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‘JESCRIPTION OF THERELATED ART
The demand for quicker and more powerful personal computers has led to many
“technological advances in the computer industry including the development of faster
‘themories. Historically, the performance of a personal computer has been linked to the
speed of accesses to the memory to retrieve data manipulated by instructions and to
*yetrieve data coding for the instructions themselves. The performance of high speed
“processors was hindered by slow data access times. To expedite data accesses, a fast
“femory known as “cache memory” was developed.
A cache memory is relatively small and operates at higher speed than a main
“memory due to either a more direct coupling to the processor or hardware adaptations.
The cache memory stores the most recently utilized data blocks such that accessing these
blocks is faster than accessing the main memory
The use of cache memories ordinarily enables the processor to reduce the number
of wait periods associated with retrieving data from memory. When the data requester
issues a request for data, the cache memory determines whether the data is present in the
cache memory. When the data is present in the cache memory, a situation referred to as a
cache memory “hit” occurs, and the data is forwarded to the data requester with a
‘telatively small wait. When the data is not present in the cache memory, a situation
referred to as a cache memory “miss” occurs, and the cache memory performs several

“operations. First, the cache memory retrieves the requested data from a secondary
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The use of cache nenories ordinarily enables the processor to reduce the
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menory, i.e., a multi-level cache nenory. The retrieval of data fromthe

secondarayraggnbhe ciche tefgt azray atarescdntridsdorsecoplaramemory Miis¢ssescasbaeiatedor i es have
two subsystens, a "cache tag array” and a "cache data array." The cache tag
array stwiledate aray enries r Thecaddregsas araniesed tq determing whethera dasa raquest will

result in a cache memory hit. The cache data array stores and delivers data in response to
data requests. In multi-level cache memories each cache data array has a corresponding
tag array .

Pipelines have further improved the performance of processors by performing
processing in parallel and in stages. As opposed to serial processing where all the stages
complete the processing of one instruction before beginning the processing of the next
instruction, a pipelined device overlaps the stages by processing different inst'rﬁctions at
the same time. The effective processing speed of each instruction remains unchanged, but
the throughput for instruction processing is increased, because several instructions may
be processed by different individual pipeline stages in parallel. Since data requests are
repeatedly made to memories, pipelined data-request parts can speed up the processing
of data requests.

Figure 1A is a timing diagram for two serial data requests to a cache memory |
having a pipelined data-request port. The pipeline has four stages, i.c., a latency of four, ' !
and one data request can start at each clock cycle, i.e., a bandwidth of one per clock. The ‘
first and second requests are received att =0 and at t = 1, respectively. In the illustrated
pipelined data-request port, the hit or miss status of a data request becomes known in the
third stage. Thus, there is a lag of three clock cycles between the time at which the port
starts to process a data request and the time at which it is known that the request can be
completed without a slow data retrieval from a secondary memory.
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requests can slow processing of data requests by a pipelined cache memory.

Figures 1B is a timing diagram that illustrates why processing ordered data
‘requests may be problematic, The first and second data requests are respective earlier
N and later ordered requests to the cache memory of Figure 1A, which are received att =10
and t = 1, respectively. In Figure 1B, the first request results in a cache memory miss.
¢ ~ The first request completes in more than four cycles, because the requested data must be
retrieved from a slow secondary memory in a cache memory miss. On the other hand, the
second request completes in four cycles, because the second data request results in a
cache memory hit. Thus, serially issuing ordered data requests can result in retrievals that
violate ordering relations in situations of cache memory misses.
Figure 1C shows one method for avoiding data retrievals that violate the ordeting
relationship. Issuance of the second or later ordered data request is delayed until t =3,
i.e., until after the hit/miss status of the first request is known. In the illustrated
pipelined cache memory, the second request waits three clock cycles until the hit/miss
status of the first request is determined. The need to wait for the status of earlier
requests reduces the speed for processing ordered data requests, i.e., increases the

latency, and lessens the advantages of pipelining.
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Figure 2B is a timing diagram illustrating one problem with processing ordered
requests in the doubled pipelined data-request pori of Figure 2A. The first and second
data requests are sérially ordered, i.e., the first data request is the earlier request. Att=
2, it is determined that the first data request will register a cache memory miss. The
second data request registers a cache memory hit and can complete at t = 3, i.e., before the
earlier first request, because the first data request needs a slow data retrieval from X
secondary memory to complete. Ordered data requests cannot be processed by such a
method in a multi-ported memory, because a later ordered instruction may complete
before an earlier request due to a cache memory miss.
The time line of Figure 2C illustrates a method of processing ordered requests in
the doubled pipelined data-request port of Figure 2A. In response to a cache memory
miss for the earlier ordered data request, i.e., the first data request, all pending requests in
the pipeline are flushed. The flushing eliminates ordering violations. But, the flushing
also reduces the speed of the memory and the advantages of pipelining, because some of
the flushed requests may not be ordered.
The present invention is directed to overcoming, or at least reducing the effects of,

one or more of the problems set forth above.
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corresponding to a miss in the memory.

