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FI ELD OF THE I NVENTION This invention is related to conputer systens and in
particular to a conputer systemw th a m croprocessor and coprocessor
coupled to i nprove system per- formance, and provide a m croprocessor with

| mproved m croprocessor support. BACKGROUND OF THE | NVENTI ON The

per f ormance of current m'croprocessors S severely limted by finite cache
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| arge. The LD OF mEqN\yENﬁaﬂcroprocessor stalls while waiting for
oper and data fromoff chip storage is equal to'the tinme spent executing
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i nvol ve dat aystem with at migreprocessonanst eepropessor kaupledp improve systgmeesssor

desi gns wor forhanae dndr movideng nmibmprocesser witblimppeved mjcroprocgesarasupport.

mul tiple | evels of caching, high speed nmultichip nodul es, out of order
execution and instruction prefetching have been w dely used and are thought
to be the mmst successf ul nerand prefetching has also heen successfully

used for ceBACKGRQUMNDOF THEMNVENTION conventional out of order
processi ng V, eran refetching i s not par cul.a tfect ve for
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Current out level gache obx stiorapsacessen wagusade infipitaly lawegeTheaaméunwaﬂmﬁ
finite cachthaifef midrepmeessorestalis shilei waiting forrepergnd datehiromoffchip sterageed
processor- clsedqudl tedhe time spehtiexecathrgeihstrasiions inanphe xases. THisids espi-e i s a
need to provially tAue inWOEIGATR Which ifV6Ive Riatiiass Aihddessgittionpradessing.
substantially reduce the cost of inple- nmenting out of order execution
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c orrpl exity ﬁﬂél ost succes uI Opera prefetchmg has al
een success u Iy used for certaln workloads with and without conventional out
of order processing. However, operand prefetching is not particularly effective
for database and transaction workloads. Large caches provide a reduction in
finite cache effects but further improvements in this area are limited by the cost
performance implications of increased die size or chip counts. Current out of
order execution techniques provide large reductions in finite cache effects but
they come with a penalty in the form of reduced processor clock frequency and
increased design complexity. Thus there is a need to provide an improvement
in microprocessor designs which can substantially reduce the cost of imple-
menting out of order execution designs that were previously thought preferable.

GLOSSARY

CPIl means machine cycles per instruction.
SFE is the speculative fetch engine provided by my current invention.

uPCore represents a microprocessor design that has been balanced for the
trade-off of cycle time, design complexity -and infinite L1 cache CPI.



SUMMARY CF THE I NVENTION My invention provides a way to design _

m cr oprocessor systens which i nproves the out of order support and provides
the ability to use |arge caches and nmulti- |evel caches with conputer
systens and in particular to a conputer systemwth a m croprocessor and a
coupl ed coprocessor which provides a specul ative engine for achieving a
reduction in the finite cache penalty ;and thereby pro- viding an inc+ease
in system performance. The inprovenents of the preferred enbodi nent

provi de inproved micro- processor support via register managenent wth

synchrtﬂ'\W Z 'g-g‘ﬁN ThESE | nmprovenents are acconptished
by provi di lativ gine (SFE) having a plurality of
execution elenents acting in concert with a core mcroprocessor which
processes Mpinvestion praxddesaiwdyl tp design mdgropraressorsysiens whicth impitoyes
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regi sters dhe progessingdt beeames beneficiaj do bave arsecrpd \preeessing elemant dtke he

st at es .of tover contipuescprosessing loé thensams seguentil instructionistreahi themthea stal |
or a conpuffiest arpksedond frevedsing tlzngents paodiesy the séqudntiat sfreameasfsor as an

out - of - or dénstantions @mdahay beekxecutimptheRery shaiel instractivr, ibut balyéke(in and
therefore #he préfuReli embddiment thi® ASheuPCBTEPBPSHIE Protédsind slemdntand fir st
processor yeHafttedofd cHEgRARE oVbrdICAhftédtlral '¥ikte iof Shidt ddRp@REP 8y SkhPNS are

al S0 possi Riyfiei aétefmfddShy>h eBMbikdtibn' d18h& LdtESbf the first and second proc-

essing elements. '

in the preferred embodiment the second processor will have more pipeline
stages than the first in order processing element to enable out of order exe-
cution and thereby reduce the finite cache penalty and increase performance.
The processing and storage of results of the second processing element does
not change the architectural state of the computer system in the preferred
embodiment. Results are stored in its general purpose registers or in its per-
sonal storage buffer. Resynchronization of the states of the two processing ele-
ments occurs upon an invalid op, a stall or a computed specific benefit fo
processing with the coprocessor as an out-of-order coprocessor (SFE).

The SFE interfaces with the uPCore and therefore the invention is more easily
implemented with the SFE and first processor uPCore on the same silicon chip.
Multichip implementations are also possible and are consistent with the current



-3- enbodi nent of the invention. The uPCore has traditional structure and
main- tains in the preferred enbodi nent the architectural state of the
conbi ned system while in a generalized mrror version the responsibility
for maintaining the architectural state alternates or is shared by both.
Actions invoked by the SFE do not direckly, in the preferred enbodi nent,
alter the architectural state of the uPCore. The SFE is used to generate
storage references that prine the caches of the conbined systemwth

i nst ruct i on embodipwani ofl thtatrwentiomdVbe uBCofe hastnaditinnal btructhee amConain- These
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i|lustrati n aenti%h41; s( greaftar Lintay) anddd So 4d57dH38h has been wi del y
used in IBMs traditional mainfranmes and in mcro- processors such as

