CACHE MEMORY ARRANGEMENT W TH WRI TE BUFFER. PI PELI NE PROVI DI NG FOR
CONCURRENT CACHE. DETERM NATI ONS BACKGROUND OF THE I NVENTION 1. - Field of
the Invention This Invention relates to conputer systens and, nore
particularly, to 5 nethods and-:apparatus for reducing the access tine for
| npl ementing store operations in a conputer system 2. Hi story of -t he

Prior Art Iommrmﬁmwy&mmzmgﬁraﬁ?ﬁﬁ%ﬂtrﬁ%ﬁﬁgﬁvghkﬂ gL rieve

|nformat|o&$ s a. substantial port erational tine
of the sys ERERMENATEQNS v t o j ncrease

system speed has becone preval ent In rmre advanced systems A cache nenory
makes use of a relatively BAE : : ITHBNESS nenory in

whi ch recently used |nstruct|ons and- data are store
processor. Such 15 instructions and data are then available In the cache

to be accessed by_t soci ated processor nore rapidly than they-m ght be
In main memi'y ﬁa%!séh?h'é’ﬂle&‘ &“ caching is that, in general,

as they are used by a

than 15 of her | nf 'F’ﬁé??e?ﬁ*ﬁnfﬁ%‘?€%t%sgfi’§ﬂtﬁf§v?€e bkl Befiubies st o,

EQZ? theg rartg,e TRGRECERE apparaIUS ﬁ??ébdtf&ﬁqﬁ%aé@sg tmryﬂge%é@gprswged S0

It may nore rapi an nmay nain ne exanple, in
vi rtual nenmyemﬁehgimaoamnmyﬁwm not need to go through t he | ook-up
operation of a menory management unit to determine the physical addresses
necessary for accessing main menory. Such caching arrangenments have

](c)g(rar 2te(ratjat[ ﬁ g;gg;%iqnﬁ;%fﬁg? ‘%ﬁorse\red of 25 operation of conputer systens
~ In computer systems, the access of main memory to retrieve information
10  often takes a substantial portion of the operational time of the system. For this
-reason, the use of a cache memory fo increase sysiem speed has become
prevalent in more advanced systems. A cache memory makes use of &
relatively small amount of fast random access 'memory in which recently used
- Instructions and-data are stored as they are dsed by a processdr. Such
15 Instructions and data are then available in the cache to be accessed by the
assoclated processbr more rapidly than they-might be in main memory. ‘Tha
basic theory of cachin§ is that, in general, Information which has been recently
used—is more likely fo be used sooner than is other information. The cache
memory is ofien both physically faster than the random access memory used for
20  main memory and is arranged so that it may be addressed more rapidly than
may main memor_y. For example, In virtual memory systems, a cache does not
need fo go through the Iéok-up operation of a memory management tmit to
determine the physical addresses necessary for accessing main memory.
Such caching arrangtam'ents have operated to greatly increase the speed of

25 operation of computer systems for certain types of information.
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Th'ere are many fornms of cache nenory mhlch may be provided for use with a
particul ar processor. In nost of these fornms of cache nenory, information
froma nunber of different physical locations in main nenory nay nmap to the
sane | ocation ih cache‘nennry. Consequently, after some finite 5 period of
time, Information stored In a position in cache nenory may have to be
replaced by ot her | nf or mati on needed by the processor. Some cache nenory
systeﬂs (called wite-back systens) do not transfer information witten to

the cathe menory to ¥Rss &AM Y?oﬁ'nfsoﬁrba%ﬁe'rﬁeerOyﬁJ\\erﬁﬁ%hﬁbU]ﬂoﬁiBﬁB%fWry

but retain that |nformat|on unt a later nore c enient” tinme. Suc

systens tend towit a pamiisalar precesser. On mbst of thdsofohms oliedche memory, f ast er .

in a wite-back cachlng arrangement,- valid information residing at a

posi tion in theirfomhationfromischumber ohditierent pbysical locationsdn maia memonomay et
have been transferred to main nenory sqQ that the_storage of the new

i nformation 15 mapiothefame h@tio@yscaﬂhecrnen@m Censequantlynafter,seme dinita

hetr uct s on 3 ypPedpd 9! B mlewraidh SBied o SsndRIn AU MERRIRmEY faf be
rcoonpl PEEeB“eTE%i'S%%i@x e inalioh Rebfid BF 166 HiGeasdBl oM R ndior
xpoct ed that o SHESA: (ellod Wi bBBk 5GP B dof lraAPleF itbAIdn WHHEH 16 the =
SUMVARY OF THE Ickifdldrhblyito main rémonf as soon as it is iplaced indhe cable memoryrbut

o retain that information until a later more convenient time. Such systems tend to
10 make less use of the system bus and are thus faster.