In another aspect of the present invention, an apparatus is provided. The
apparatus includes a memory having at least one pipelined port for receiving data
requests. The port is adapted to determine whether an earlier ordered one of the data
requests corresponds to a miss in the memory. The port converts a later ordered one of

the data requests to a prefetch in response to determining that the earlier ordered one of

Y

the data requests corresponds to a miss in the memory.

BRIEF DESCRIPTION OF THE DRAWINGS

Other objects and advantages of the invention will become apparent upon reading
the following detailed description and upon reference to the drawings in which:

Figure 1A is a time line illustrating the progress of two sequentially received data
requests in a pipelined data-request port of a prior art cache memory;

Figures 1B is a time line illustrating a problem with sequentially processing two
“ordered” data requests in the pipelined data-request port of Figure 1A;

Figure 1C is a time line illustrating one prior art method of processing “ordered”

data requests in the prior art cache memory of Figure 1A;
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earlier first request, because the first data request needs a sl ow data
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response to a memory miss of an earlier ordered data request;
Figure 4A is flowchart illustrating one embodiment of a method for processing
ordered data requests to the memory of Figure 3A;
Figure 4B is a flowchart illustrating a specific embodiment of the method of :
Figure4A;
Figure 5 is a flowchart illustrating an alternate embodiment of a method of
processing ordered data requests to the memory of Figure 3A;
Figure 6 is a block diagram of an embodiment of an apparatus for processing
-ordered data requests to a multi-level cache memory system; and
Figure 7 is a block diagram of an embodiment for processing ordered data requests
from several execution units.
While the invention is susceptible to various modifications and alternative forms,
specific embodiments thereof have been shown by way of example in the drawings and
are herein described in detail. It should be understood, however, that the description
herein of specific embodiments is not intended to limit the invention to the particular
forms disclosed, but on the contrary, the intention is to cover all modifications,
equivalents, and alternatives falling within the spirit and scope of the invention as defined

by the appended claims.
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prefetch in response to the earlier one of the ordered data requests
which will vary from one implementation to another. Moreover, it will be appreciated

that such a development effort might be complex and time-consuming, but would
nevertheless be a routine undertaking for those of ordinary skill in the art having the
benefit of this disclosure.

Figure 3A shows an embodiment of the present invention, which includes a
processor 100 having an execution unit 105, a pipelined data-request port 110, control
logic 115, and a memory 120. Though the memory 120 of the embodiment of Figure 3A

is a cache memory, alternative embodiments may employ other types of memory.

«d

Although the invention is not limited to cache memories, the memory 120 and the
corresponding port 110 may be hereinafter illustrated as a cache memory and a pipelined
port having a cache tag array, respectively. Furthermore, although not shown in Figure 3,
the control logic 110 may reside, in some alternative embodiments, in the pipelined data-
request port 110. The pipelined data-request port 110 may be a multiple data-request
port for the cache memory 120.

The execution unit 105 is capable of issuing multiple ordered data requests to the
cache memory 120 during one clock cycle. The execution unit 105 expects each ordered
data request to complete in the order originally issued to the pipelined port 110. The
cache memory 120 may also receive data requests from other execution units (not
shown). The other data requests may not be ordered with respect to the data requests
from the execution unit 105. The control logic 115 is capable of converting an ordered
data request into a prefetch if the pipelined port 110 determines that an earlier data
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e.g., the execution unit 105. In some embodiments, data requests are only converted to

prefetches, as described above, if the data request to be converted is itself determined to

be a cache memory miss.

Still referring to Figure 3A, the cache memory 120 may have a multiple pipelined
data-request port capable of accepting multiple data requests during each clock cycle.
Thus, the execution unit 105 may issue a plurality of ordered data requests to the

pipelined port 110 during each clock cycle. For example, the execution unit 105 may

issue a plurality of ordered data requests during a first clock cycle and then issue another
plurality of ordered data requests during a second clock cycle. The pipelined data-request
port 110 may also receive data requests from other execution units (not shown). The
other data requests may or may not be ordered with respect to the data requests from the
illustrated execution unit 105. Thus, the pipelined port 110 may receive ordered and
unordered data requests concurrently. The illustrated embodiment provides for returning
the requested information to the execution unit 105 in the order issued, regardless of
whether a cache memory “hit” or “miss” occurs while processing the data request.
Figure 4A depicts an embodiment of a method 190 for processing data requests,
e.g., requests to the memory 120 of Figure 3A, wherein some of the data requests are
ordered with respect to each other. At block 200, a plurality of data requests are issued
to the memory 120. The plurality of data requests includes at least two data requests
that are ordered with respect to each other. For example, the two data requests may be

8
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cache memory miss. In some embodiments, all data requests, ordered later with respect

to the data request determined to be a cache memory miss, are converted to prefetches.

At block 220, the pipelined port 110 performs the earlier one and a later one of the

ordered data requests to the memory 120 in response to the earlier one of the ordered data

requests having been determined to be a memory hit at block 210.

Referring to Figures 3A and 4A, a later data request is not converted to a prefetch

in response to the cache memory miss of an earlier data request, which is unordered with

respect to the later data request. For example, a cache memory miss for a data request by

-3

a second execution unit (not shown in Figure 3), does not lead to the conversion of a data
request by the execution unit 105 to a prefetch in some embodiments. Nevertheless, data
requests from different execution units may be mutually ordered in other embodiments.