I ntel' s PentThesednst elbeoropmyements gie: sdt forti\ipthe folidwBindétaded sigserptiomc’ s
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i |l ustrates Bistneti Machines Gdigoratibnardert focthbrdeReFipaies afll tb e SFfwihgs t he
store buf f ergesceipefaelowPCore. It also illustrates my preferred hardware -

for routing the instruction and operand fetches of .the SFE through the
caches shared by the SFE and uPCore. FIGURE 4 shows in nore detail the

synchronl Zatéﬁ@#ﬁééc@ﬁ}ﬁ@ﬁ% s@PépA@éﬁé§and SFE. FIGURE 5 shows in nore

detail the inprovenen er renam ng invention to allow

for the syn [ on the uPCore s) .and, SFE. FI GURE 6 shows the
preferred h &\?&é% (idpssthe %ﬂﬁ'&ﬁ&scﬂ%m@s PrevidsddbythediBMEhe

i nteraction ldPtaﬁ'Hé'ss Béfﬁﬁ!t éﬁ%@%rﬂ@r Hustatingythe Wpitatienssof thistmderefiart a dat a
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(Not e: For dueoessorasuch faisilhtelis PeatitmrmicFoiideessarsyDigitaks piprat and Sanpart s
and Microsystem Inc’s UltraSparc microprocessors after the IBM development.

FIGURE 2 shows schematically an overview of the preferred embodiment.

FIGURE 3 illustrates the details of the SFE and the interfaces of the SFE to the
store buffers, caches, uPCore. It also illustrates my preferred hardware for
routing the instruction and operand fetches of the SFE through the caches
shared by the SFE and uPCore.

FIGURE 4 shows in more detail the synchromzatlon unit between my uPCore(s)
and SFE.

FIGURE 5 shows in more detail the improvements to Liptay’s register renaming
invention to allow for the synchronization of the uPCore(s) and SFE.

FIGURE 6 shows the prefe_zrred hardware for the uPCore.

FIGURE 7 shows in more detail the interaction of the speculative engine ana
microprocessor uPCore as a data flow chart to iliustrate the methods | employ
for improving performance. -

(Note: For convenience of illustration, FIGURES may be separated in parts and
as a convention we place the top of the FIGURE as the first sheet, with subse-



as a convention we place the top of the FIGURE as the first sheet, with
subse- quent sheets proceedi ng down and across when view ng the
FIGURE, in the event that nultiple sheets are used.) DETAI LED
DESCRI PTI ON OF THE | NVENTI ON: Before considering nmy preferred enbodi nents
in detail, it may be worthwhile to i-klustrate, by way of exanple, a typical
prior art out of order m cr opr ocessor desi gn first devel oped wthin IBM and

described in the L| atent, U.S. Patent 901, E shovvs such
a typi cal 945 BRSclF g Biged)fo o2 a?reﬁwé*égs\’a?w LR

descri be®Vvent U‘%m‘ﬁﬁi’@rﬁhe@ 9pne ¥8f.) whi ch teaches the use of a reg| st er
managenent system (RMS). The RMS enables both the ability to use nore
physi cal registers for general purpose than are naned in the architectural
system and for precise post-branch recoveries. The use of a register
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by U.S. Patent 4,901,233 in the case of database and transaction workloads. In

addition the current invention allows for a large reduction in design complexity
for all issues related to out of order instruction processing by isolating the reg-
ister management system from the main instruction processing pipeline in the
case where the uPCore is implemented as an in order design. With this review,
I will describe FIGURES 1A and 1B as implemented by U.S. Patent 4,901,233.

The Liptay invention was a register management system for a computer system
having an architectural design requirement of a specified plurality of address-
able (logical) registers such as general purpose registers, for example, n general
purpose registers. Many of the elements of the Liptay design will be used in my
system as | will describe. A register array (RA) having m registers, where m is
greater than n, is provided to fulfill the functions of the n general purpose regis-
ters. As an illustrative embodiment, a system according to the well known IBM



~systemas | will describe. A register array (RA) having mregisters, where

mis greater than n, is provided to fulfill the functions of the n general
purpose regis- ters. As an illustrative enbodi nent, a system according to
the well known | BM ' -5 -

Systenm 370 Architecture having 16 GPR-$-was described in U. S. Patent
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pur pose exder®ion units in a conputer. For purposes of illustration, the

Li ptay system was shown with general purpose execution units. (GPE) 1 and 2,
| abel ed 24 Thedgeheral urpesé units whiche ftictibn Risrexesatiom uhitd Andyebe desigaet put
connect ed talorg fHeONMedosr theltypé bt f@ﬁtlﬂhlﬁ&fohlﬁea Uéﬂtﬁﬂ‘?étld 6ﬁlo@iﬂaﬂ>t§cam}€0t ed
to data Ca%ﬁsc&ﬁ@r“@f at B@iﬁ? é{E'Eet?a‘h

execut o i | %ﬁ W
s3SI R
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For purposes of illustration, the Liptay system was shown with general purpose

execution units (GPE) 1 and 2, labeled 24 and 26, respectively. General purpose
unit 24 has its output connected to a store buffer unit 28 which in turn has its
output connected to data cache 18. General purpose unit 24 may actually be a
single execution unit or a combination of units and, as shown in this embod-
iment, unit 24 produces results which go to store buffer 28 where they are held
until instruction completion and then may be stored in memory. General purpose
unit 26 has its output connected to a general register array (RA) 30, according to
the present invention. GPE 26 operates on instructions which produce resuits
which are required to be available in registers rather than immediately stored.
An instruction stack or queue 31 is provided to receive instructions from the
instruction register unit 22 and direct them appropriately to GPE 24 or 26. Mul-
tiple execution units of various types may be used with a singie RA and register