In a write-back caching arrangement, valid information residing -at a
position in the cache In which new informatio_n is to be stored may not yet have .__
been transierred to main memory so that the storage of the new information

15  would cause the loss of the old information. Thus, data cannot be stored in the

cact.xe on a cache miss. For this reason, a store instruction typically requires a
check for a cache miss; if there is not a miss, then the accessed inforfnation is

in the cache, and a store may be accomplished. This check requires an exira’

Y S ciock cycle of operation and causes substantial delay in a pipelined computer
20 system in which it is expected that a oommand will be executed on each clock

cycle.
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I nvention to accelerate the operation of a conputer system It is
another, nore specific, object of the present invention to reduce the
del ay attendant upon the execution of a store instruction caused by -the
need to address the cache- to determ ne whether a cache mss wll occur
before storing information to the cache According' to -the present
invention there is provided a compét®@r system conprising: a cache
menory; nmeans for -buffering data- and an associative address to bq:i,
stored in the cache nMemgywmXRs" & : Ne cache nenory to e
det er ni ne whet her the catrst'l’ﬂ?Te}’FD%Ff cl)‘-IlEgS ﬁﬁ%m ative address, wherein
the nmeans for- checki ng the.cache .nenory generates a cache m ss .|f the

cache menory dogg nois hotHeiBeope§OoCiadt | \bb stk es6f aﬁﬂeneyieserrtesr)onm ve
to the ca he n1ss for. ternlng%*ng a staqre: ope%gtlon of e cache

nenor y G IARAtR s bt OPEY: f or

bufferlegsteﬁhese and ~ot her object:s and fedtures .of ‘the invention will
be better understood by reference to.the detailed descrlptlon whi ch fol | ows
t aken t oget her with the :drawi ngs ' in which Ii ke el enents are - referred to by
I'i ke designati o4 t hﬁou@mﬂiqme Malsnﬁ%c: - object of the

present 1nvention to. reduce the delay attendant upon the
‘execution of a’ store 1nstructlon caused by-the need to
‘address” the cache to- determlne whether a. cache miss w111 -

occur. before storlng lnformatlon to the cache. ' _ C e

] | - u
According - to the present ' inventiofi theré is -
provided a computer system, comprising: |
a ‘cache memory, S C e R
_ ‘means for bufferlng data and an assoclatlve
iaddress to be stored in the cache memory,' T '
" ‘means for checklng the - cache memory to. determlne
3whether the- cache memory holds ' the assoc1at1ve address,
w;whereln the means for checklng the cache memory generates
”a cache miss 1f the cache memory does not hold the
”'assoc1at1ve address, and _ ; : o
_means’. respon51ve };to--:the -'cache “miss - for
,rtermlnatlng a store operatlon of the cache memory before'. LJ
~ the data and the assoc1at1ve address 1eave the means for
"bufferlng. o ’
These and other objects and features of the
 invention wfll be better understood_by-reference to the
detailedadeSCription which follows taken together with ' -
the drawings in which like elements are referred to by '
like designations throughout the several views.

Il



BRI EF DESCRI PTI ON OF THE DRAW NGS Figure 1 is a bl ock diagram of a cache
menory arrangement constructed in accordance with the Invention. 5 Figure 2
is a timng dlagran1lllustrat|ng the sequence of events occurring In a

typi cal operation using the invention. 10 NOTATI ON  AND
NOVENCLATURE Sone partions of the detail ed descriptions which follow my be
presented in terns . of algorithnms and synbolic representations of operations
on dati@_ bits within a conputer nenory. These al gorithm c descriptions and
15 representations are the neans used by those skilled In the data
processing arts to nost efgd# : ~&heir work to
others skilled in the arft. A | Ty, conceived
to be a self-consistent sequence of steps Ieadlng to a desired result. The
steps are those requiring physical manipul ati ons of physical quantities.
Usual Iy, though nofFigweeisisaa blogk didgraireofa gaohé nidmory tatiangehrent eobnsinicled

el ectrical or magnetic signals capable of being stored, transferred,

conbi ned, comimaedordange withethe invention.pul ated. 1t has proven conveni ent at
times, principally for reasons of comon usage, to refer to these signals .
as bits, vBlues, elenents, synbols, characters, terns nunbers, or the

[158; ¥ Shoul 3 be (50t e Bk haRF it oy @ea{xsﬁ%ﬁfm‘fs BRHTING, o
and are nerel Xn%opy\‘fdal 3%,&@“6&@,@% hﬁgnﬁ&nt hese quant ities.

u
10 | NOTATION AND NOMENCLATURE
Some portions of the detailed descﬁptidns which follow may be
presented in terms of algorithms and symbolic representations of operations on
‘data bits within a computer memory. These algorithmic descriptions and -
15 representations are the means used by those skilled in the data processing arts

to most effectively convey the substance of their work to others skilled in the

art. An algorithm _is here, and ganefally, conceived to be a self_-consistent :
sequence of sleps leading fo a desired result. The steps are those requiring
physical manipulations of phyéical quantilies. Usuélly, though not necessarily,

20 _these quantities take the form of electrical or magnetic signals capable of being

_ siore_d, transferred, c@mb_ined, compared, and otherwise manipulated. It has-

proven convenient at times, principally for reasons of common usage, to refer
fo these signals as bits, values, elements, symbols, chare_i_:!ers. terms,
n\jmbers. or the fike. It should be borne in mind, however, that all of these and |

25  similar terms are to be associated with the appropriate_physical qua'ritities and
are mérely oonvenieﬁt Iabeis applied to these quantities. |



Furt her, the mani pul ati ons perforned are often referred to in terns, such
as addi ng or conparing, which are cormmonly associated with nental
operations performed by a human operator. No such capability of a human
operator is necessary or desirable in npbst cases in any-of the-operations 5
described herein which formpart of the present Invention; the operations
are machi ne operations. Useful machines for performng the ‘operations of
the present invention Include general purpose digital conputers or other
simlar devices. _In all-cases the dkﬁ%JnctiOn bet ween. t he et hod of-

operations I n opEvahermihe;mapipytations pegformed ate ofian setegedadn terms. speh) 1 )

shoul d be bornedn =210 mind..fhe present Jnvention I to apparatus .
and to ot nB% Aaeigor anpard. Which Bre cERFny RESRRRAM BBl TORT o

ot her (e.g: ' ; I & a SNaN&; ) fHane’