Figure 4B illustrates a specific embodiment 225 of the method of Figure 4A,
wherein a later ordered data request, which itself is determined to be a cache memory hit,
is not be converted to a prefetch. Blocks 200, 210, 215 and 220 have already been
described in relation to Figure 4A. At block 230, the pipelined data-request port 110
determines whether a later one of the ordered data requests is a cache memory hit. At
block 235, the pipelined data-request port 110 flushes the later one of the ordered data
requests in response to determining that the later one of the ordered data requests are
cache memory hit, i.e., without converting these later ordered requests to a prefetches.
Blocks 230 and 235 are performed on an individual request basis and may be performed
separately for different later ones of the ordered data requests. The flush of block 235

9
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miss. At block 250, the later ones of the ordered data requests are reissued in response to

completion of the earlier ordered request previously determined to be a memory miss at

block 210. The later ordered data requests include the request converted to a prefetch at

block 215 and also possibly other ordered requests, e.g., flushed requests at block 235 of

Figure 4B. The later ordered requests have to be reissued, because they have not yet

supplied the requested data to the data requesters, e.g., the execution unit 105. The

methods of Figure 4A and 5 are repeated each time the execution unit 105 issues ordered

data requests to the pipelined port-110.

Referring to Figures 4A, 4B, and 5, the various embodiments may improve the
bandwidth and decrease the latency of a cache memory 120. First, ordered data requests
are speculatively issued without delaying until earlier ordered requests complete. Second,
if an earlier ordered request registers a cache memory miss, later speculatively issued
ordered requests are converted into prefetches. The conversions to prefetches reduce
latencies when converted data requests are later reissued. Third, if a later data request is
not ordered with respect to an earlier data request, the later data request is not flushed in
response to the earlier data request registering a memory miss. The methods of Figures
4A, 4B, and 5 enable 2 memory to receive ordered data requests without the delay used
by the pipelined port of Figure 1C and to avoid out-of-order completions in a manner less
adverse to bandwidth and latency than the flushing used by the pipelined port of Figure
2C.
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wi Il of course be appreciated that in the devel opment of any such actual
enmbodi ment. nr i npl enent ati on-speci fic decisions nust periRssa
achi eve the \gg&{ﬁg)li%zrs' -specific goals, such as conpliance vmpt-ﬁ
systemrel ated and busi ness-related constraints. which will vary from one
i npl enent ati on Mcheafivat drdered Wita eenuest is a misaiin the loachempansary 42@ df Figate 3uch a
devel opnent effort m ght be conplex and tinme-consum ng, but would

- never t hel ethen ineacgordenas wish thaaeathads philigprss 4AnBRandfS aseqF MRFSOISRE 11 in the

Fhe. pr oS ETPIE RS prichd ol FRAeT s pespptss el o8 e RS T G PR IBRLout  on
it 105, | pel | d 0, contr j ,

romor y 12080 S R eSS TP Shhe HstrPRBTEE mel B QO e

memory, al &x@%?@e&éd’x%qﬁ%%ﬁé}é 506@%&(? TR B PERES e MAESh A wére TkRed piyt hough

the invention 1's not ed to caché nenories, the nenory 1 and t'he

cor r espondpd@ifaed bylditheBi¢ creculioh ahib 203 61 the pipdEiddadopd] 1@stsalfcache menory and
a pipelined port having a cache tag array, respectively. Furthernore,

al t hough not shBhemeethods tA0rand225 ohiBigorevA aid 4B gindelillGstrated tyabe time line sone
al ternative enbodi nents, in the pipelined data- request port 110. The

pi pel i ned efFigurcd®,diar ilrstrativeimirpasps onlyeaphtloflprycleiefnipglingd pat dpssribed or t he
g?ggfege gg lezo'%%Tgér%g@ Htéﬁtgerll'enl% rs]tlatge %P a5 folurs—st%(gaé? %Belil-epo?t];d Iplspseﬂrlxenl “%lcﬁl ple

the memory hit or miss status is determined at the third stage. The first and second data

requests are received by the pipelined ports at t = 0, and the third and fourth data
requests are received at t= 1. In the illustrated example, the status of the first data
request, an ordered request, is determined to be a miss at t =2. In response to the
memory miss of the first data request, the pipelined port converts the later pending
requests, which are ordered with respect to the first request, to prefetches and allows the
other pending requests, which are unordered with respect to the first request, to
complete. Some embodiments flush all ordered requests, which are known to be memory
hits and later than the first request, instead of converting, because prefetches are not
useful for such data requests--the request data is already in the memory. One
embodiment may convert only the second data request to a prefetch , because the
memory hit or miss status of the yet later third and fourth requests is unknown when the
first request is determined to be a memory miss at t = 2. In this embodiment the third
and fourth requesfs are flushed from the pipeline when they are ordered with respect to
the first data request and then re-issued in response to completion of the first request.
Other embodiments convert all ordered requests in earlier pipeline stages to prefetches,
€.g., the third and fourth requests, because the memory hit or miss status of such requests
is unknown when the miss status of the earlier ordered request, e.g., the first request, at t