the present invention. GPE 26 operates on instructions which produce
results which are required to be available in registers rather than
i mmedi ately stored. An instruction stack or queue 31 is provided to receive
instructions fromthe instruction regl ster unit 22 and direct them
appropriately to GPE 24 or 26. Mul- tiple execution units of various types
may be used with a single RA and regi ster managenent system RA
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connect ed ﬁS arsﬁ'&? $°ﬁf5‘iﬂ' tegs HEEraR%ut put connect ed
to the instruc- tion cache 16. Instruction queue 50 is connected to the RVS
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connected as an input to address store queue 66. Address store queue has an
output connected to data cache 18 and has a connection with RMS 32 to provide
status information.

The computer has a floating point arithmetic unit 70 which is also connected to
the RMS 32 to provide status information. As will be explained, it is important to
note that the RMS 32 can work with units and registers not associated with RA
30. For example, one RMS may work with more than one register array. To be
more specific, one RMS may control two RAs which in turn may be connected
with multiple execution units of the same or different types.

The inputs to floating point unit (FPU) 70 are provided by a floating point instruc-
tion queue 72 and by floating point data registers unit 74. Floating point instruc-
tion queue 72 receives its input from I-REG 22. Floating point data register unit
74 receives its input from data cache 18 and from FPU 70. The output of fioating
point unit 70 is connected to store buffer unit 76 which has its output connected
as an input to data cache 18.



The inputs to floating point unit (FPU) 70 are provided by a floating point
I nstruc- tion queue 72 and by floating point data registers unit 74.

Fl oating point instruc- tion queue 72 receives its input froml-REG 22.

Fl oating point data register unit 74 receives its input fromdata cache 18
and from FPU 70. The output of floating point unit 70 is connected to store
buffer unit 76 which has its output connected as an input to data cache 18.
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FI GURE 2 IBRE that elapprosthatent 1/4stoi 1/2Uké sixead a on-ohippsesbadandcaoheodi ment
illustrated in FIGURE 2 the intercon- nection of the elenents is provided
by various interfaces, such as those between the uPCore (200) and

Synchr_ni ' Unit_ (SU 201 SFE (202 dln lon _an ta ches
(203). TheFIGURE 2ePrefermed ﬁmbwﬂmient ganl zed in any nunber of acceptable

ways but is shown in the present exa bi ned instruction and
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preferred enbodl ment has a single SFE and a plurality of uPCores. = However,
bef or e getAmnhpumber of HPEorenc2@h:200 6800 camks usetktagsthen with ehy ivenhere-
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one SU. For example, 201,202’ and 205’ are used together to provide the

required SFE functionality. Any number of SFEs can be associated with a single

uPCore at the same time. The preferred embodiment has a single SFE and a

plurality of uPCores.

However, before getting more into the detailed hardware description of the pre-
ferred embodiment, an alternative and generalized emdodiment can also be
recognized in FIGURE 2 where the uPCore can be alternatively acting. A gener-

alized FIGURE 2 duplicates the functions shown and discussed herein, but with
architectural control alternating between 200,200,200’ and 202,202’,202" with
the same functions being performed as mirror image of what is described in
detail.

The preferred embodiment is thus a specific preferred example of an alternative
generalized embodiment wherein the first conventional processing element
uPCore 200, 200’, 200"’ and second processing element SFE 202, 202, 202’ act



alized FIGURE 2 duplicates the functions shown and di scussed herein, but
with architectural control alternating between 200, 200', 200" and

202, 202' , 202" with the sane functions being performed as mrror inmge of
what is described in detail. The preferred enbodinent is thus a specific
preferred exanple of an alternative geperalized enbodi nent wherein the
first conventional processing el enent uPCore 200, 200', 200" and second
processi ng el enent SFE 202, 202', 202" act in concert while
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resynchronizing as often as possible with the uPCore which has control of the
architectural state while the SFE is preprocessing instructions as the SFE’s

results are stored in a separate personal store buffer.

In the alternating control embodiment, while not true of the preferred embod-
iment, the control of the architectural state switches back and forth.

In the generalized method, still each of said processing elements having its own
state determined by a setting of its own general purpose and control registers,
and still each of the first and second processing elements during said proc-
essing of said sequential stream of instructions may be executing the very same
instruction but only one of said processing elements and only one is permitted
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and at least one second processing element. In our preferred embodiment, syn-

~ chronization capability in the form of one synchronization unit SU 201, 201’, 202"

is provided for each of the second processing elements.This SU determines

when the second processing element SFE 202, 202" and 202" starts to process

the same instruction that’s being processed by a first processing element

uPCore with which it processes the instruction stream. Thus one synchronization

unit is provided for each SFE and the SU determines when the SFE starts to

process the same instruction or next instruction of the processing stream being

processed by the controlling uPCore. The SU determines when the processing of

instructions bu the SFE processing element should be stopped or ignored. This
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said second processing element should be stopped or ignored the second proc-
_esslng element purges all results and partial results of preprocessing of the
instruction stream for the first processing element before resynchronization.

