TITLE: |Inprovenents for a M croprocessor with Pipeline Synchronization. o
-FIELD OF THE INVENTION This invention is related to conputer systetp and in
particular to a nethod for a m croprocessor corrputer systemwi th a coupLed
coprocessor for inproving system perfogrmance with pipeline synchroni zat¥én.
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computer s or%grr'rgxecu ion egﬁmques provxde Iarge r%uc ions 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 cycie time, design complexity and infinite L.1 cache CPI.



systemw th 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 providing an increase in system performance. The inprovenents
of the preferred enbodi nent provide inproved m cro- processor support via
regi ster managenent with synchronization of nultiple pipelines. These
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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 to
processing with the coprocessor as an out-of-order coprocessor (SFE).



system while in a generalized mrror version the responsibility for

mai ntai ning the architectural state alternates or is shared by both.
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synchroni zation of the uPCore(s) and SFE. FIGURE 6 shows the preferred
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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, uPCaore. 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 synchronization 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 preferred hardware for the uPCore.
FIGURE 7 shows in more detail the interaction of the speéulative engine and

microprocessor uPCore as a data flow chart to illustrate the methods | employ
for improving performance.



design first developed within |IBM and described in the Liptay patent, U S
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teaches the use of a register managenment. system (RVS). The RMS enabl es both
the ability to use nore physical registers for general purpose than are
named in the architectural system and for precise post-branch recoveries.
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order execuNotei Fdrtcanyvenienogof Hutstratian, BIAURES maydie esparateidon partsvantes

si gni fi cantasr@donverntior wetpiace {hei tbp of doh EIGYRE|as\thefiirstishest, with $ideses of t he
current i nuprnt eheefBhsropeediag rdeoadvreatud dorostwitkrs cieivirgotherFIGURE, Ratrent

4,901, 233, dveat udrsmiomigid sisedts ars ukéd § he basic pipeline of prior-art

i n-order processor designs. These nodifications are required to inte- grate
the RM5 into the overall systemand result in an instruction pipeline that
Is either longer, i.e. nore stages, or which contains nore |ogic per stage

than the i design. The preferred

enbodi nment r@%f%ﬁgboll'ﬂ,g%’%ﬁfﬂﬂaglo@t{g% Mﬂﬂé&an i nprovenent in both the
infinite L1 cache CPI and finite cache CPl over (gqew ous in-order designs.
The curr entBefATR AP ACEBE M BEEBIad amROqiImENtEIE datalbt may hsy WeRNWBHAL ques
t o i nprove itiugtrate; piway efiexamplpua typicd)\iianset puiefcondgr FUCIOPA?IESEOT N or der
to achi eve dasigrfirsiadevetnpedavitieion Bk ahd desoripedid the Lintdyqaterdi Udy.Ratent
support in 4,9e1,238.nFIGUYRE Ucthows siohcaltypical pripelarheut dflverdeumiaoproaeseort | on

f ocuses on ddwsgniserigihaly tesdrisaddier U 1Se Glaterq W30 112331 edltbetehdtesithaiuse dil CPI
adder Wi t holyidey mahabBmeat 5ystEMERMSIO EhePRRE émbié£pgthitherablig tb @8gt h of
each stage thré ﬁ yRLRCdgiters 1B gBHEFRIpurp&stinhniate ﬂéﬁf%ﬁelﬁ tRY %Fcﬁi‘ﬁe@ﬁfral
formance t dP@i"[?rrPémé 9 gr%‘?’lcﬁ'r@&?vetrfb‘% 'fmﬂ%\é &% lé?ert OV' des
nor e per f or ki r SRR OR Y drlled dgaa&g 8

provi ded by, Vit rta £ASE Pfd 1 nsact i on
wor k| oads. Pﬁ Py L %EC%RR'} Fﬁv'??ﬁ/%'ﬁ RSN 'Hﬂ duct i on
in design cUi x‘iV ie f'6 &fqcus 6’&%"?'@?8 E‘éfef‘ °'b %Preé?rds?% dr”ﬂ?@f‘ on
processi ng #FPAREHANI Y- PRIEN 4201123 eincrtitivs ansitafhe Papictmiseling af

i nst ruct i orPTRoRBIBIONHEHPIRCEEFRT. 4epigMe Efé@@ 'Wﬁéi*'éa‘t'% easAYired tp apfeenent ed
as an in orgrate thes RYIS inte the okeralirswstesyand rgstit injes insthstiph iREBelthahisd 1B
as i npl enengitterpngkS.i.ePatoratstage@0 by 288ch dirdainsphere Ibgicapdri stagatmnahe

regi st er neinatractmi piedinerffaorincordendasigh. St mrefdread ergbadinesnt kif et ur al
desi gn requP#teReno00/238 enabisfdrethitovedlent 1h bithate idkfite La0tahel ORI ad )
registers sfgte 8scHECOPI BlepieRRAR IhQAGUEF BESigns.OThE¥BABhLINVENEGNEBHAS nBHIr pose
registers. Mayud¥ tHe@seLbesRYroratr fe‘&ﬁn‘du@%%’uq fvethWiihfnifeeL VERHLLD MY
system as | yid 5G5S Pt?be/hnag ﬁ#&f ef?é ?Fhl {?F" Hé‘é’zé}QnE@B e%hed’e% here