‘desired phyig ‘ca 3@?S’ngéﬁ&qu%dmahm%%hﬁ%%s alsg | %ﬁl&% THE _

| NVENTI ON Regperatoris necessary lor dasieabiletihenesticases ivahy of tib operations di agram
forma menory arrangenent 10 constructed in-accordance with the present -

| nvent i &. dascribacthereinewhichdoim piarideidhe presentjnventionnthenoparations areory 12

which in 20 the preferred enbodi nept |s constrycted of very fast nenory
devi ces. ThBachineeperationss ﬁﬁ?fﬂf?‘afglm§%ﬁ'f pe mnﬁw%%@f@'ﬂ%ﬁrﬁf & or at .

| east some portion of ..a copputer em Assaciared wiih. t access
. menory 12 i ’%?e@gﬁl"%m'&c\,h%% Séﬂéﬁhﬁ%gﬁtcﬁgﬁ‘gqow&ﬁﬁ@ﬁe{ ﬁ@q%mef erred
enbod! Ment gBYicBE. In &l ChSed Hid UiSinQRABCebA thE HLiASA oFbparlioR P UL S| gnal s
in response 10-25 "selected input signals in a manner we nown to the
prior art. gherftingtd ébmgt)tfec and tHe méthod ok aompatationdsell sholldbd bérr@tal s [,
representi ng addresses being ~accessed, wite control signals, and wri_-.t\!-'
cancel - $9 gnahind. The presend invegtion selates 10 apparatus and to method steps for :

operating a computer in processmg él'e't_:tr’ica'l"br other (e.g. mechanical,

chemical) physical §ignals_ to generate other desired physical signals.

R___efefﬁhg noﬁv_ io Flgure 1 l_hefe ismustratedin bidc_k d'i”a'g-_jram: foﬁn a
memory _afr_anQé_me_nt 1_'0 cbnstructed in é&cbfdéﬁce wﬁth the"i"présent iiiven_tibn. _
~ The ﬁ__a_rrang_en?a_e'ht__1-o includesla'ﬁ' array of random _ab_cess memory 12 whichin '
._ 20 the prefe.rred__embodimept is ci_:h_é_tmdle_d @f- very fast 't'nembrfy_'. dé,Vices,: The
| _randém acoes._s'-."rh_emq@j. 121s utiluzed '."ag cache memory for at least some )
ppﬁio_nof a computef gysie_i_hl Associated with "t_hé ;andoiﬁ-aéce_és"ﬁ\ehiory 12
s a control 'circ_u'it_1'4. The ¢ohirql'¢iréuit 14 of the _préferréd _érbbodii_he‘nt rhay
~ be _a.state mach.i'h"e.__'_ga'_apt'e:ic_l toproduce cerlaln output signals in réspd'qse to
_ | és  selected ihpﬁt Sigﬁéis ina manner wall knownto tlie__ bﬁor art..'T'he't_':'éhtrOI'

circuit 14, for e_xatbﬁi_e, "reéei'\’?e;.s input 'si:griéi's_ r_e'b'resmt'ing addresses being

5



provided froma source of wite signals 16 and are furnished directly to
the control circuit 14. The address signals are furnished froma source
such as a processor, not shown, to an address register 17. Fromthe _
register 17 the 5 addr ess S|gnals are used by a series of logic elenents
to provide control signals to the control circuit 14, The wite cancel
signals. are furnished fromcircuitry 31 which determ nes whether or not a
cache Jg.ss occurs on a store access of the random access nenory 12. 10

The address regigucgEseli! wiie eeﬁmﬂ%k%lé%ra Wh!éf@édcbv ighats! e Wiltos ;Pda[lﬁre

address buffer regi ster 20. The n er of lines utli |zed IS su ent 1n

t he particul ar (pvoﬂdedelromsmbcofMMSbBalsa‘le and aréfurished divectly tedhis ess i n '
parallel to the first address buffer §'gl ster 20. In |like manner, the first
address buffer rcogligteirculld4 sTheoaddrese signgls areifwemishediram gisourgesuohas.a

second address fer

regi ster 20 and%%é&%géiw&éﬁ%k §§"ﬁ%ﬁ*g€§g g‘%’“j Ei_fmﬁhea'gg%gﬁﬁéd of
circuitry adgpt %&r@sssﬁi?ﬁtﬂs afo assl Bp 8 SiRieB BT W6 BRePRbritd 1d PRVITR®InIrol
arrangenent 10. |t shoul'd be noted that any nunber of buffers mght be used
in the pipeline dignatetb the qantroliciecuitifad. r Eheiwride pancel sigdalsyare fernished ftdnon
with only minor variation in the circuitr 20 Data to be stored In the
random access ne?i’t?P&‘lth 35 “"F’W‘h@ﬁ@ﬂ‘lﬂ%ﬁ shethex PRgiostcagiie mLemoscursuPR e
such as a processo not sh OV\E n a.nanner sinilar to the addressing :
arrangenent, the? (f&f”é PERTE: 8 hfg randem AceeF L FMYaltt urality of lines to a
first data buffer register 23. The nunber of lines utilized is sufficient

25 'y p the particular_conputer systemto transfer all of the bits of data
to be storeddn the rmmmraetﬁstm%mmemdemsawrelltprh@ea)multsion in

par allel to the _fazlicr!ress bufter register 20. The number of lines ulilized is sufficient in the

particular compuler system to transfer all of the bits of an address in paralie! to
~ the first a_ddreés bufter_regislér 20. In like manner, the first address buffer
re.gist'e-r 20 is connecled by a like m-meer of lines to a second address butier
“15  register 21. Each of the first address buffer register 20 and the second address

-~ buffer register 21 are constructed of circuitry adapted to store an address being
| accessed in the memory atrandeinent 10. 1t should be noted that any number of
buflers might be used in the plpeline formed to produce the resulls produced by
the invenlion with only minor variation In the circuitry.