11



cache menory 120 during one clock cycle. The execution unit 105.expects

each orde request to conplete in the order origina to the
ach, of deunR, bt sskise

pi pel i ned The cache nenory 120 nay al so recéive' dd requests
from ot her execution units (not shown). The other data requests may not be
or der ed =28.t The igs@eivh i§ Slsé firerdad o covgtistaérsenibodimémefor xonvertiglateni t 105. The
control logic 115 is capable of converting an ordered data request into a
pr ef et clordeired thsa piquests tmprefmlns,mlucluecwéd h¢ penstrutted byan exdindry persan in 7

request, ordered th respect to t ordered request, will register a
cache V\f’ Pr"e%etqﬁ rscmrraswﬂle qu?mP BYREOM 15 in the enbodi nent

the event of ”Veﬁﬁspwr@“b@ﬂqﬁwe‘%t e 5\?{?}8%3???@%@%@'8?%&? Pieat. |
StLL bt theralthse 00 iR ELP LG EN150 I EXER! ot dasa. rom

a secondary nenor stores the retrleve tain the primary
NeNOrY, rRerflory, Lbeswzaﬁtaéboﬁsmwcaéﬁ@memowwtsos %&@ﬁdh@ﬁo%nqan& $19 the

original data requester, e.g., the execution unit 105. I'n sonme enbodi nents,
dat a r eduetht 3.1 asche @enyorg S0§,e4 doadrol logic 515, and a bus controller 517. The bus

controller 517 is coupled to a memory controller 540 of the rhain memory 550 through a

front side bus 570. The processor 500 is coupled to a third level cache memory, L2, 575

over a backside bus 580. The third level cache memory 575 is resident on a cache die 585,

and thus resides off the die for the processor 500.

As shown in Figure 6, the L1 memory cache memory controller 510 comprises the
control logic 515 for the pip_elined request ports that implement the methods illustrated in
Figures 4A, 4B, and 5. Using the method of the present invention, the L1 cache memory
controller 510 is capable of receiving and processing a plurality of ordered data requests
substantially simultaneously, i.e., without having to wait for an earlier ordered request to
complete. The cache memory controller and control logic 510, 515 convert a later
pend.ing ordered data request to the L1 cache memory 505 to a prefetch of data from the
L2 cache memory 575 in response to determining that an earlier ordered data request is a
miss in the L1 cache memory 505.

The control logics 115, 515 of Figures 3 and 6, used to implement the methods
illustrated in Figures 4A, 4B, and S can be constructed by those skilled in art having the
benefit of this disclosure. The control logic 115, 515 may be implemented as hardware or
software. In addition, although the control logic 515 in the particular embodiment of
Figure 6 resides in the cache memory controller 510, this is not necessary to the practice
of the invention. It may be possible o reduce the cache memory latency of ordered data
requests by implementing similar control logic elsewhere in a data processing system, e.g.,
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prefetches, as described above, if the data request to be converted is

i tsel f deterghRgdehs® be a cache nenory miss. Still referringpbpushads® 3A
the cache nenory 120 may have a nultiple pipelined data-request port -

capabl e of accepting nultiple data requests during each clock cycle. Thus,
t he execut iferordercd da@5equests icaysombjiatiombs thy LEX LbrudL2 dadememawsé62s t o
the pipelined port 110 during each clock cycle. For exanple, the execution
unit 105 m§304 §7§u eI'hg pesghtdnysnyion for sedueing datenay and ancirasing bardwidth far 1 i r st

i I | i f.ord d t
Gur' ng- & s CeRt SR EgH T BriGRBE e Bey FitmanyarfiPhit et s B SmiEfTES "o so
receive da%gcﬁquaﬁ%n%}@@%rsggﬁgﬁﬁ%%gwp units (not shown). The ot her

data requests nay O ered wWith respect to the data requests

fromthe illust r@ged mmﬁa&h&meﬁ%dimé&%faﬁa&%mée@ﬁng)éy@ﬁkﬂ ARfoPOFdere10 may

recei ve ordered and unordered data requests concurrently. The illustrated

enbodi ment memoty deguebis fronetwiy exetigionhumits 41030 d pro¢easors0b dnthides tHeefirst
execution unit 105 in the order issued, regardless of whether a cache
merory " hi texegytionwing 410 gcpipelinedidatagequestiqestst lgandremdnory 425q kstpipeingdir e 4A
depicts an enbodi nent of a nethod 190 for processing data requests, e.g.,
requests t dequset RRshblhandles datarequgsts tosthe mgaegri 4. s Btk the fieshandiseeand equest s

oL 0 SO SAPEI 430508 BBl SRR AR 2 Bt
i ncl udes atrecid%@tsﬂor{ 3, dﬂfe@la{aqgﬁ{x‘%% Trom each of the execution units 410, 430 are ordered

with respect to themselves. In some embodiments the data requests from the first

execution unit 410 are unordered with respect to the data requests from the second

execution unit 430. In some embodiments, the first and second execution units 410, 430
belong to the same processor 405. In other embodiments, the second execution unit 430

is a separate processor. The pipelined data-request port 415 may process a plurality of

data requests in which a portion of the requests are ordered and a portion of the requests

are unordered.