S‘uléogée?ée&"“ kS ftion Oigeilo @&%%?m "o Lo

syshart
Ehe wel | %cv'grém ggﬁa B IRFURPE (oM 1DE (5P M’ QU0 TREUER  bed i n
U.S. Pat ent g fijte by %P G‘ef W'@OE gmémqrgasse[lm Ih € °6?/é’b°el“ﬁed§|?9 thfr tee 390

machi nes ev Iqg’ch of each stage in the plpellne The overall result is ‘greater system per-
formance than U.S. Patent 4,901,233 since the improved cycle time provides
more performance than the small improvement in infinite 1.1 cache CPIl provided
by U.S. Patent 4,901,233 in the case of datahase 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,
| 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
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pur pose unifer@g6 has its output connected to a general register array (RA
30, according to the present invention. GPE 26 operates on instructions
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provided t Oy c%térn&lﬁdé(tltn' O;%Stn ?dné Suse any such arrangement of general
purpose execution units makes use of general purpose registers (GPRs), this

invention is applicable to many variations in the number, function arrangement
and design of the general purpose execution units in a computer. .-

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 results
which are required to be available in registers rather than immediately stored.



I nstruction register 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 30 contains 32 dynam cally assi gnhable
real (physical) registers to fulfill thé-functions of 16 GPR s recognized
by the architecture. The RA 30 is controlled by and provides status
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cache 16. nstructlon queue 50 i's connected to the RMB 32 to provide status
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of D- ACE 62Ths coommuenr EGURE dddarsk $Bfhasen igaksuetidyaygiecdl comnectachio has a
first out purecivegcttrctiass & igEituctiondegiater antite22l $ndh haviag seocaurtguiotot put
connect ed asnstrudtiopwiddressadompatativhosiemenie(r 5 .52AGAICESE? istadse coprtdttedias an
out put conneg reskive it daeine frbth RAMBN&SD Aas aRREHItUdNNEERd RYEhS Phstauc-

provide stakigh daRhe@rMeRlinSRuctidieqGONDES & cdtrcted toaAkIRMS RRItBpravinehet i
unit 70 whi g{hwé"ﬁbﬁgaﬁ@,pnect ed to the RVM5 32 to provide status

i nformati on. be expl ai ned |t is inmportant to note that the RVS 32

can work w | | xanpl e,
can'erk Winliagp %gﬁwn%% Bﬁ%ésa@raaéaoﬁ?s%ui% SN
one RSy EEAIYS o QIR IRE dfe rwﬂ&o e, @au fiple
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and by fl oaft® RgoYiEr mtatuatiaformgtisters unit 74. Floating point instruc- tion
queue 72 receives its input froml-REG 22. Floating point data register
unit 74 recdiressutpuisofi HAGE 62 isrcamtertedhtthad drgsaufeicth qoeudBYwHIch, Théurmit put
of fl oati ng has a first output connected as an input to data cache 18 and a second output

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 multjple 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 floating



point unit 70 is connected to store buffer unit 76 which has its output
connected as an input to data cache 18. Turning now to my invention in
greater detail, it will be seen that the systemwhich | will describe is
effective for use where |large caches and multiple |levels of caching can be
provided as shown in FIGURE 2. The invention inproves upon the performance
of existing Qaches and the specul ati fetching wll rove the mss rate
for each | eRASNt B‘F'tzgdﬁé""me@b‘?éﬁorﬁg’tuﬂﬁ'f Hﬁﬁgé%{f@%f‘??r@%ﬁw qrongsted  yred
agai nst whats @RipRPtiawataeatheot-ai ned i f the on chip caches were increased
by the silicon size of the SFE in many instances. There are instances where
t hi s conparTwaing sowdo nme reestion lity gredteddetad, it will he seepdhabthetdystdrh cache
si nce cycl ewhichd wilirddsceibatis effextivedde ase aherel farge lcgcioes and atulfiple lkdeleaches.
Prelim - nadfycdchfiy é4n 58 Providee ae¥hoddn iafFIGHRER. 20 ipeentiimBnedvesRipere ment
using a SFEhehdrfdrinamel 0P eki¥hE!cachédah@ tHd dpddifathieZBtcPindwlNiripiave the
secondary CRfdag raté:{‘oql%hae\%leéf aeRe FADQGA Qltf ARarde! bEHetifsRGuldbd Hheas-
preferred epadl bl JndtbdUidh S\i ﬁ éﬁﬂ:e ift oh%f‘p[}&é?éh ’W &gl O of the

el ements i s it Eciioisere %{gdy%sm%t.on
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and Data Cafig: g mp?’ﬂ@”&fo'ﬁ ﬁg ?@

nunber of a@EE%F&ﬂFé'%?gnﬁ[ﬂm'ﬁss"%6‘&? PFE vpually ertticel f@%an"pﬁ‘%‘eﬁn tﬁfe!i"%"om
bi ned i nst r Wi reaukh ghewteapetaatidl ofdd teAlTe PesigrmanemimpravaBient #8ingo? this