Data 1o be stored In the random access memory 12 Is fumnished to a data
register 18 from a source such as a processor, not shown. In a manner similar
to the éddresslng arrangement, the data register 18 Is connected by a plurality

* of lines to a first data butfer regls_tér 23. The number of lines utilized is sufficlent
‘25 In the particular computer systgm 1o transfer all of the bits of data to be stored in

the random access memory 12 in a single store operation in paralle! to the first
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data buffer register 23. The first data buffer register 23 is connect ed by

a like nunber of lines to a second data buffer register 24. Each of the

first data buffer register 23 and the second data buffer register 24 are

constructed of circuitry adapted to store the data being-stored-in the

- menory arrangenent 10. Again, a 5 | arger or smaller nunber of data buffer -
regi sters mght be utilized;, but the invention is nore easily described '

with-only two stages. A mul ti pl exor 26 receives Input directly from.the- _-__

addr oss 1 CUeh BN dHidlel 58T frS 4R BuREE FiistoP s | eoﬁ@%tgﬁtﬁ,g%gata

Simlarly, a mlt recelve I rec

register 1Gyamsbr érnineslt@atsebbnd Hatebuttbite teﬂietérf@r Bt o6 174 catgibiienn ¢ he' .'

second data buffer register 24. Each of e nmul tiplexors 26 and

f urni shes inegistert 28 ahd thasekmndadatastmﬂeemegi;terIGa'etdsoltstmoﬁedrofuircum'yseI ected
to be- stored at a particul ar address in random access nmeno 12 may-be -
stored t heradapted tasmmdate beinghsipred in theampmony aaamgemert/f OpaAsalnf a
conparators, 28 an

(o thehéom'argerarrsem?lpr Birmber of e s iaiters midht B ﬁwbﬁi’:&?f%gl e
L om e, =it et sbbinsd 2“3‘?'2@'?“\2685'%%0 e f e comparat or 2920

al so receives the address stored in the second. address buffer register 21.
The random access memory 12 furnishes a data out signal on a plurality of -

lines to a nul tiAlmultipleRér. 267 hl:elﬂdsﬂnpﬁt&itﬁct@%@rhﬂbe eddmiseaagicter A 7dandct | y
fromthe nmultiplexor 27 The data transferredm’éﬂt he mul tiplexor 33 is -

provi ded t ofrancthe seeoad addrass diutfer registen il c 1Si mammﬂtiplma?crecemsi ci b—
time O1ro Utilrllplu% |tr_|egt trom she dgtlatrgglster 18t gr?d ir%rr}idgot he ?‘rst dgg%)uii/er register
: 23 and'.f'rom the second data buifer register 24 -Each of the multlplexors 26 and
27 furmshes input to the random access memory 12 so that information selected
tobe'stored at a particular address in random access memory 12 may-be stored _
.theretn in.a manner well known to the pnor art | '
A pair of comparators 28 and 29 furnish the resuits of a comparison of
address inputs to the control circuit 14 These oomparators each receive input
directly from the address register 17 The comparator 28 also receives the - _
address stored in the iirst address bufier register 20 while the comparator 29
20 also recelves the address. stored in the second address buﬂer register 21. \J
~ The random acoess memory 12 iumishes a data out slgnal ona pluralrty
of linesto a muitlpiexor 33 The multiplexor 33 also receives data directiy from .
the multiplexor 27. The data transierred by the muitrpiexor 33 is provrded toa
25 data out register 34 which_o.gerates to provide sufficient t_im_e____ for utrl__izatron of the .

output of the random access memory 12. -

I



As expl ai ned above,.In prior art systens, a store Instruction typically
requires a check for a cache mss; it there is not a mss, then the
accessed information Is In the cache, and a store may be acconplished. This
requires a 5 delay for a nunber of clock cycles of operation and causes
substantial delay in a pipelined conputer systemin which It |Is expected
that a_command will be executed on each clock cycle. For exanple, It is
expect®d that the invention will be utilized In a reduced Instruction set

co ter (RISC ch t he, Sgal,abl e, Processor Architecture. (SPARQC) .
cogﬂt er(desi )gnzg a 3 ﬁma'l‘l'ﬁatﬁb&@?u"'e&mﬁ &MS%@S%PEFM&FW !))Hm!'ﬁt ain

cache mss in s deableg haeck fordPKadiemidit nifiedis i Bimic whnE Boopled” | .
first address -b%; ati6h i irfthe €aché hﬁn&Efég&?hlgﬁgmgﬂaéligﬁ%d.GQ‘hﬁtﬁgu@és a

the first data bu r register 15 23, an uffer register

24 to providg a delay foreal numbet of clockeyclesdsfroparatiors and kauses! sulsstaitizd defay in
sufficient time Is provided to allow the tag portion of the cache to

det er mi. ne whet hea pipelined chaputer systemi irmwhichdt isoexpectodithat acemmand wilkber e
operation. This buffered input allows the pipeline to continue W thout the

halt normal Iy reepaouted PR gch slock aycle,s Fergxampla. dds expegied thabthe inyention
e 06 o QAT BB,
Guring a firer codpBPfoResict ARniEatig ISPANCS oipdipls degared sh? © °f 1°

cachg or ot hgy npwERitactiredbyt Suh Mitoysens) 1heS Mauritalncdiew, Galildialn t he
next clock cycle, the address in the address :