Thus, it will be understood, that in our preferred embodiment the SFE, Synchro-
nization Unit, and two (representing a plurality of) uPCores as well as personal
store buffer(s) 205 for the SFE 202 are used in the method discussed above and
illustrated in FIGURE 7. The Synchronization Unit 201 contains the state of the
SFE 202 as shown in FIGURE 7. The allowable states are Running (A), Purging
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that it is put c?tfﬁeét“é%l%ﬁﬁter'i‘te'ﬁﬁﬁﬂﬁqﬂm%ﬁ atedbwill begin toaxecute ont of\ardRGni | e,
the RVB of inslructiens while She uPSore sntinesoexacution at its owipBagefetehing itsge of
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ubPCor e ConvVgHere substantially less than 95% of all instructions will not benefit from predic-
tion. Therefore it may experience a pipeline stall in the case of a L1 cache miss.
The SFE may continue-past the instruction which caused the stall since it is
capable of out of order execution. During the time that the SFE is running it
generates fetch references that are sent to both the Instruction and Data Caches
over interface 207 and to the Store Buffers over interface 208. A cache miss is
experienced if both the Caches and the Store Buffers do not have the desired
data. Instructions and Operands are returned to the SFE over interface 207 in
the case where there is no relevant entry in the Store Buffer, and are returned
over interface 208 if there is a relevant entry in the Store Buffer. SFE store ref-
erences are not sent to the Instruction and Data Caches and are instead sent to
the Store Buffer. In this way, the results of SFE store instructions can be made
available to subsequent instructions executed on the SFE without altering the



ti'onal processing elenment. In the preferred enbodi nent the uPCore can be
excl ul sively designed as an in order processor, or one optom zed for in
order processing or be one able to handle processing instructions of
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During thstdreBufidpat the SFE is running it generates fetch references that
are sent to both the Instruction and Data Caches over interface 207 and to
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uPCore's decoding of instructions and the SFE's retirenment of instructions.
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wi th uPCanére’ 8Rd thd Bfclé Rghf: g&ﬁndeterm ned by the SFE betwe ese t wo
actions can be based on a variety of factors, all of which are conS| st ent

with the present invention. The pre- ferred embodi ment uses a si npl e
indication of which uPCore was the |ast to have been synchronized with the

SFE, i n $pebulative! EAg ﬁlfg (rgFE ) use t he other uPCore to do The
e

synchroni zation. Using oth al'gorithns i't may happen that the sanme uPCore
i s choseNAPFE ypas Fpmtlonﬁbgvgﬂ-pfmrdedem@engmmm atifitiotDeawloys
certain functions or techniques which may be called superscaler techniques in

order to generate speculative operand and instruction fetches. These tech-
niques include register renaming, instruction reordering, completion
scoreboarding etc. There are a wide variety of possible implementations of the
SFE. The criteria for an optimal design will include cycle time and area con-
straints that are very different than current generation out-of-order designs.
FIGURE 8. illustrates the details of the SFE and its interfaces to the other ele-
ments of the system. This oversimplified diagram is meant to highlight the inter-
action of the novel register management system with the general register array
and instruction processing pipeline. This is similar to FIGURES 1A and 1B, but
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oper and f einstalfetinethesclosesb vl bheadhest ructi on and data caches via
interface 307 and to the store buffers over interface 308. The specu-
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t hese fetc
me of the overall design. The impliementation risks associated with the SFE

can now be completely decoupled from the uPCore. The SFE can be optimized
for the generation of speculative fetches in a way that is not possible for a
uPCore that needs to meet the needs of a large and varied instructions set. The
SFE does not need to implement any infrequently used instructions, exception
handling operations or recovery algorithms. In the case of any of these infre-
quent events the SFE will stop executing the instruction stream and indicate this
to the synchronization unit. The uPCore will eventually leave the stalled state
and if the infrequent event persists, will handle it with the much simplier
approach of an in order design.

The SFE design must be optimized for decoding and issuing a large number of
instructions quickly and not necessarily just for infinite CPI. The SFE can be



requests since the desired |line has been recently accessed and has been
installed in the cl osest |evel of cache. Since the SFE is independent of °
the architectural state of the uPCore the inple- nmentation of the out of
order instruction processing is free of.many architectural concerns. This

| eads to inproved schedul e and reduced inpact to the cycle tinme of the
overal | design. The inplenmentation risks associated with the SFE can now be
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I nventi on, GBJ}@ e g In FIGURE 3, according to the present invention,
ed as accor |ng

i s describ to the I BM System 390 Architecture has 16 General

Pur pose Re ers The, GPR Re ter ay ((RA th the RVS
pr oel de dy yamigall 5‘??'988*"5 rrepb F%Fé r eé‘f’i&f’éﬁg’g ‘{'"3@“" furid!
particul ar f'RRs[?&h?1 FPRsrecgppized hythesgrpt ‘?QSW? igsthis.emBpdiment of the, 4
regi sters. inveaionn A Perede KeoisterApsianment bist (RRALY isrused whap ingteustiopfe
posi tion i \re deceded to translate-GPRssignments irloRA gssignmenthe As@ashor anot her
GPR i n due instrucsion is decoded, the GPR’s it references are looked up in the DRAL to
determlne what RA positions are assigned to the GPR’s, and as new RA posi-
tions are assigned to receive results, the DRAL is updated to reflect these
assignments. in this way, each instruction which uses a GPR is directed by the
DRAL to find the RA position which is assigned to the most recent instruction to
reference that GPR.