hi er ar chi ca$Firthalriy aphrotimptaby il feto H2dhe Isizengfrepey-chip $eqmndernt tagheone | evel
(e.g. 203'..203") to provide both the advantages of menory speed and menory
size in a cascaded arrangenent and such a rrermry design is consistent with
the p As .an D ala aches

consi st ent WGHREG’Z &reéenredr&mhodimenhy nunber of uPCores j
38(2) 38(2) Asillglgs;tra él’gﬁ&ufﬁr%‘f' &Q&Sm%kuﬁégﬁuﬁgﬁatgmﬁﬁ BREﬁg mtz?rcon-

given tinme E? % ?\f 8 @‘% §8<£”3Y' 8 b[V V%%dglggﬁ E?%;g © e“”e n
synchr oni za & ?‘g?‘f? PPI}FHEB% $ Ang Hﬁt%cf‘ﬂnone
St ore Buf f ef"" R? %ﬁ'éc 2FpFRe memary Fystem, may ipsoragnizedsiecEMoget her
to provide ﬂh@bﬁéqﬁﬁﬁf‘e@tsﬁgwa)'ﬁdzutcbﬁahwy in 138/ PTRSADEEXAINPISIVELh aH9nhe
associ at ed hined inskuefipreangPdeteccanhet 208 eoamectedite. malthgnpmefe R84 df thi®odi nent
has a si ngl bieBaEhial neerpdyrahichyprovidePGoraehe mememnewith inedrertbag ek iegelnor e
into the deteagl 208’ 203d\vig praléde bbii iheradvantdyes f enerhery sibedndrallindamdry an
al ter nat i vesixadn gecsycalied @frapgEM@ntBAE sQoR aaheMobe desigRIS caRslsient WiIHURE 2

where the uf{dpfeseainiBnfdd CEBAL INSBUKIGE hhd Yate\cAKNRS are Alldd E8hdidtEhRFith
duplicates {fiepfdint B.R,lgﬁhé pown and di scussed herein, but with architectural
9

control alternatin et ween 200 200', 200" and 202, 202 , 202" with the sane

functions b%n@%tﬂﬁtﬁér%f%orﬁs (Jr%o"%gﬁcgg b%%sed tggéjtﬁ rc\r/vktR qu nurggt ail.
of SFEs 202...202’...202". A SFE can be associated with a single uPCore at any
given time but can change association to any other uPCore after a synchroniza-
tion function is performed. Each SFE is associated with one Store Buffer and
one SU. For example, 2017,202" and 205’ are used together to provide the
required SFE functionality. Any number of SFEs can be associated with a 8ingle
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 enbodinment is thus a specific preferred exanple of an

al ternative generalized enbodi nent wherein the first conventi onal

processi ng el enent uPCore 200, 200', 200" and second processing el enent SFE
202, 202', 202" act in concert whil e algernatively having control of the
architectural state of the ITB.ChI ne. In our preferred enbodi ment as
illustrated_jn FIGUREZth‘g s roc- essl el enment hs contE of the
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al t er nat i veirasthetiondnt ontyhens pt saidi rroeessing eletmentd isgietrdttedtd charge the
determ ned ewétdliednthléctural Bdte dbaid€orfpdie Systbm WRich €€ a8 rpireeby ang

el ement . Theombmétﬁmcmhe sﬂﬁ@élbf ¥a|tj$‘|r§€5Wd3§€Edrﬂ privResNifd elenfsht&NRQAirmeNt

when the uPgpg f@rrlébl tHis SomatRIn willse §8@HAMNIDy IHBSIrsUSidcoNS i N
order whileg QB pﬁ?&ﬁ&ﬁﬁfg étsreesﬁa JsQf tSHE 46 Rét ik fs ¢ e
gmaggetsh;hgg, ?hti CRlrs: & o bR ittt 5y T Rﬁif]'eb'sﬁE
's preprocedlt t'i"ﬁsﬁ'? afimeit Qwag"&e@"%%ﬂfﬁa euld BpginIged oo e e
personal st & mo'rép part by the states of the second processing element.

cache penalty is reduced in the preferred embodiment when the uPCore pipeline
handles most all the sequential instructions in order while the SFE preprocesses
instructions for the use of priming the caches shared by the uPCore and SFE,
resynchronizing as often as possibie 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,



.In the alternating control enbodiment, while not true of the preferred
-enbod- inent, the control of the architectural state sw tches back and

forth. In the generalized nethod, still each of said processing el enents
having its own state determ ned by a setting of its own general purpose and
control registers, -9- and still each of the first and second processing

el ements duripg said proc- essing of said sequential stream of instructions
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Now the first processing element and second processing element can function as
a multiprocessor. Also, as illustrated with 200, 200" and 200", the first processor
can include a plurality of first processing elements which function as a multi-
processor with a single SFE, or with multiple SFE’s. However, multiple SFEs
would not be used with a single uPCore. That is to say, a multiprocessor can
function with a combination of a set of one or more first processing elements
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



-a mul tiprocessor. Also, as illustrated with 200, 200" and 200", the first
processor can include a plurality of first processing el enments which
function as a multi- processor with a single SFE, or with multiple SFE s.
However, nmultiple SFEs would not be usetbwwith a single uPCore. That is to
say, a multiprocessor can function with a conbination of a set of one or

nore first processjng el epents., and at cond proces eI enent .
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The first processing element fetches data from a data and instruction cache

which is shared by said by both said first and second processing elements for

the purpose of fetching.