In order to obviate the delay caused by a check for a cache miss in sﬁch
systems, the present memory arrangement 10 utilizes the first address buffer
register 20, the second address buffer register 21, the first data buffer register

15 23, and the second data buffer register 24 to provide a buffered input to the
random access memory 12 so that a sufficient time is provided to aliow the tag
portion of the cache to determine whether a miss has occurred at the_address
accessed for a store operation.’ This butfered input allows the pipeline to
continue without the halt normally required in prior art systems in order to check

N\ 20 for a cache miss and thereby substantially increases the speed of operation ot |
the memory arrangement 10,

Referring again to Figure 1, in the case of a read operation, the address
fo be read is placed in the address register 17 during a first clock cycle. Since

25 the data is to be obtained from the cache or other memory, no data Is placed in

| the data register 18. On the next clock cycle, the address in Ihe-_éddress '



register 17 is furnished by the nultiplexor 26 to the random access nenory- -
12. This is the normal path for a read operation. In a store operation, on
the other hand, the address Is furnished to the 5 address: regi ster 17 .and
the data to be stored Is placed In the data register 18 -during-a first
clock cycle. It will be understood that In various schenes of operation, .
the data mght |ag the address by one clock cycle; however,”to nmake ot
under st andregistehd 749 turaished byethoanultiplegori26 do thdrandomeactess merhory 121at data
- are considered to be furnished on the sane clock cycle. On the next cl owff
10 cycl e, Thisisdtielnospakpathdar areadoperalien. respectively,-in the first
address buffer register 20 and the first data buffer register 23.- It
shoul d be noted that only a store causes information to be placed in the

first address apd data buffer registers 20 and 23 T earance of
the next store ?fb@_ ?5ed Lb’%ﬁé"'a?ﬁ@:hgséﬁ%ngg@qﬁ?%gpregggg&&@gn&&gq a}eegi ster.
20 and g he Shal At {7 had ik et 186 lthé tafd d Into
t he sec%nd aggP r ess@g[)s_liﬁf{e?r aﬁ%é’?@?@% 1";&%8(%;‘% Eeﬁ g%e?:%)ﬁ(}héa%[agd geﬁgf@_egi ster
24, respeciduringa firshclockcyeled cis wilkbe ahdersteodties itbaridis schefiesidl Whi ch the
system nay- test to determne whether the address Information |s stored in
t he randomopecation, tiserdata adghtdagthe atidressdy ome clockicycle; howewenitoed to be
placed at that address In the random agcess 20 nory.12. Then, upon the _
appear ance nake yader, §3&“d§'{ﬁ)’9&'@ QRatatiqn sasier, the gata Qfg W@#@‘i"@%@%ﬁﬂr ess -
buffer register ned, 1He o N fhe s - glat A, bukf ar . reg [ 24 are
l'ocked | nite enpsPefiitid oF siidishetbl 8 S48 Unckbylle Ondhe REM GbEK £ .
write ggablegei W& adlifdd® dritbdataCdre’ Mhcéd, redbéctivelyd il 8 frdt hadrels bufrgeom -
accessegrerm ggigﬁﬁlhgatéﬁg]%ddr%ss a'clgessed fgr _’t'hey_ds't ore 25 operation | SU
not pr esentrepiztdr20 amhthefirstdatasbutienvegiste? 23h dishould be netedrthakonipabl e
signal |Is not furnished and the wite operation |Is cancelled so that it
will 9 - store causes information to-be placed in the first address and data buffer
 registers 20 and 23. Upon the appearance of the next store ._qﬁe__r:_g_'t_ip_r__l, the
address in the first address buffer register 20 and thie -.data",__in the first data butfer
16 register 23 are clocked into the segond-—add'ress ,Buffer r_egiste‘::._2_1,;;anq the _.
" second data buffer register 24, ‘r_esp_ecﬁ?eiy: -This provid_e_s ?ﬁlo___:clo_ck cyc!es at
~the least in which'the system may test to determine whether the address
‘information s stored in the random access memory 12 before the new
information s required o be placed at that address in the random access .
20 memory 12. Then, upon the appearance of the next store operation, the | \J
address in the second address buffer register 21.and the data in the second
data buffer register 24 are cpoked-intothé random access memory 12 atthe _
" addressed position by a write enable signal from the chr‘oliéirmn-M directed
to the random access memory 12. I the address accessed for the store
25 operation is not present in the random access memory 12, however, the write

enable signal is not furnished and the Wriia 'dpera_tion_ is cancelled so that it will



not wite over information at the addressed position of the random access
menory 12. The'two conparators 28 and 29 are utilized to allow a read
operation to 5 ocicur In a situation In which a store to an address has
taken place but:the information Is not yet in the random access nenory 12
because It has not yet propagated through In the pipeline provided by the
first data buffer register 23 and the second data buffer register 24. The
addreg’s, t o be nebwritenoverdnisomiation at the addressed pesitionphtherangdomraccess
conpakdtors 28 and 29 with the addresses held 10 in the register stages of
t he address pi mmm.‘&f,- on a read operation, the address ih the address
register 17 conpares With the address In either the first address buffer
regi ster 20 or the second address buffer register 21, then the control