Back-up Register Assignment Lists allow the processing of one, two, or three
conditional branches respectively, without waiting. It has the same structure as
the DRAL, and is connected to it in such a way that in one cycie the entire con-
tents of the DRAL may be copied into the BRAL, or vice versa. These transfers
are controlled by the logic unit 505. It is used, for example, when a conditional
branch is encountered to save the contents of the DRAL in case the guess as to
whether the branch is taken is found to be wrong.



RA contains 48 dynam cally assignable real (physical) registers to fulfil
the func- tions of the 16 GPRs recogni zed by the architecture in this '
enbodi ment of the invention. A Decode Register Assignnment List (DRAL) is
used when instructions are decoded to translate GPR assignnments into RA
assignnments. As each instruction is d&oded, the GPRs it references are
| ooked up in the DRAL to determ ne what RA positions are assigned to the
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sane RA t Iitl eyole 88jalyeduWhen the SRBineads {0 synshragize withsthechPQotiezait i on
oper at i on,simpke fiddkment bf tiee PRALI abdmtents irto the DRAIRAcemplishestthe ¢asiur e t hat
the conti rusieperddnds dnalbgdusdoURpRlyS GsHoBRALS doMPRatestbrafion bhthecur rent
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al ways preceded by a SFE purge which frees all RA entries other than those
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SRAL i's al ¥t vdls" tHE Wirst is that the SRALSs are written with GPR updates that are -

from another instruction processing pipeline as they may be for the uPCore.

The second is that the trigger for causing the movement of the SRAL contents to
the DRAL is very different than that which causes the movement of the BRAL
contents into the DRAL in Liptay. In Liptay, a mispredicted branch is the trigger.
"In the current invention an indication of no prefetching benefit is used as the
trigger and thus it will be understood that U.S. Patent 4,901,233 and its commer-
cial embodiments are entirely different in the SRALs’ function from the current
invention. The BRAL cannot be used for this purpose and is used in this
invention for the same function that it was introduced by Liptay, restoration of
the processor state after the determination that a branch guess direction is
wrong. The third important distinction is that when the SRAL contents are
moved to the DRAL, every entry in the SRAL is immediately changed to point to



of 1 cycle delayed. Wen the SFE needs to synchronize wth the uPCore a
sinpl e novenent of the SRAL contents into the DRAL acconplishes the task.
This operation is anal ogous to Liptay's use of BRALs for the restoration of
the m croprocessor's state in the case of a ms-predicted branch. The
function of the present invention's SRALs differs fromLiptay's BRALS in
sig- nificant ways. The first is that the SRALs are witten with GPR
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processor state after the determ nation that a branch guess direction is
wong. The third inportant distinction is that when the SRAL contents are
noved to the DRAL, every entry in the SRAL is i medi ately changed to point
to - 16 - 10 New RA positions.

| n Li ptay, Y %°§ﬁALs are |l oaded directly fromthe DRAL in the case of the
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deslgn

Synchronization Unit

The Synchronization Unit (SU 201) contains all of the logic function required to
control the interaction of the uPCore and SFE. The SU is comprised of a state
machine and associated input registers 404, 405 and 406. The output of the state
machine is comprised of the interfaces 209 to the SFE that control the purging
functions and input to the register management system. The line to the RMS
controis the loading of the SRAL into the DRAL in the case of a synchronization
operation.

The Synchronization Unit contains logic function which is used to determine
whether the SFE is providing a prefetch benefit to the overall system. The
current embodiment uses two instruction counters 408, 407 to provide this func-
tion. The first counter 408 is incremented each time the uPCore retires an



and then driven via interface 604' to the. SFE. The GPR results busses from
general purpose execution units 601 and 602 are al so | atched 603 and then-:
driven via its interface 603 to the SFE. The uPCore shown in FIGURE 6 is
an in order design but the use of any out of order design elenents such as
those in current commercial use as mi.ghoprocessors is still consistent with
t he present design. Synchroni zation Unit The Synchronization Unit (SU
201) contains all of the logic function required to control the interaction
of the uPdsstrughien.stke sependgourtes 4fpinerements gach time tha ShiEdeqnsgs an

associ at edinstrpigtion.c ioth epuntéostarel 0ssel tnl ze@cduritg agesynahronizatien spata

machi ne i stico.mafies eesyofchrirdzativre i emapar2éith ofothelw uskdrstis ased dodetdrniihe

purgi ng fuimthe SRE HBCaryepiortinity® ge@iratecsspecblatigemeteh refegrendas thaewili ne to
the RVE CoRélpahe Pt rkOatinadSrE is Aet deedding ingtrubRohd ik éndu heneassn@é a
synchroni zgf {anmBsead exdty a,omﬁe{%/i%q& aésmi.tmrlﬂyntef.pont&'nfearlsaw |
function VMcﬁpourﬁe}‘? ﬁ/eggn %rﬁ% 8%u ntﬁ fsthg s || ¥pref etch
benefit to Qvera 0 ruction

counter's 4B8CT din it il fmfﬁf.‘ sl B twﬁ éﬁ i L
i ncr ement eBUEERHEPPALIMEN UsBE S b "? gha'd yalue pt 10 F this use. E decode
- 17 - i ngynids inghat inast 1@ gseatet Han e uRForefetieneeNrt, tecPynshranizationrg
decodes anUnitgvildadicate nebenelfount ers are reset to zero during a
resynchroni zati on opera- tion. After resynchroni zation, a conparison of the
count er s | The:Sgdchronilaitionrimitaiso rieteinSkh ihdisatiory ob hivht uPCone the S| at e
specul at i Veurrehth assfceited Gath.t Baéh BFEhabel singleesyRBpsmizatidn U bafteach not
decodi ng | §BE lcHA WePasobRited Whhddhy RuRBEABEEPCbrelsD ETHE dF éntSerfils&diltidnen t here
IS no. poss Qél)he ffEOéss%ﬂ?éd Withiwo fesOn of the two counters gives an