This method of our preferred embodiment aliows the SFE to be used to pre-
process said sequential instruction stream for the purpose of priming the caches
for the first processing element, handling the preprocessing as an out-of-order
processor. During resynchronization and when the processing of instructions by
said second processing element should be stopped or ignored the second proc-
essing 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 piurality of) uPCares as well as personal



~affect the architectural state of the other processing el enent, these
separate syn- chronizations allow the SFE to i nprove performance of the

" processor handling nost of the instructions of the sequential stream while
the SFE can process the next instruction or sane instruction of the
processi ng stream bei ng processed by-dhid first processing elenment, and the
SU can determ ne when the processing of instructions of said second
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Syst em of frﬂ t h the
uPCore int ﬁée L lf‘faﬁsﬁé' 8?”('? CE35 A §:'E 'the
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written i ntssthdigiote eim khdegitss 203 ivcliding Misetthe sBegilaties ehvginegsaent System

essing element SFEs storage references that are supplied to cache storage 203

of instruction and operand data in advance of their use by the uPCore conven-

tional processing element. In the preferred embodiment the uPCore can be

excluisively designed as an in order processor, or one optomized for in order

processing or be one able to handle processing instructions of instructions

where 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-



-associates themw th a Synchroni zati on Regi ster Assignnent List. They wl|
only be used by instructions executed in the SFE after a synchroni zation
"event. In this manner, the SFE maintains a separate inmage of the GPR state
of each uPCore that it is associated with, which it can access at a later
time. Meanwhile, the RVS of the SFE usis onI y SFE execution results to
update the image of the GPRs used for SFE execution of the instruction
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uPCore to do the synchronization. Using other algorithms it may happen that

the same uPCore is chosen multipie times through the decisiqn point 704. Once

the resynchronization is complete, the state is changed back to running once

more and the cycle begins again.

Speculative Engine (SFE)

The SFE uses conventional ocut-of-order processing and in addition employs
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 3. illustrates the details of the SFE and its interfaces to the other ele-



state (B) in this case also. If the uPCore currently associated with the
SFE is still stalled at decision point (709), the novenent to the Purge
"state is blocked and the SFE continues in the Running state. Many ot her

i ndi cations of the SFE benefit can be used for determ ning when the SFE
shoul d enter the purge state and are -dénsistent with the current invention.
Once the SFE enters the Purging state (B) it does not |l eave this state
until all mmgaf:me%%terﬁam Q\T/eﬁsﬂﬁﬁlfﬁ&idﬁﬁﬁarﬁnﬁn{&hitﬁhlgh geht! the ik@ye been
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desi gns. FpGHRESSBE indication ahesed the UeH & discardd alhinsSiiEtiom desults anat artiaces t o
the other eésults and td Burgeiiat condéntt lve tisey SFE™ stdiel Sufterer Shepésyinchebrizagr am
i's meant t giohiigiicatiBh i$ DEed BYy&he SFEIIAB d¥terntifie WHIEH uPEBFsStheISFERSIRAIAGENT
system W t Ryh&rod ROk AN ahBALREFthePFdsPHctrarizaneh SHEUIdOBL BERQE SPRé BEEPI pel i ne.
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carry the Lég Pesf% P?ﬁ bssp 9(§p té |h t the
RVS 301 of SCRES U F‘éﬁ%‘P" HE"F'”(S‘HC‘ H&@He J?PPHH d"F‘ﬁE? l?d‘ea’l%ga"&se of
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to the | nstthesPiCone avill nikeathearaness fejeh seriipsts when pirgyumes gkecutios. affesiteent
4,901, 233. stall. The uPCore will thereby experience an improved latency for these fetch

requests since the desired line has been recently accessed and has been

installed in the closest level of cache.

Since the SFE is independent of the architectural state of the uPCare the imple-
mentation of the out of order instruction processing is free of many architectural
concerns. This leads to improved schedule and reduced impact to the cycle
time of the overall design. The implementation 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 stréeam 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 simpler
approach of an in order design.