Still referring to Figure 7, the pipelined request port 415 processes data requests
according to the methods illustrated in Figures 4A and 4B. Prefetches generated in
response to ordered data requests, which are misses in the memory 425, retrieve data
from a secondary memory 435. The pipelined port 415 transmits prefetch requests to
the secondary memory 435 via a bus 440 and retrieves prefeiched data via the bus 440 to
be stored in the memory 425. In some embodiments, the bus 440 is a system bus that
also transmits signals between other hardware structures (not shown). Prefetches to the
secondary memory 435 may be slower than data requests to the memory 425 in part due

to the slow speed of transactions over the bus 440 and in part due to the slower speed of
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that are ordered with respect to each other. For exanple, the two data
requests na e fromthe sane execution unit, e.g., t ion unit
105 of Fi &#g&j’%ﬂ% The plurality of data requests can be isgﬁ’ﬂg?ﬁﬂgﬁ% er
several clock cycles, and may include unordered data requests. At bl ock

210, t heh@ieRehdare thepiy 435, OlndeireeMbodinetns titasecaidapamebmery 43%emaf bé he

ordered data requests is a nenory hit, i.e., whether the data requested is
i n the meoff-prot@Gor 405 rhérooly wWhile, the memogn42Somay bejarcintekBal cacheanemory. | at er one
of the ordered data requests to a prefetch if_the earljer one of _the

ordered data Feqpgeisular cgbodiament Ail Akayews %‘&Stéﬁt’é’ﬁ_@ﬁléfs ARt inveptian | n

o e e P B R e S PR, e
At bl . i i t i | at

one of - S in e HsRfie AE BBt r o FaRiheHettn  AuRARbICCHo BRFARIE 7 ¢!
car || er 0ol RPHOYHANSES dakiudiet of Alsipl L RANORE SR RIS AR beg De @

menory hit at block 210. Referring to Figures 3A and 4A, a later data
request ihshenediinsdielosy.t ke ik thereforp evilieit eclimt the paetiquias embbdinidhes disgtdsedmenory m ss

of an earlier data request, which is unordered with
above may be altered or modified and all such variations are considered within the scope
and spirit of the invention. Accordingly, the protection sought herein is as set forth in

the claims below.
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respect to the later data request. For exanple, a cache nmenory miss for a
~data request cond execution unit (not shown in Figure not’

" lead to the ‘g%\(yg?"g?on of a data request by the execution unré}/fagq%l%%&a -
prefetch in sone enbodi nents. Neverthel ess, data requests fraomdifferent
executi on QGRAIMS®Y be nutually ordered in other enbodi Figure 4B
illustrates a specific enbodi nent 225 of the nethod of gl | U 'T[r;a
| at er ordered data request, which itself is determ ned ' e hor y
hit, is not be gonverted to a prefetch. Blocks 200, 210, 215 and 220 have
al ready been de¥HABN CLAINGI j on to Fi gure 4A. At block 230, the

pi pel i ned dat a-request port 110 determ nes whether a | ater one of the
ordered data requests is a cache nmenory hit. At block 235, the pipelined

- dat a-request pojt 119*J’é’fﬁ&;@?{%ﬁlggﬁt%?tdg{afﬁ’%?’feﬁtqg‘?grfé@?% data requests in

response to detéerm ning er one o ‘data requests are
cache menory hit, '-ﬁsuin@’a%ﬁﬁkﬁt%%%é‘tﬁ&équ@&s EJ’@&&akﬁh@s&p@ﬁ‘i‘@r’tﬁgn{eﬁ%&'ﬁSts to
a prefetches. Blocks 230 and 235 are perforned on an i ndividual request
basis and may bthephirhlityrofdatepqiests tlcjuding atdédst svossttiered st rafuests;of t he
ordered data requests. The flush of block 235 9

determining if an earlier one of the ordered data requests corresponds to a

miss in the memory; and
converting a later one of the ordered data requests to a prefetch in
response to the earlier one of the ordered data requests corresponding to a miss in

the memory.

2. The method of claim 1, wherein the earlier and the later ones of the ordered
data requests are earlier and later with respect to an ordering relationship for data

requests.

3. The method of claim 1, further comprising:

converting other ordered data requests to prefetches in response to the
carlier one of the ordered data requests corresponding to a miss in thé memory,
the other ordered data requests being later than the earlier one of the ordered data

requests.
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can inprove the efficiency of -the proeessor—100of Figure 3A because a

prefetch i s usel ess for data requests r@Qgs i e it. The
met hod 24(}"'8100/?—?76 re 5is a specific e Emtlm}mlmm‘:’et m%{”)lg{‘%are 4A.
Bl ocks 200, 210, 215, and 220 have al reatly ®eaen deséribed in relation to
Figure 4A. Additionally at block 245, the pipelined port 110 conpl etes data
requests that are unordered with respect to the earlier ordered request
det er mi ned t od.be aTleaméthodrefidaiyn Jyifaher somptisiog: 250, the | ater ones of the
ordered data requests are reissued in response to conpletion of the earlier
ordered request priEisengpporiangftheerdered data raquastsde hememory, the REUOID 10, The

