in a single pipestage. 19. The nmet hod defined in daiml15
wherein the step of retiring is performed in two pipestages.
20. A method for executing a plurality of instructions in a conputer
system said nethod conprising the steps of: provi di ng the
plurality of instructions as.a contlngf st ream of operations in an
i n-order pipeline, wherein the step of %ﬁgbldlqg the plurality of
i nstructions includes the steps of: perform ng an
i nstruction cache nenory | ookup to fetch theggguuallty of instructions,
performng instrugfion | ength decoding, o 838 rotating the
plurality of instghlctions, and = decoding the plurality
of instructions if¥ an instruction decoder td\géﬁerate a continuous stream
of operations, perform ng register renam ng, allocating
resources and sending a portion of each of tre conti nuous stream of
operations to a resefvarion station, wherein the steps
of perform ng an inst uctioﬁ\pache menory | qokup, perform ng instrueyion
| engt h decoding, rotajing the plurality of instrpmettons, decodi ng
plurality of instruction% ahd g gg
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performng register renamng are perforned in consecutive pipestages, such
that a continuous streamof instructions is generated;

109 executing the plurality of instructions in an
out-of-order pipeline to produce execution results, wherein the step of
executing includes the steps of: determ ni ng

execution readi ness of each of -the cont|4égus stream of operations and

schedul i ng data ready operations in t e/ nti nuous stream of operations,

di spat chi ng each of the continuous stream of operations to an execution

unit as each becones data ready, executing operations

determ ned to be data ready and witing back the results,

wherein the steps of deternining execution readiness, dispatching and

executing are perforned in consecutive pipestages; and

retiring eachygfy the, vherein _resylts from
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pi pel i ned manner. 21. The nethod defined in Caim20
wherein the step of performng instruction |ength decoding includes marking
the plurality of instructions to identify each of the plurality of

i nstructions. 22. The net hod defined in C aim 20 wherein
the step of rotating is performed based on an instruction fetch pointer and
a nunber of instructions consuned by é@f I nstructi on decoder.

110 23.  The method defi%8#8 n d ai m 20 wherein the step of
decoding the plurality of instructionsegs perfornmed in two pipestages.

24. The nethod defined in daim?20 wh@<[n thd step of perfofm ng

regi ster renamng, allocating resource§%gnd endgng—each of t ®conit i nuous
stream of operations to a reservati ¢n stali ifs perforned in g
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si ngle pi pestage. 25. The nethod defined in Caim20 wherein

the step of executing operations determned to be data ready and witing

back the results—s—performmed in a single pipestage. 26. The

met hod defin 1N ' lavdderein the step of retiring is performed in

two pipestag s il B K 27.  The method defined in O aim20 wherein

the steps of mBUMH“Ll nstructionlcache menory | ookup, perform ng
i'"MY, rotating the plurality of instructions,

instruction | _
decoding the plurality of instructions, and perform ng register renam ng
are perforned in seven consecutive pipestages. 28. A pi pelined
nmet hod for executing a plurality of- _instructions in a conputer system

substantially as hereinbefore def8¥FH¢d with reference t dBRisergcednpanying .
dr awi ngs. _ :
0 PIPELINED PROCESSING OF INSTRUCTIONS IN A COMPUTER SYSTEM

A pipelined method for executing instructions in a computer
system. The present invention includes providing multiple instructions as a
continuous stream of operations. This stream of operations is provided in
program order. In one embodiment, the stream of operations is provided by
performing an instruction cache memory lookup to fetch the multiple
instructions, performing instruction length decoding on the instructions,
rotating the instructions, and decoding the instructions. The present
invention also performs register renaming, allocates resources and sends a
portion of each of the operations to a buffering mechanism (e.g., a reservation
station). The instruction cache memory lookup, instruction length decoding,
rotation and decoding of 't_he instructions, as well as the register renaming, are
performed in consecutive pipestages.

' The present invention provides for executing the instructions in
an out-of-order pipeline. The execution produces results. In one
embodiment, the instructions are executed by determining the data readiness
of each of the operations and scheduling data ready operations. These
scheduled data ready operations are dispatched to an execution unit and
executed. The results are written back for use by other operations or as data
output or indication. The determination of execution readiness, the
dispatching and the execution, and writeback, are performed in consecutive
pipestages.

The present invention also provides for retifing each of the
continuous stream of operations in such a manner as to commit their results

to architectural state and to reestablish sequential program order.
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The present invention arranges the steps described above into a

pipeline, such that multiple instructions, each at various points in its

execution, can proceed simultaneously.
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Substitute Sheet-2/11/96
ABSTRACT OF DISCLOSURE

PIPELINE PROCESS OF INSTRUCTIONS IN A COMPUTER SYSTEM

A pipelined method for executing multiple instructions as a continuous stream of operations.
This stream of operations is provided in program order. In one embodiment, the stream of
operations is provided by performing an instruction cache memory lookup to fetch the
multiple instructions, performing instruction length decoding on the instructions, rotating the
instructions, and decoding the instructions. The present invention aléo performs register
renaming, allocates resources and sends a portion of each of the operations to a buﬂéring
mechanism (e.g., a reservation station). The instruction cache memory lookup, instruction
length decoding, rotation and decoding of the instructions, as well as the register renaming,

are performed in consecutive pipestages.

The present invention provides for executing the instructions in an out-of-order pipeline. The
results are written bacv for use by other operations or as data output or indication. The
determination of execution readiness, the dispatching and the execution, and writeback, are

performed in consecutive pipestages.

(Figure 2)
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