.the SFE data flow does continue to pass in the manner shown in Fl GURE 1A
and 1B from Liptay et al. U S. Patent 4,901,233 as illustrated in FI GURE 3
"to reach the store buffer 205. Interfaces 302, 303, 304 & 305 conprise part
of interface 209 and carry the syn- chronlzatlon addr ess, purge indicator,
resynchroni zation indication and decod¥d instruction |nd|cat|on
respectively. The synchroni zation address is used by the SFE as the
starting point for instruction fetching and execution imedi ately after the
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time of thevithvibeaBHFE.dEBE gegisfEnenangyeemamtsgsieanot theksesergdovarttiot, wi t h t he
SFE can nowwdiediegripk eixednsisiemrudeest SRAIM, il aotiB&ereient bpodlite 6@drahe
optim zed tBmputé %Hﬂé&hf&ﬂn@fm&pﬁé%BtdnY@\té@ﬁrCB%rllefy & d¥rohhfintd.s not
possi bl e fﬁrhué wﬁﬁ&t@m{hh% A8 QA8 pk Bf ﬁ?eetnvkhﬁoﬂ%sl%F@fsr@dn%gﬁG@@% :ya“ ed

i nstructi ongeGfing 1 E ﬁxv@ﬂ&oﬁ%@%e%i?nbé@%@@@&ﬁrd ’to' t'?\ferlg used
i nstructi 0%§gﬁ‘?§%§f&hp§' @ erﬁ% 8%‘& éé)% ‘?@9 fYT n the

case of an
“nstruct | of LY, (AT gsth eg %f SPEOYdS, '%E@ﬁgefsﬁ "w‘i’fs”ﬁp lC{" arf%g
uPCore wi | st EY/E?FE'QBN tp B@'é‘cf‘}‘?é 0P ‘6‘“§ 2 Ynctipes PhERGREt event
persists, #eqted ﬁﬁﬂ'&F%’s Whgn the iyaction Rf aiRsplieianisgivacis ‘E?Fn%{ﬁteldﬂ Rt der
desi gn. position mﬁée%'%@ﬁ%ﬁ?%'ﬂ sy %fqﬁﬁﬁﬁé‘adfﬁ?rfhﬁéém erpanaiien ssui ng
a | arge nu@idt ioflugesursssti ons qui ckly and not necessarily just for
infinite CPl. The SFE can be designed with a |onger instruction pipeline
W t hout as RAIcOniatms48ldyaamipalll @ssignable real (physical) registers to fulfill the func-
tions of the 16 GPRs recognized by the architecture in this embodiment of the
invention. A Decode Register Assignment List (DRAL) is used when instructions
are decoded to translate GPR assignments into RA assignments. As each
instruction is decoded, the GPR'’s it references are looked up in the DRAL to
determine 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. [n 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 cycle 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



the inmpact on infinite L1 cache performance as conpared to prior designs.
The infinite L1 cache performance of the overall system both the SFE and

- uPCore together, depends only on the uPCore pipeline not the SFE. Wth ny
desi gn, operand prefetching needs not to be preforned by the uPCore, and
use of the SFE systemthus eliminateslihis feature and its associated com
plexity fromthe uPCore if desired. There are sone cases where operand pre-

fetch t ent th
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illustrated I n re I'n accordance th preferred enbodi ment

t he SFE aihns.a S I.zation Register Assr nment List (SRAL) for
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i nvent i on,renemISHE ss&losrinformBliGUREatd tacthat RiANJTHebe ihenpeateibr eaatent i on,

i s descri bedisdar pesitiodionthe arrbfie | BM Syst em 390 Architecture has 16 Ceneral

Pur pose Registers (GPRs). The GPR Register Array (RA) together with the RVS
provide dynam c assignnment of particular reg- ister assignment of
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ar chi tecture in this enbodi mrent of the invention. A Decode Regi st er
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this way, SiaedthdEPCYRS irPhelirfdht EhsodmER b ndll r%ﬁ&t?&hsbé{sé Sn[?ﬁAL to find
the RA posdryepex¥bitidh dés@ﬁst'hgr@fh ru {28 dﬁoﬁerfa%%%% ttHg
ref erence Jdlﬁﬁeé? rebd * oeRt, pr ocessr ng

alweys B "fw th
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that in one é“ s"t lﬁl% 6 ’teé‘hFé\ ‘?ﬂ ”?T’l&’ PRoYre 1B3t the cogfinueaus nto t he
BRAL, or rga‘ ﬁ“f% ore canshe pecommodatedr dnithey CBSFet"h@mP@émernr t 505.
It is used 'Sf Igrnad eapinbiem \ginge & resyRahranization operatisn is awane precededdnunt er ed
to save t HeSEBRUsae é!Vrtb?h frees BIRAA enptrigsshehthagitbese assaciated with SRALSs.

The GPR state of the uPCores in the SFE copy in the SRAL is always a minimum

of 1 cycle delayed. When the SFE needs to synchronize with the uPCore a

simple movement of the SRAL contents into the DRAL accomplishes the task.

This operation is analogous to Liptay’s use of BRALSs for the restoration of the

microprocessor’s state in the case of a mis-predicted branch.