| at er ordered ta yequests include the request, co ted to a prefetch at
bl ock 215 andoﬁaj’ﬁ%Br‘{ﬁ afﬂ‘?‘l‘belsﬁg’raw&gg’g?‘é‘épnr gﬁfft?t@?nf\égz&’ﬁs.', flushed requests
at block 235 of Figure 4B. The |l ater ordered requests have to be reissued,
because they have not yet supplied the requested data to the data

requesters, esgd., THEm&Hhoa Yt tiain Y ukthdiCompligTRishiaga peftidn ke 4A and 5
are repeated each tinme the execution unit 1057i ssues ordered data requests

to the poridetedriath pqudstsifidin tHeqfort ihirexpohse thitlgagiderdic of the madeddathhe vari ous:
enbodi nents may inprove the bandw dth and decrease the |atency of a cache
menory 1@Quesk costespanding tod niiss in the qnesyry and theqowtean oftthe etdgredgiateed wi t hout

del aying until_ ear|ier ordered requests, conplete. Secopd, if an earlier
or der ed ﬁﬁ&‘iﬁé‘s@em%ﬁﬁ‘&dé%h%?%]@ﬁé%ﬁéﬁ%? lptegiong ,0} ﬁlﬁr@é&ergcgg%rww y i ssued

6. The method of claim 1, wherein the act of converting is performed if the
later one of the ordered data requests is received by the data request port in the same

clock cycle as the earlier one of the ordered data requests.

7. The method of claim 1, wherein the act of converting is performed in

response to the later one of the ordered data requests corresponding to a memory miss. °

8. The method of claim 1, further comprising issuing the earlier and the later
ones of the data requests from a data requester adapted to receive requested data in the

order of issuance.
9. The method of claim 1, further comprising completing an unordered one of

the data requests in response to the unordered one of the data requests pending in the

port at the start of the act of converting.
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ordered requests are converted into pref etghes—.——the'CGﬁTféTgi’ans to .
prefetches reduppetqat enci es when converted dg, | ﬂm‘mm l-atush9/24362
rei ssued. Third, if a later data request is ﬂ mmm B respect to an

earlier data request, the |later data request ootk f Pusfed in response to

the earlier datd0reqydsaPpataliss CENRTIFNES menory nmiss. The nethods of Figures

4A, 4B, and 5 enable a neno to receive ordered. data requests w thout the
del ay used by the pi PRSP LRYPE atlpast PRg Pt I%‘('ﬁ’d'lr’rgdfi%g%esﬁuﬁ‘?@ﬂorder

sed by the . d
Fuhing_used bOeTRACAHed BUEiRREE WheaP P Bl Sote il or HeifatclIAR. | "
or der ed ‘dat a r egygabonds @ ahisfin'the hloRARIN, U8R HEPoRbreogLbEmBA. then

i n accordance w he met hods of Figures 4A, 4B, one or nore of the

remaining later d@tﬁd&g@@ks&a& qnémuaﬁ&@sf;smlt@daanﬁﬁiﬂgr@{awﬁ chflicP bRIcRIddeS by
the pipelined port 110 and the control |ogic 115. The cache nenory pipeline

may be flushed, ofithd datiteqadsts corregpoads toequiss irsmetnaty. wer e converted, and the
ordered requests that were flushed may be rei ssued by either the execution
unit 105 or the pipelined port 110 itself

11.  The apparatus of claim 10, wherein the port is a pipelined port having at

least two stages.

12.  The apparatus of claim 11, further comprising an execution unit to issue a

portion of the data requests to the pipelined port.

13.  The apparatus of claim 12, wherein the execution unit is adapted to issue
ordered data requests, the pipelined port adapted to retrieve requested data in the order

issued.

14.  The apparatus of claim 12, further comprising a second execution unit to

issue data requests to the pipelined port.

15.  The apparatus of claim 14, wherein the pipelined port is adapted to return
requested data to a requesting execution unit in the order said requesting execution unit

requested data.

16.  The apparatus of claim 12, wherein said execution unit is adapted to
reissue the later ordered one of the data requests in response the memory converting the

later one of the ordered data requests into a prefetch.
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The methods 190 and 225 of Figure 4A 5n'd'4Bc_an'Be’iIiﬂi;trat ed by the tine

oo e R e " o a2 AR teeeging
Cc

rent stage of a
four-stage, dual-ported pipeline in whi theerermry hit or mss status is
g p prp

determned at the third stage. The first and second data requests are
received by the pipelined ports at t = 0, and the third and fourth data
requests are taceiThschpparatusof ¢laim 42 faetherdomprising ageenndmprmeory beimgst at us of

the first data request, an ordered request, is determ.ped to be a mss at t
= 2. | n SouBlsd fe thether H‘éel?PéﬁtﬁaiﬂePFF ingadgta reguesyig %F“? %?Sfﬂ%‘g{‘{e“’c"l%

pi pel i nei?%gﬁeéotﬁgr;}\égﬁl%)%qt he | ater pending requests, which are ordered with

respect uest, to prefetches and all ows the other pending
requests, which are unordered with respect to the first request, to

conpl ete. Sone enbodi nents flush all ordered requests, which are known to
be nenory hit $8.andThebgardthosr didit 17, father eompasing h 8pst@AGugfthesyruved t | ng,
because prefetches are not useful for such data requests--the request data
i s al r eadymbry beimg caupladyto tithethenvhemioryehyt themystembuert only t he second data
request to a prefetch, because the nmenory hit or mss status of the yet
later third and fourth requests is unknown when the first request is

d i ned ' =.2..]1 hi s. di, h hird and
fourth requestd” ar B fRReiat Gttt e wikisit e oadiofd PR yS SPEteEier od wi ¢
::grsngfgt i e%foé‘&ep{r%fg{cﬁl ng)flfeﬁgésﬁgg ,?E{a f%ﬁqﬂer}g&nrdqﬁéxﬁgf}"%d 'sﬂ)ri'ixg Weoﬂaﬁesie%

data to the other memory.