|

| npr eci se ut sufficient indication of the possibility for benefit as input
to the specific benefit, decision point 708 of FIGURE 7. The current
enbodi ment uses a threshold value of 10 for this use. If the SFE decode

count Ts n i r . the

Synchr oni zﬂ?%mﬁ?? E’H I‘gl‘(;)glfsg tet“?c:"gene#ﬁtgﬂ a{hgpséﬁc rom zation Unit

al so retai TﬁbemﬁemiheaposmblrefeJdbmmhns:R(IheemtérectﬁFrEof thecQP rapwdlt $5. Amsoci at ed
wi t'h. Eachegarhpleasoaldsinolgkde Havived thenSE apidate abrdndhuprediction3ablecthat ke

associ at edshareld B FothUHBESE 8hd CRCOTIRS SE Lot alsb PrbviielindicreRintdabogne SFE

gfssglgi Z;Sd éghaggﬁtﬁgﬁ‘gg @Reeptiond! 6ﬁétilggﬁeéﬁdanﬁéﬁ§ﬂ?dt%ﬁ hi jg&@&%%oagi' ?Ee

i i is fi spon
Crpegingt isgntdtAg )f& |s sE %fﬁ %ﬂ ou ldI al so
Br ovide th ']ﬁ genera purpose execu ion umts andC struc-

fon decodmg loglc in the case that the speculative requests are accurate. This
may further reduce the finite cache penalty in some implementations.

- While we have described our preferred embodiments of our invention, it will be
understood that those skilled in the art, both now and in the future, may make
make various improvements and enhancements which fall within the scope of my
development.

Those who make various improvements will appreaciate that my performance
analysis has showed that out of order (or sequence) execution provides greater
benefit in the reduction of finite L1 cache CPl as compared to reduction of infi-
nite L1 cache CPIl. Current technology trends show that finite cache effects are

growing quickly, thereby causing the finite L1 CP| benefit to become far greater
than the infinite L1 CPI benefit. '

My provision, which | have detailed, of a speculative fetch engine (SFE) sup-
porting a core microprocessor, and their interaction in concert with the core
microprocessor maintaining the architectural state of concerted action while
allowing speculative memory references to a storage hierarchy shared by both
the SFE and microprocessor core (uPCore) will benefit those who wish to obtain



potential instruction exceptions or other conditions that mght allow the
CP to avoid pipeline disruption. The instruction and operand data fetched
in response to SFE fetch requests may be forwarded directly to the uPCore.
The data will therefore be closer to the uPCore general purpose execution
units and instruc- tion decoding logic in the case that the specul ative
requests are accurate. This nmay furthtr- reduce the finite cache penalty in
sone i nplenentations. Wile we have described our preferred enbodi nents of
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reduct i on Rewsyit Af insreasedagystercperiasmapepar be invention anabigs amicrs-i - nite L1
cache CPI processenidesigritodieogptimizeddor biginfrequeandyi fiw convdsrtyairfdiome ar e

gr owi ng qunfithite/L 1 cheie 0P| edthsuhgdting tbo mich it SRirdeeerécutidrocdmpiexityf ar
greater thanhé hfaih Pipelines ab bppbsed ntid increddingly @eepistagesvérnploykdhave

det ai | ed, sainetofthRCbAL biiPehted&digr)gi ne (SFE) sup- porting a core-
m cr oprocessor, and their i nteractl on in concert with the core

m cr opr oc Y [ r

ohi 1ol T Axhe s%meegﬁ,ﬁ l %ﬁgﬁsﬁl %ﬁ‘ifsﬂ ht o f%?&é‘r ‘?’I‘E&‘%“E&gﬁg EE *har ed
by both t "'é'gﬁg ‘wlFFa  ENPEts o et

wish to o %Ianroprocessora d coprocessor comple ity of out order e)iq:utlog

si gni i cari® tB¢ gpPracessa s mitigatnd by the tacaﬁmt e COPIOSESSRTd QRS Neffnagditer
execut i on sepped thedell setofprchitectad ipstrucliomsmrdhe fyi setcofcexceptions aod art
desi gns whntenrupdionstasseciatedt with insttietionexeotiiam. Thesmtlaims fdlwingent i on
enabl es a sheuld:be ephsttuédito Eheompasd fuethée sinprovenseitsihd to ab angidtdio théne use

of out of pbger peotestit R thé inveatiBH st diselosédicr eased syst em per f or mance.
The invention enables a mcro- processor design to be optimzed for high
frequency, |ow conplexity and lowinfinite L1 cache CPl.-w thout adding too
much out of order execution conplexity to the main pipeline, as opposed to
the increasingly deep stages enployed in sone of the nore current designs.
At the sane time, the coprocessor can use out of order execution techni ques
to a much larger extent in the pursuit of a reduction in finite cache
effects for both the m croprocessor and coprocessor. The conplexity of out
of order execution in the coprocessor is mtigated by the fact that the
coprocessor does not need to support the full set of architected
instructions or the full set of exceptions and interruptions associ ated
with instruction execution. These clains follow ng should be.construed to
enconpass further inprovenents and to to maintain the proper protection for
the invention first disclosed.