The function of the present invention’s SRALs differs from Liptay’s BRALSs in sig-
nificant ways. The first is that the SRALs 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



~whether the branch is taken is found to be wong. An Array Control List
(ACL) is connected to receive status information and send control
~information fromthe RA and the rest of the SFE. Logic unit 505 controls
the ACL and coordi nates the operations of the ACL, DRAL and BRALs. For each
of the RA's which support the GPR s th¥t'e is an ACL register which .
remenbers status information related to that RA. There is one entry for
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managenent mﬁbenﬂwes{n%' diﬁ'{antt ‘axétﬁ\‘:‘cnf)H'?&thét'vﬂﬁan\etmLSEEntéHQ drgerefore to

the prese“t oefbtfh%rbR Rﬁ%ﬁh%@&@iﬁen LGl Bhasy % and
o 2mect 48 i K qu%lﬁgﬁ oA BEALE g6 hogt’@]ef{b?‘or”ggﬁﬁnumr
that the g&ée cas %QE g?cé’cﬁp 0f Chan ArEs \fﬂ) r5gher ates GPR and CR updat es,

they are forwarded over _interface 206 to the SFE. The results can be

del ayed forMaretf@neonesSeAlcantke ueef 1h akow jue 8FE ity nesapize s mere thetor e.
The GPR upd¥ieedPGore. Wiwe pEmargt WP Gares andise thasasrFEspravided Pigt h t he
sour ce uPCdetshing bedit calthasighdiath capnoheseRhel Soaeat the. sagrentimet achRCslie i n

t he cur r enttiomab S&AtEmushibe aatdmpéniedtbyothe associateainuf Corefi8PRenesallit | on

desi gn, thaussBRisidatRApose bNéaichaskizan aed Ibgan adsecialiy SfudaBrsieror
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that the SRAL currently indicates. During a resynchronizati on operation,
the SRAL nust be provided with 16 new RA entries to ensure that the
continuous updates fromthe uPCore can be accommbdated. In the current
enbodi ment gPCwres not a problem since a resynchronization operation is

al ways preceded by a SFE purge which frees all RA entries other than those
associ at ed Wiet WP &m& desigmén thercwrentoprsferrerk embeginaantiis aiqeaventionad micrar t he
SRAL is al virpsessori(aneghthaselcurtasit sugersepiad depians sush asphe FomesPE$01
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design.

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
controls the loading of the SRAL into the DRAL in the case of a synchronization
operation.



- 16 - the 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 inmediately
changed to point to 16 new RA positions. In Liptay, the BRALs are | oaded
directly fromthe DRAL in the case of-1vhe decodi ng of an unresol ved branch.
More than one SRAL can be used to allow the SFE to synchronize to nore than
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exception SPURHSIO ahiRAs I‘@%e el fRUMotI & %W‘é§%°’bf t he
nost recentinit Willtindicatq ﬁ%lbleﬂﬁﬁ on is latched 604 and then driven via
interface 604" to the SFE. The GPR results busses from general purpose
execut i on ThetSynebrordzadioB02nih aésoatetaing @andhdigation o mthichhePCanei theBRE & it s
i nt erface 60&‘ently asbecidel. wilthe Ea8iCSFE telsawsingle SYr@bREni@afien bnitibut @ader
desi gn but SFEecansise asotiyte® witoénohdeiber 88 UBCoAsCITHHY Surseistierabodifiese i n

current COREEIhedFRIGSsRTtEH WilPILeSCeFes. 1S Still consistent with the
present design. 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 conprised of a state machine and associ ated

i nput regi Alterndfide ERtension®éo tHee Intéraistion ofh€PsanidSEachi ne is
conprised of the interfaces 209.to the SFE that control the purging

functions aREre ARLPthep PoREIbIGEXiEnEiPNER Mpcinteractior cbthe SRaNd $e A9 the RV
control s t iskam@igivayldbmciyie srving ithe SEtupslaiirRabrarch peedictinn tgplegthat is
synchr oni z&hated by &ptit thenSE and CP. The SE could also provide the CP hints about
potential instruction exceptions or other conditions that might aliow 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 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 CPl. Current technology trends show that finite cache effects are
growing quickly, thereby causing the finite L1 CPI benefit to become far greater
than the infinite L1 CPI benefit.



- 17 - The Synchronization Unit contains |logic function which is used to
_determ ne whether the SFE is providing a prefetch benefit to the overall
system The current enbodi ment uses two instruction counters 408, 407 to
provide this func- tion. The first coynter 408 is increnented each time the
uPCore retires an instruction. The second counter. 407 increnents each tine
the SFE decodes an instruction. Both counters are reset to zero during a
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case that intRErwiang apseoiatedwitbdpsirastiona@eqrulips. ThEFR cladpsollqWiee r educe
the finiteshoakthbeponsirugditn ensamppapfusthartimmireyemensiand indotmaiataledee i bed
our pr ef erpregee phatactiemicr the ioyentiomvinst disejosied. wi I | be under st ood t hat
those skilled in the art, both now and in the future, nmay make nake vari ous
i nprovenents and enhancenents. which fall within the scope of ny

devel opnent. Those who nake various inprovenents~w || appreaciate that ny
per formance anal ysis has showed that out of order (or sequence) execution
provi des greater benefit in the reduction of finite L1 cache CPl as
conpared to reduction of infi- nite L1 cache CPI. Current technol ogy trends
show that finite cache effects are growi ng quickly, thereby causing the
finite L1 CPl benefit to beconme far greater than the infinite L1 CPI
benefit.