20.  The apparatus of claim 19, wherein the secondary and the other memories

are second-level and first-level cache memories, respectively.
21.  The apparatus of claim 12, wherein the memory is a cache memory.

22.  The apparatus of claim 11, wherein the pipelined port is adapted to

receive multiple data requests in one clock cycle.

23.  The apparatus of claim 11, further comprising a secondary memory
coupled to the pipelined port, and wherein the pipelined port is adapted to retrieve data
from the secondary memory in response to a miss in the other memory for the earlier
ordered one of the data requests and to reissue the later ordered one of the data requests
in response to retrieving data for the earlier ordered one of the data requests from the

secondary memory.
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O her enbodi nents convert all ordered requests in earlier pipeline stages

to pref etch%(,@%@u the third and fourth requests, because jpdyysgpeapsy hit
or mss status of such'requests is unknown when the m ss status of the ~

earlier ordered request, e.g., the first request, at tfélr’//:z.gher/
invention is al 3 i nAsktiquocessingsysteny comprisimgodi ment s conver id “‘“r
ordered data requests_to prefetches, which could be cons \\m\ﬁ m“m“
ordi nary person in thfstpemopaandig t he present discl osurg wundué

experinmentation. Figure 6 depicts.another enbodi ment havint a three-1evel
pi pel i ned cache nenot BTy FEERINME: The processor 500 includes an

ti it 501, fi . ; 5 : A1s | |
eache ooy L1 505, b 2ol RenbACRR I Bbdindt Bort e pidiF R 0
nmenory 505, a contr ofecldif8iifa %ﬁes@%&erm WiRiter 8h Eﬁ[iex%ﬁeﬁea_ be dx4Re

controller 517 is coupled to menory controller 540 of the main nenory 550
through a front si deddtaifeqhddis cobrepgnds resmiss ilbthe second angmhad ahdtoacdnientd | evel
cache nmenory, L2, 575 over a backside bus 580. The third | evel cache nenory
575 is resident on aalatasieedenéceors8y thexdata rehusstsrte sipgefstch requestdo thedirtor t he
processor 500. ) )

memory in response to the earlier ordered one of the data requests

corresponding to a miss in the second memory; and

an execution unit to issue data requests to the pipelined port.

25.  The data processing system of claim 24, further comprising a second

execution unit to issue data requests to the pipelined port.

26.  The data processing system of claim 25, wherein the pipelined port is
adapted to complete a plurality of retrievals of data corresponding to a plurality of data
requests from a requesting execution unit in the issuance order of the plurality of data

requests by said requesting execution unit.

27.  The data processing system of claim 24, wherein said execution unit is
adapted to reissue the later ordered one of the data requests in response to the port

converting the later ordered one of the data requests to a prefetch.
28.  The data processing system of claim 24, to convert the later ordered one of

the data requests to a prefetch request to the first memory in response to both the earlier

and the later ordered ones of the data requests being misses in the second memory.
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As shown in Fi}ggreé“ theLlrrErmry cache mu&wl!“l“ m‘“m 510 conpri ses

the contro P15 for the pipelined r Oorts that ip m
nmet hods |I:“llfl'§§rat ed in Figures 4A, 4B, and 5. Using the net hgghjg E6

present invention, the LI cache nenory controller 510 is capabl e of

recei ving and 29r oc €l dagp propdssing isystem of clainil 24,exhetieih sher seqorebsdrsl theibthtant i al |y
simul taneously, i.e., without having to wait for an earlier ordered request
to conpl @u@norﬁser@éhl@vmsgnonwﬁwgralcbqrmamrlmmspwﬂwbjg| c 510, 515 convert
a |later pending ordered data request to the L1 cache nenory 505 to a
prefetch of data fromthe L2 cache nenory 575 in response to determ ning

The control | gt os TEaRLThes 13238%%%8? 51@'""‘2? avidhahific pbeRRAIRITE T >

Met hods - igihdisd § o?&blbt@taﬁ'u%fd%fed%eo :ci’%% rin'?éé 614354 H&Eﬁﬁiﬂl y those

skilled in art(ﬂévmg e benefit o thls osur The control” | ogic
115, 515 th@¥nlearliefpidered drebf it dbbd R4Bdses cdireSUntyey £midsiin @ddkédran, alt hough
the control logic 515 in the particul ar enbodi nent of Figure 6 resides in
t he cachenemonyrand dhattheotinordersd one oftths dats requests ssqeading\in the gipslined aotti ce  of
the invention. It may be possible to reduce the cache nenory | atency of
ordered data requests by inplenenting simlar control |logic el sewhere in a
data processing system e.g., 12
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for ordered data requests to any conbination of the LO L1, and L2 cache .
menori es 50%w6§@?64 75. The present invention for reducing | ptensyans