What is claimed is: Claim1l. A conputer system having a hierarchical nenory
with cache storage for instructions and data,. conprisi-ng, - --at-|east one
conventional processing elenent for processing instructions with at |east
one instruction pipeline of a defined |ength mn Immn per pipe-

|l i ne stage; and an additional specul ative QM“ m el enment for
processing instructions, including outsof-order*irfst tucti ohs,” for

i nstruction sequences which derive finite cache inprovenent from

out - of -order processi ng, wherein sai d additional specul ati ve engi ne
processi NOMHAR claitAedRig! conventional processing el enent are coupled for
action in concert to process a streamof instructions with said

convent i orfalRiBrlach $omnyten eyatem heying aihigrarchical raemary with qaghg|steragee of
concert ed facinstructiond antdsdgba,peimprisingndl es whil e sai d specul ative engi ne
processi ng elatisast ohardheentiyret prodassingpeiemesnt &x privocessing $nsttuctioys vaith

change t heataeadti dreCingfratticn plipeliak of RedeTmeaUEBAGthsarsd astimed delyqier pipeoves
the fini tq,,feagtgge penal ty seen by said conventional processing elenent.

daim2 A ca neédéiifﬁh GRIVE Mhoiif GrctkBbing UIEhBh or Hrdcadifty!! ati ve
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3. A CorerﬂéfthQtWTSe\mfh(Satﬂrmm@ntlgnéﬂ priogessing elementsmaintajpingtivei arnhitec-
- processi nduesdiatatetoficoncered adtion with its pipeline hapdiespwiile saidgspeauthtiwddi t i onal
specul at i venging phecessingesiemeant hhedies tspkoulativel 9mzmieei whosé eesilt Agyanst
execut i on dghangBthé dekhifitturaPsiat@ bR dditpterERRem Bit whiehagprowisethences as

seen by saidhteC@NR P! seBh ST ROnPerRIBHA préciisinySbREnSI N a regi ster
managenent process enabling generation of speculatlve menory references to

sal d_stor agg, it A %Wpdltgrc%}é?éuﬁgacﬁg}ﬂn 05 alfit{ Ahe ng. A s S aflRcauRLed o

and share &t & spe |ve ement
and said c Bsi ngq elemrent. Claim4. A conputer system
according to "&F%Q'ﬁ#egs f'h?t‘?‘?@?'al REQCG8Fing arsd MrRaing greatep thana predetetache

coupl ed t gni@dhn symber G instrucdinnl adsiressableyBR&S igeoiifiad by gnelasiare and to
sai d copr djganbiielgs of apiingfrection, andi t i onal specul ative engi ne processing

el enent for fpeodkiongor nst plictderrisstauctionaacutionl and fondepesdimgta sondie buf f er
for bi di r etidriad beandh mmstruetion baséd bhuchianol diredtidatguess, response to store
and fetch commands of said additional specul ative engine processing

el enent . éihﬁh'ﬁ SA OB RteRYRcBAIAG ¢ ERIMY Whefi sBld cdnVenfiBhal

I ncl udi ng ca¥dif entzaétcbﬂ nipt coupled to both said conventional

pr ocessing el eéB“d?ﬁ Cg:%\ﬁain maﬁ jonal sBEUAIV SngiRtb Prodelsing @

specul ati Ve eme % Por IR{igpendsent %re chmg an executlon of instructions to improve the
sequence of storage references as seen by said conventional processing
element, said system using a register management process enabling. generation
of speculative memory references to said storage hierarchy including said
instruction and data cache coupled to and shared by both said additional specu-
lative engine processing element and said conventional processing eiement.

Claim 4. A computer system according to claim 3 further including, an instruc-
tion and data cache coupled to both said conventional out of order processing
element and to said coprocessor providing said additional speculative engine

processing element for fetching instructions and data, and an independent store
buffer for bidirectional transfer of instructions and data in response to store and
fetch commands of said additional speculative engine processing element.

Claim 5. A computer system according to ciaim 4 further including, a synchroni-
zation unit coupled to both said conventional processing element and to said
coprocessor providing said additional speculative engine processing element for



- 20 - synchroni zation of said conventional Erocesm ng element with said
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specul ati ve engi ne processing el ement gener ates stor® references which are
not sent to the instruction and data-@aches and are instead sent to the
store buffer to be nade available to subsequent instructions executed on
said addition roceSS|n th tering the
archi t ect u?yeﬂ"ﬁ 'H?%'Qﬂ °é‘§ﬁ' °&9 ? ?cecfﬁl"% ‘%e g&"tyr @&@%@Fﬁ&“&' ement
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first int eari 85K AdHitib ﬁa%%%u RECrightd Brocesdifg eRlm¥mitRolit Htelrihgl the store
buffer, cﬁ[técth?él%gyf%‘é Bn ng&rJaﬁ Pécefsgfnr Celbm %t LAY %
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el enment for carrying updates of said conventional out of order processing
el enent t oClNT - afiFomAar sygesuaceordiagde glaie G wheeaigiangpesuiativet over said
GPR i nt er f earrocesSonicache miss isrpxpariencedtibbothdbhe caches and theasiord buffet her

i ncl udi ng, da notbhave desired agtayawhilesinstractidresvant)opsranks @ne returned te thet er
assi gnnent additibRalf spectlativetighie pravesting element overs figt snteffaseiinithe