- 18 - My provision, which | have detailed, of a speculative fetch engine

Wih the core m oroprocessor maintarning the aroni ¢ NN ARHR] B

concerted action while allow ng specul atlPve nmenory réfefentes' td a‘storage
hi erarchy shared by both the SFE and m croprocessor core (uPCore) wll
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i nst ruct i onsbY Arecessimg gaid eeqegiatindieuctiog sreainy with satt sececiombepssiagssi ng
el ement, eacdlemfensai d proc- essing elenments having its own state detern ned
by a setti ng ehid secominpryeBsying e RttBeAdirid@the ProdLBiny & shid %@Hﬁéht%lng
the steps ofingirue@dn BGedm byédil Blech RS brdkdsspRy bmeat rasPRGENY cralhiggam of
i nstructi onsinttAe &rkhitettural st of HelcdthpGes S g‘tgnﬁoe{‘ét?ﬁltfﬁstéﬁgg%ésn% I%ﬂementf
processi ng Sa'vﬁ\e?’Eﬂ}‘ngtd'fﬂJst éltu‘]'E BN Fb%ersgl?\ eq '"%%aéda?mﬁﬁ g of i al

SS I
:?;Sep(r)?c'?h 419 sBHEIREY) StredR %s% o, g;%eé:gﬁ h e VEYme PRifUhen at
any point in %E |?iga6 E%ﬁe&sé%%mef‘ Isqperpiftyd,fo change thej anesalhy
said first p? 5 ﬁ%gﬁ Z? g q toPRUIGREYSIEEhWhIh; inIdeterage by A Ho%‘éb’t?nd
proc- essi ng'dl & f“?%?é’fé@éjrf‘@éﬁﬂﬁrﬁ?@ﬂ“%@é@%lwlém%% sanme sequenti al
instruc- tion streamthen, restoring with said second processing el enent
the state tHa@iMmEs Thgrmat,hgddaccordmg to claim 1 wherein said first processing element

includes a plurality of first processing elements which function as a multi-
processor.

Claim 3. The method according to claim 1 wherein said combination of states is
determined by said first processing element.

Claim 4. The method according to claim 1 wherein said combination of states of
the first and second processing elements is determined by said first processing
element and a set of one or more first processing elements and at least one
second processing element functions as a multiprocessor.

Claim 5. The method according to claim 4 wherein one synchronization unit is
provided for each of said second processing elements.

Claim 6. The method according to claim 4 wherein one synchronization unit is
provided for each of said second processing elements and it determines when
said second processing element starts to process the same instruction as is
being processed by said first processing element.



.and taking over continued processing of the sane sequential instruction
stream by processing said sequential instruction streamw th said second

" processing el enment, said second processing el enent t

processi ng of said sequential instruction stream by !mmmg}m ‘m{)’ﬂgsy ng
el ement forwarding any changes in the2hrchitectural state m esCco

systemto said first processing elenent; whereby said first and second
processi ng el enents during said processing of said sequential st ream of

i nstructi y ct| v S Ly, _one of
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processor. Caim3. The nethod according to claim1 wherein said
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4. The netgrodideecior @nbl of @aidl sdcond proesssing eRinterto ahd ndétermiNessitadres of
the first ﬁ@sé@&%‘ﬁrﬁé&%\@%lé&eﬁ{ S1APHRHUE drocek theHexe theddchiah Gr fshind
processi ngna'r@&?dno BroRBdsifg s eqfesm%e,nerp%éégsaa b@r%@mt%@és%wﬂs and
at | east ﬁ& %ﬂF% étQF ﬁr%'s% L) o?ﬂ?st&r%h@n% LiB'Re6sgor. Caim

5. The ne acco synchroni zation unit is
provi ded 9 5%6?198 %’l’tdsqboé' ‘ghﬁ SﬁopcPces‘? irrgn;g g‘l?errent S. CI aim6. The nethod
according to claim4 wherein one gnchronl zation unit rovided for each
of said sdc8HB FpTbedustinng ascaring 40 gham & Wherelp the det tion; f wheroitg

pr ocessi ngPreFesing of ingtructiops gf seidssecond IARRSSING elemant howd hesstgepad
processed dyigsared is basedpupares sompused henefit determigationcfayithe Bntimheomet hod
accor di ng npuecbpstamdwithdénputs pooddse e bine ayrettrooization unitdromm the fiesdl ahdr each
of said sesmepddprocessingeleshetents and it deternm nes when said second
processing el enent starts to process the next instruction or same

i nstructi ofjafth 1o0NThEMRERSA 280 fdih§ M cRBNTDWRERS S S8RinBYtsSpHodideld Bl the
processi NG &lchpEIbatidd th&luJ@gﬁHﬁﬁé}% A6EPhH dilcdrPetly2b b ra R fen One

synchroni Zﬂ%é}ﬁ unit 1s provid for each of said second processing
el enents a determ nes when sai d second proceSS| ng el ement starts to

process th I str |on Or .same 1nst h% {gthe F ?ce sing stream
bei ng proc ?é gg BE‘} é%g ﬁ StBHHCHEY when the
processi ng® ?rﬁs fit Etsiy8ﬁ§r°(5‘|'z 'Qi“d"g*econd processing el enent shoul d be

stopped or _ignored. Claim9. The nmethod according to claim8 wherein the
det er mi nat $@imoi2- ihermethed according to claim 6 wherein when there is a stall in proc-

essing of instructions by said first processing element said synchronization unit
determines when said second processing element starts to process the same
instruction as is being processed by said first processing element.