circuit 14 causes t ‘?ﬁa%ﬂf&?@#rﬁ‘lﬁ%‘é&%ﬁ%f% ﬁtﬂ&%g‘i??go% fedl o@%?ét 23

or second data buffer regis 0 be selecte t1 plexor and

15 furnished goémchle sitittiondh which ELstbreocarPaddrss hab heken plasce butWest er 34

wi thout waiting for the Information to be stored In the random access
menory 12. Theinfprmatiorois not yetia the rangomraceess memoryd 2-hacabse idtasaot yet

understood by referring to the timng diagramof Figure 2. A nunber of
system cl ock™ cpropagated through In ME]BQWQP&V@qq b!lylar'g!ﬁbﬁa‘&l bufigr regisiepg3of

Paure 2 A\ Biaih beSoREodl fulfer ShOF AL i AR Wy PP Ted BB,
fCLf’rC] iks ﬁgg' grS] | ts EngIEtneFr) lj}? is cohiparédby the compaltér®ss aRE 20Vt the m%@rﬁ& 'S
s ‘10 in the register stages of the address pipeline. If, on a read operation, the
address in the address register 17 compares with the address in either the first
address buffer register 20 or the second address buffer register 21, then the
control circuit 14 causes the address in the related first data buffer register 23
or second data buffer register 24 to be selected by the multiplexor 27 and
15 furnished directly through the multiplexor 33 -lo the output register 34 without

- waliting for the information to be stored in the random access memory 12.

The operation of the membry arrangement 10 may be better understood
by referring to the timing diagram of Figure 2. A number of system clock cycles
| W, 20 from 1 through 9 are illustrated along the top of Figure 2. ‘At the left edge of the '
. figure are listed the various signals. The ﬁgur(_a illustrates the condition of these '

signals during each of the clock cycles shown.

10
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address lines to the address register 17 on each clock cycle. The output of =~
the address register 17 lags the Input by one clock cycle. The wite input
signal is furnished In the exanple of Figure 2 to the control circuit 14
during clock 5 <cycles 2-4 because addresses 2, 3 and 4 -are the addresses

to be witten. These signals indicate to the control circuit 14 that the
data signals furnished at that tine on the data lines as Input to the data
regi ster 18.-ar4n Figurel2;ityoay bd seenithat a aewaddaesscisfumishedyorithe inpukse -«
signals also indicate to the control ctircuit 14 that the_address associ ¥ed

with the daddfTQS inesde the agkdeas fegistent/ gnreachmbcka@mqesplmeﬂtﬁm qlt e ster
20. Co , S 2. . 4 a ' I, |

(e rar i odod 8 oo R ol L Wl bt SB5SER, [
st or °5 0kTEheY o 1RRg 1 FRRAS 4o me B ohhcr Blndd g g 2 1

respect gvelaoidst 2 3udatisd adBRisiRs(2)d and'd drBfthé BBHIEed tb_;baevrftt'ernlsfs address

and data buffer registers 20 and 23.dUr|ng the clock cycles 1-3 _

i ndet er i nafipsecgignalsindicatetd ahe controheirouitcidothabtheodata isigralofurnishedat 10 as
is indicated by the question marks shown-during those .clock cycles for the
parti cul ar thatfirae oncthe data ines @s Input to the data cegistond8 are to-berstored in the st er s
act as a first-in first-out cjrecy,t and are only filled when g store cycle
oocurs. It TRBdpY aqagss MATHOR 14 hesh ataraln w83 indicate 13 e Catted] it
buffer pipeliiCsul. wGhi N8 $- Tt Er gt address
and dat"g BUH g]‘at r"é%#é?@gg a%&gﬁig%gﬁl?g%d?%tggs% gg?:!a&lﬁkaz;gggafénh{ e second
addr es'slo?‘“daﬂlfrbg?huff%ﬁi‘egfs?ﬂ'éﬁ.en%'ég@é!ﬂly.zﬂmé’\ﬁdﬂ}e%&@;%;éﬂm ape 3

i nformation 1's ace ~first address and data buffer r'egi'ster's 20 éﬁ‘ﬁl

23. In'the sqjrentalyclocketintd thsfirsy abidréds bulier eagister 20 front the dddress addr ess
S H _register 17 and the 'dé’ta’assbcia,ted.v{:_ith those addresses are clocked into the -
first data buffer r'e:gi'st"e'r-. 23 from the data register 18 on clock cycles 4, 5, and 6,
| respectively. - - ' | |
15 _ : . TR
ot should be noted thatﬁ-th'e'informagio.n.i'n -thé.'_ﬁrst address and data buffer
registers 20 and 23 during th;a clock @:ycles 1-3 :is indeterminate. and not
~ important to the ope_r:atidnfOf._-_t_hét'memory array 10 as is indicated by the
 question marks shown during those clock cycles for the -pértit’j:ul,arf-buﬂer |
20  rogisters. This is true-because the bdﬂer__registérs- act as a first-in first-out W
circuit and are only filled -w_heri a stOré-cyc!_e- occurs. It is for this .Eeason that
the addres;_ 1 is not placed in the buffer pipeline._ --.Th'u_s, on.cléck:_cycle 5, the
signals in the first address and data.biszer reg_ist_ers 20 and 23 (address 2) are
placed in the second address and data buffer registers 21 and 24 when the
25 address 3 information is placed in the first address and data buffer registers 20 R