convent i OngdsePivREIRStheRd iLhé FBIRVart éhtAfH theQidre IFRFUARE bY& rélighé over a
processi ngs@doﬁﬁﬁﬂﬁerfé‘é%rlf fidrd i£8RelVaft Eﬁ’tﬂ?m the stbra QQHerA conput er system

according to claim4 wherein stores to the nenory hierarchy fromsaid

addi ti onal t| Vi roce r, terface
are sent ;8%?@% e sﬁ*qa%ce?a'f@q?%ia%eﬁr il hihg goER iGlercS
daim11. Ween thy gengrel pUmose aychitpetyng NiaSal ﬁ°6'?’8§ ‘E'EF t he
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over .sai d ydRriRTPeessing elomenida saichadditionalsinecyiative engine pacessinghe
i nstructi oelemenmt oxensaidcBRB, intemfaceherein i s provided an GPR interface
bet ween the general purpose architectural registers of said conventional
processi ngChiiMreEnA domputer systegh agudbrding tofclaia 4l furtherdntiuding, soregistér or der
processi ngmahagement Sysidinthaditg sV RdronizRE6SH régistee aesSighifenpliece®sisps- el ement
over said %niﬂﬂﬁé‘ﬁﬁeﬁﬂg stadedbrdatd cHMRMIBHEI brot¥sdiRg eléimbiand
synchr oni Zé&dugﬁ tl\l@seﬂﬁﬁérgmcésh selér%ntsé( ééi‘é@ﬁ%idi?rf Lae p' peline
stages of sal ent I onal ocessi ng €l enent an addi ti onal specul ative
engi ne pr o&es|S| {bg Ael:gnqgn eros\frg en? %cgorg:;\g {onélgirm Ei1ere|n stores to the memory

hierarchy from said additional speculative engine processing element over said

GPR interface are sent to its store buffer and not to the mstructlon and data

caches

Claim 11. A computer system according to claim 4 wherein stores to the memory
hierarchy from said additional speculative engine processing element over said
GPR interface are sent to its store buffer and not to the instruction and data
caches, and wherein is provided an GPR interface between the general purpose
architectural registers of said conventional processing element for carrying
updates of said conventional out of order processing element to said additional
speculative engine processing element over said GPR interface and a register
management system having synchronization register assignment lists for syn-
chronizing the pipeline stages of said conventional processing element and
additional speculative engine processing element over said GPR interface.



G aim12. A conputer systemaccording to claiml wherein sald addi ti onal
spec- ul ative engi ne processing el enent has an i nstruction pi ne of one
or nore pipelines of a defined | ength and defi ne ““\mm gl ne stage
for processing instructions, and sai? conventlong“ ment
el enent has fewer pipe- |ine stages'than said spedulétlbe engi ne processing
el emrent but there is an equal delay for each stage of the pipeline for
i nstruct I@n@uﬁemuwlé‘cﬂﬁpWer stt@!ﬁ\ Scdordrig teeclainh il vhgramh&ail HAILRIRTEE Bpeé s OM out
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el enent cdﬁn\@:%@&fzamlmmevemagt frameoui0f erdeEpreenssigchy saidqdditionale

pi pel i ne $peculaiyeranginepraxegsibgademeht.ch do not derive finite cache

i nprovenent fromout of order processing by said additional speculative

engi ne proRarsiaNg rmpwter systehmpactokding/tongl&in® Brvitsraiosaid ohventéonal

hi erar chi .%lce revemeﬁtm%%rééégsﬁgfﬁsﬂfuct.m ACinkGO8ticH Bipdfha of
conpri si ngy n%’ fne8nit acéPé’f Ie?‘gf-l and %Eﬁﬁéa a@ f gecessing
Cnstruct g tibdi probaEIhd Bloridnt BLRbHT S 65 glied delay

per pi pel n S|ng
ol ement 1O PL e%&yg \é%zreq'naprsﬁgss'q%s fgg %cgmcesw lt'fe ﬁ%ciﬁ ct ons,
for instr Glﬁa:ye ch stags efthgdripeling fog;ip PEFs W o not

out - of - or ¢RIV °E &ssﬁwmmxmwt fromsauiofRrder Pmssﬁwﬁﬁﬁlﬂ@@%‘ne
processi rigpesH stengine proogssipg\alemenhal processing el enent are coupl ed for
action in concert to process a streamof instructions with said

convent i oQlaimpidodemidroproziess@nitaving at kierdrobicahmeaiarpiviticeadher stbregfeat e of
concertedoamstamwhgmnut@atal @ﬁhpﬁgn@andl es while said specul ati ve engi ne

processing ek Whn@%@tb@ﬁh@l@?‘ﬁ%@édﬁ 9(eﬁ@ﬁ$ﬁp%@§ﬁn§@ﬁéimctm viAeH
change thgygaj, ﬁ\HI[;%lf adeétinedabnftn Z E?t? J nproves
the finite % 9?5"?1 XI e%ﬂlr X/e ;f Bpélcee%fngné} fo(?-sp%ggﬁ ment with

register inetrict lons inciu ng ou -of-order ins ru ions, ?or mmtjruc{ gn segu nces Whlch

derive finite cache support from out-of-order processing, wherein
said additional speculative engine processing element and said conventional

processing element are coupled for action in concert to process a stream of
instructions with said conventional processing element maintaining the architec-
tural state of concerted action with its pipeline handles while said speculative
engine processing element handles speculative processes whose result may not
change the architectural state of the computer system but which improves the
finite cache penalty seen by said conventional processing element with register
management and synchronization of said mul_tip_!e pipelines.