Claim 13. The method according to claim 6 wherein when there is an operation
that the second processing element is not designed to handied in processing of
instructions processing element said synchronization unit determines when to
resychronize the state of second processing element with the architectural state.

Ciaim 14. The method according to claim 6 wherein 'when there is a determi-
nation that second processing element is not providing any benefit to the com-
puter system in processing the said instruction stream then the said
synchronization unit determines when to resychronize the state of second proc-
essing element with the architectural state.

Claim 15. The method according*to claim 6 wherein when there is a stall in proc-
essing of instructions by said first processing element said synchronization unit
determines when and with which of said first processing elements said second



processing of instructions of said second process nt shoul d be

st opped or ignored is based upon a conputed beneh[ﬂﬂ@ &mﬁwﬁm&m or the
“entire com puter systemwth i nputs provided to t on uni t
fromthe first and second processi ng el ements. Caim10. The nethod
according to claim9 wherein said i npdts provided to the synchronization

unit include information determned currently or stored in the system
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16. The nestesd badeobrding to claim 6 wherein when there is an operation that
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I nstructi oGfaipr t&. e mgtheldeaneotrdingitd ciainchmberaiata syncarorizatistneunit ises when
and w th whrehded feradld lsetoid pramesmigngemeatrand & determeings MheRisagd t he state
of second BE&SIRSEI@sEIhGBétheMl stBrtche @6€é§sttﬁ§ﬁ1%kﬁilnsﬁhaﬁﬁ1 ofkaing 17. The
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e ement when processing instructions of said sequential instruction stream

stores results to its personal general purpose registers or to a personal store

buffer coupled to said said second processing element, and wherein said first

processing element fetches data from a data and instruction cache which is

shared by said by both said first and second processing elements for the

purpose of fetching.

Claim 21. The method according to claim 20 wherein said second processing
element is used to process some of the same instructions of the instruction
stream processed by said first processing element.

Claim 22. The method according to claim 21 wherein said second processing
element is an out-of-order processor.

Claim 23. The method according to claim 15 wherein after a stall said first and
second processors are resynchronized and during resynchronization the second
processing element purges all results and partial results of preprocessing of an
instruction stream for said first processing element before resynchronization.



Claim18. The nethod according to claim®6 wherein s I of said
second processing el ements are to its personal gene“mm&mmi ‘IﬂE ters or
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synchrori zation unit is provided for said second processing elenent and it
determ nes when said second processing elenment starts to process the next
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y processmg said sequential instruction stream with said second processing
element,

said second processing element then during the processing of said sequential
instruction stream forwards any changes in the architectural state of the com-
puter system required by said first processing element, to said first processing
element for accumulation and use of said changes for the architected state to be
used at a future time, '

whereby said first and second processing elements during said processing of
said sequential stream of instructions may be executing the very same instruc-
tion but only one of said processing elements is permitied to change the overall
architectural state of said computer system which is determined by a combina-
tion of parts of the states of said first and second processing elements.

Claim 27. The method according to ciaim 26 wherein when at any point in the
processing of said sequential stream of instructions by said second processing
element it becomes beneficial to have said first processing element take over
continued processing of the same sequential instruction stream then, restoring
with said first processing element the said accumulated architected state that
was previously forwarded from said second processing element and taking over



-one of said processing el ements, continuing processing said sequenti al
stream of instructions using sald first one of s ssing el enments,

“and forwardi ng any changes in the architec- turanwlg [ﬁl u rrputer
systemrequired by the second proceSS|ng el enent rocessi ng

el enment, and accunmul ating said f or war déd changes for use for t he
architected state for said second processing elenent at a future tine, and
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sequentialgdngte Wﬁmﬁﬂr éﬁﬁean1t en, restoring wth™sald second processing
el enent the sard acclmilated archi- tected state that was previ ously
forwarded fromsaid first processing el enent and taking over continued
processing of the same sequential instruction stream by processing said
sequential instruction streamw th said second processing.elenent, said
second processing el enent then during the processing of said sequential
instruction streamforwards any changes in the architectural state of the
com puter systemrequired by said first processing elenent, to said first
processi ng el enment for accumul ati on and use of said changes for the
architected state to be used at a future tine, whereby said first and
second processing el enents during said processing of said sequential stream
of instructions may be executing the very sanme instruc- tion but only one
of said processing elenents is permtted to change the overal

architectural state of said conputer systemwhich is determ ned by a
conbina- tion of parts of the states of said first and second processing

el ements. Claim27. The nethod according to claim26 wherein when at - any
point in the processing of said sequential streamof instructions by said
second processing elenent it becomes beneficial to have said first
processi ng el enent take over continued processing of the sanme sequenti al
instruction streamthen, restoring with said first processing elenent the
said accunul ated architected state that was previously forwarded fromsaid
second processing el enent and taki ng over conti nued processing of the
sanme sequential instruction stream by processing said sequenti al
instruction streamw th said first processing element, said first
processing elenent including a plurality of first processing el enments which
func- tion as a multiprocessor.