and 23. Inthe séme manner, on clock cycle 6, the signals in the ﬁrst address

11 4.
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and data buffer registers 20 and 23 (address 3) are placed In the second
address and data buffer registers 21 and 24 when the address 4 infornmation
is placed In the first address and data buffer registers 20 and 23. Once
the Information:ls In the second address and data buffer registers 21 and
24, it Is 5 available to be witten Into the random-access nenory 12. It
shoul d be noted that the address 4 and data 4 signals are held In the first

address . and dat anlshe bufie@iegisters 200and 2338ddaids8 3) are placetidh thdsduumalise

t here™ef e no further store operations perforned to cause those buffer
regi sters to’ beaddressemd/data butfeeregigierss21 and 24/ when theladdressi¢ infotmation is
address 3 and data 3 signals are held In the 10 second address and data

buffer register 9'@3?“&@&%%@@??9@@%@@3@%fQﬂ!%‘ﬁ[Ss@ and 23. Hrcather ur t her
[ LT ' : )

Sccess nonory. 1InBrRatr B4 the Second ddkiress Snd dati bl rsgisfact 21 niéA s,

Fi 2. As i D00 LS eR on.

Ehe addr ess  np BvalEHHE 16 g e i5o B TAndcHS BREEE etk 322 1 EFRGLIA B rithba "

mul L1 pl exor - 26 gharaRb addfesa aiPoaU SighalststeTield in'the iFSdddreds indalita’y ©! es

2, 6, 7, and 8. e resses int ress register 17 are furnished to

t he random acceypmffer reyisteds?200snd 23 aftériciodkeoyeie Bhectisethere ateho futher store
required on a read operation, the informati on shown for 20 the D input is

indi cated by a mpesations pasiorned to cgusenthasediuftar regisiers;to ks necessennte laternd,
occur T ence. of - CPRSRIDNSp AR ATKE TMaRm, he BUATBE NG HalR AAgRAI ALs PRlddnthe ¢ ne
Fegi SPer s 219andesnd addis AL gh lter FegbErE st PAnet Wbk oo 0.
‘(‘:; LLEdC‘yMSfQ gf'en%ééfgse et aréfdtaARerRBRAG Seraflond Berdsithieriss fegi ster at
The address and data inputs to the random access memory 12 are
llustrated as the A and D signals, respectively, in Fi_ghre 2. As explained
15 above, when the operation is a read operation, the address lr{put.to the random
| access memory 12 is fumished by the multiplexor.26 directly from the address
register 17. Thus, on clock cycles 2, 6, 7, and 8, the addresses in the address
register 17 are furnished to the random access memory 12 by the multiplexor
- 26. Since no data s required on a read operation, the information shown for )
(% 20 the D input is indicated by a question mark during these clock cycles.
On the other hand, information Is stored in the ra‘n&om access memory
12 only upon the occurrence of a store operation. Since the store information
is read by the multiplexors 26 and 27 from the second address and data buffer
25 registers 21 and 24, respectively, and those buffer regisiers are not yet filled
~ when the first store address appears in the address register gt clock cycle 3, no

12
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operation takes place even though a wite.” enable signal is present at that-
cl ock cycle. The sane thing happens at clock cycle 4. However, at clock
cycle 5, address and data signals are present In the second address and -
data buffer registers 21 and 24, and this Information is stored in. the
random access 5 menory 12 upon the occurrence of a wite enabl e signal.
~ The wite cancel signal may occur two clock cycles after the store.

oper at i on gperatisrcRRkes plae\even thoayh awiitei mm@s@aaerstmeemmtmarclacm se7has
occurred at the address accessed for the store operation wthout -causi

any del ay cyale. hEheisgaiei thingohappensoptesionk cycig ﬂhdloweva, ahiloek cyclpnd) woul d
be asserted.in clock 4 to-cancel 10 address . Consequently, the system .
oper at es &ddsess 8rd gate; signals fasspeeseowe@etmna@dgms;ram datguiflors. The

si gnal ap ea ad S I|n s at _coc cle shoul d be noted. -

This is a g'éiﬁﬁ%d dté]ge(%ﬂﬁ'r fomaljan is, gk in, Pc.'ﬁ" O 8568SS ot been 15

storedgln éﬁﬁ? ddress.

buf f er regrbgrﬁlorf%%}?ﬂ‘lﬁgs eés@%y%ﬂ%n}eakggﬁres?&egl S gfwﬁlg coiﬂisgr ed to the

addr ess | rsigie riaf eBsLrane sk SydiéLaneramiesit6re dperttion BmPRSHE 9 and

causes the|cont rar circuit 14 Wenabl e the sé’ﬂ,oil pl exor 27 g%‘ql\f]e?

nul ti pl exdhe 39stem timarte fascertdin whether anmisschasocouireddt tho abitieess register 24
ister 34 20 In the manner described _above One special

to the output ;@?
advant age agcessed fariihe slqre opesationuwitholt causingsany delayrithe pipeline ohare -
required t

e e PR ok Wi A e kBB B ki "
|t er G4NagidraRe of" eonsér;ueaﬂg Mo sy%le?n %@ﬁa@é’aﬂﬁ%ﬁéﬁhﬁ&ﬂf lasr&%ggggxu ty Jd_

pi n count e rest Sys
than do prior art systems.

The signal ap‘béarl'ngﬁ on the address fines at clock -cy'cl'é 8 should be |
- noted. Thisisa read signal to address 3, an address which has not yet been
15 stored inthe random access memory 12 but resides in the second address
- buffer register 21. This address inthe address register is oompared tothe
address in the second address buffer register 21 by lhe eomparator 29 and |
causes the. control circuit 1 4 to enable the’ mull’plexor 27 and the mulllplexor a3
to transfer the data in the second -dat_a butler register 24 to lhe__oulput register 34
20 inthe msnne'r described above. .One special advantage of the. invention is that <
the very small amount of hardware required to lmplemenl the invention allows _
~ its placement direclly on the random access memory chips so that the complex
~ data and _address_p_ath __lnlsroonne_ctlons a_re_wrthin_-lhal_ chlp thereby
decreasing the complexity and pin count for the rest of the_syslsrrl,- :

13
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Alt hough the present Invention has been described In terns of a preferred
enbodi nent, it will be appreciated that various nodifications and
alterations mght be made by those skilled in the art w thout departing
fromthe scope of the knvention. The Invention should therefore be nmeasured
In ternms of the clains which follow 14 - 15 - CLAIMs 1. - A conputer
system conprising:. caghg nmenmory;. neans , fo buf f eri n dat a and an
associ-ati ve address ﬁghﬁ‘ég %’85?% 'PH%'%E%‘CH%S fB ,scrrl%eﬁlg egps oh Bc i ng
t he caghe nenor t i LR iol1® ifidafions an
ré18rdg é?ﬁﬁﬂd?ﬁeﬁfgﬂm be ?@r@%ﬁaﬁ@tﬂec Iiﬂ%lngi%t ng cahq?c ifidafion ¢ d

associ ati ve address, whereint means _ e menmory
generates a caciferitions imight o Mmads Dy TAESE kkilled in T arl Witholhdepsting from the
address; and neans responsi ve to t he cache m ss for term nating
a store operation of tscopacththeriawvenfjorbeTbednvendionshwouichthereforebe measured

address | eave the nmeans for bufferi n'g. 2. A conputer systém as clainmed
inclaimi1 i% win tetms of the claims which follow. . -

14
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a

t he neans for bufferi ng data to be stored in the cache nenory corrprlses
means for formng a pipeline of addresses to be accessed and data to

~“ be stored at such addressees. 3. A conputer systemas-clainmed in claim

2 in which the means for forming a pipeline of addresses to be.accessed

and data to be stored at such addresses conprises a first address
buffer register for storing the addred® of information to be- stored, and a
first data buff er register for storing data to be stored at the address-ln
such first address buffer register Ms. . A.conputer system as cl ai e N
claim3 in which the neans for forn%%jn?pl peI i'he of addresses to be- '
accessed .&nd dat aPt GOBPUEEsT SYSkemyy COMRFdSENEEs f urt her . conpri ses a second
address buffer regi ghehel Q,rematxgrl ng the address of information to be

stored, and a second: dat buf reqi.ster.-for stoyin data t o, be stored at
the address in suPf® 9500 E?l"‘g;? e3atRyi ﬁr@; sh asgociative
~conput er afgdtressatochbe std»rleﬂ clhaltMneZOHmheﬁnfemdﬂpr corrprl ses ‘an |nput '

address register, Qgﬁ t&f ]&-q*geq; gcgggéeag r&rq:@ edéf%{lj;@ [ nput

address register or Ineo esses cce
conput er whetherafhe am%eme@paymhdﬁth@ aSSOCIatlve address,

wherein the means for checking the cache memory generates
a cache- m1ss if the cache memory _does not hold the
assoc1at1ve address; and ' "

' means responsive - to the cache ‘miss for
terminating a store operatlon of the cache memory before'_ } W
the data and the associative address_ leave the. mean_s for
buffering. B

2. A computer -sy'st_em as claimed in claim 1 in which

the means for buffering data to be 'stor'ed.in_ ‘the cache
— memory comprises means for forming a pipeline - of

addresses to be accessed and data to be stored at such
addresses. ' ' h
3. A computer system as claimed in c1a1m 2 in which
the means for formlng a plpeline of addresses to be
accessed and data to be stored at such addresses
comprises a first address buffer register for storing the '
address of 1nformatlon to be- stored, and a first data -
buffer regiSte'r- for storing data to be stored at the
address in such first address buffer register.

4. . A computer system as claimed in claim 3 in which - -
the means for formin'g a pipeline of addresses to. be
accessed and data to be stored at such addresses further
comprises a second address buffer reglster for storing

the address of information to be stored,' and a second

data buffer register for storing data to be stored at the
~address in such second address buffer register..

. O mmmm
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coﬁprising means f.or conparing address in the input address register to
an address in the pipeline of addresses to be accessed to determ ne whet her
an address to be read exists in the pipeline of addresses to be accessed.

7. A conput’er systemas clainmed in claim6 further conprising neans

for accessing data stored in the pipeline if an address to be read exists

in the pipeline of addresses to be accessé® 1 (1111 1111111111111111111
S. A computer system as claimed in claim 2 which

further comprises an input address register, and means
for selecting addresses from either the input address
register or the pipeline of addresses to be accessed.

6. A computer system as claimed in claim 5 further
comprising means for compafing address in the input
. address register to an address in the pipeline of
addresses to be accéssed to determine whether an address
to be read exists in the pipeline of addresses to be
o accessed.

7. A computer system as claimed in claim 6 further
comprising means for accessing data stored in the
pipeline if an address to be read exists in the pipeline
- of addresses to be accessed.

________*___;_‘~__~_
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