i ncreasi ng ban d%- for ordered data requests is applicable to any nenory
architecture and is not limted to the cache nenory architectures of Figure
3 and 6. Figure 7 illustrates an enbogjygent of a data processing system 400
for ordered nenory requests fromtwo execution units 410, 430. A processor
405 includes the first execution unit 410, a pipelined data-request port
415, and a nenory 425. The pipelined request port 415 handl es data requests
to the nmenory 425. Both the first and second execution units 410, 430 can

i ssue data requests to the nenory 425 via the pipelined request port 415.
The data requests fromeach of the execution units 410, 430 are ordered
with respect to thenselves. In sone enbodi nents the data requests fromthe
first execution unit 410 are unordered with respect to the data requests

fromthe second execution unit 430. In sone enbodi nents, the Fﬁr§q and
second execution units 410, 430 belong to the sanme processor 465E;In'other
embodi nents, the second execution unit 430 is a sepagate procp®&| The
pi pel i ned data-request port 415 may process a plurality of daj géquests in
which a portion of the requests are ordered and a portion of K2 rlequests
»
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are unordered. Still referring to Figure 7, the pipelined request port 415
processes quests according to the nethods illustrat i L4 es 4A
and 4B. Pygféﬁ%%gs generated in response to ordered data rgﬁﬂgg%ﬁ%gﬁhich
are msses in the menory 425, retrieve data froma secondary nenory 435.
The pipelined port 415 transnits prefet2/fh)requests to the secondary nenory
435 via a bus 440 and retrieves prefetched data via the bus 440 to be
stored in the nenory 425. In some enbodi nents, the bus 440 is a system bus
that also transmits signals between other hardware structures (not shown).
Prefetches to the secondary nmenory 435 may be slower than data requests to
the menory 425 in part due to the sl ow speed of transactions over the bus
440 and in part due to the slower speed of 13 t he secondary nenory 435.
In sonme enbodi nents, the secondary nenory 435 nay be an of f-processor 405
menory while the menory 425 may be an internal cache nenory. The particul ar
enbodi nents di scl osed above are illustrative only, as the invention may be

nodi fied and prae,r“hge.d_L.Mifberent bu1t equi vaéent mangers apparent to
t hose

FIRST
REQUEST START . HIT COMPLETE }«¢—— PORT A
SECOND START
REQUEST HIT COMPLETE}«¢——PORT B

FIG. 2A

(PRIOR ART)
TIME — 0 1 2 3
FIRST START MISS NOT | — PORTA
REQUEST COMPLETE
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SECOND. HT  |COMPLETE|&— PORT B

FIG. 2B
(PRIOR ART)




skilled in the art having the benefit of the teachings herein. Furthernore,
. no limtatiops intended to the details of construction o L rein
shown, otheraiﬁﬁhggg described in the clainms below. It is tth§§§?gﬂg§§dent
- that the particul ar enbodi nents di scl osed above nay be altered or nodified
and all such variations are considere@4@ thin the scope and spirit of the
~invention. Accordingly, the protection sought herein is as set forth in the
. clains below 14 CLAI M5 WHAT | S CLAI NED: 1. A nmet hod for requesting
‘data froma menory, conprising: issuing a plurality of data requests to a
: data request port for the nenory. the plurality of data requests including
at least two ordered data requests; determning if an earlier one of the
ordered data requests corresponds to a miss in the nenory; and converting a
| at er one of the ordered data requests to a prefetch in
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response to the earlier one of the ordered data requests corresponding to a

mss int IDLY - 2. The nmethod of claim 1, wherein tlt]@T B8dolliSiz and
the | ater 'ones of the ordered data requests are earlier an ater wth-
respect to an ordering relationship for data requests. 3. The net hod of

claim1, further conprising: convqui@g ot her ordered data requests to
prefetches in response to the earli one of the ordered data requests
corresponding to a mss in the nmenory, the other ordered data requests
being later than the earlier one of the ordered data requests. 15 4,
The nethod of cl-aim 3, further conprising: reissuing a portion of the
ordered data requests to the nenory, the portion of the ordered data
requests havi ng been converted to prefetches. 5. The net hod of claim 3,
further conprising flushing a portion of the
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ordered data requests fromthe port in response to the earlier one of the
order ed ‘dat av%f@ﬁ%%zs corresponding to a mss in the nmenory agggnigss43¢stion
of the ordere ata“requests being issued to the port later than the | ater
one of the ordered data requests. 6. The nethod of claim1, wherein the
act of converting is perfornmed if the d/ er one of the ordered data
requests is received by the data request port in the sanme clock cycle as

the earlier one of the ordered data requests. 7. The nethod of claim1,
wherein the act of converting is perforned in response to the |ater one of
the ordered data requests corresponding to a menory mss. 8. The net hod

of claim1, further conprising issuing the earlier and the | ater ones of
the data requests from 'gt data reguester gldapt ed to geceive requested data
in the order of issuancgs 9. %e met hgd of claiml, further conpriging
- conpl eting an unorder edg)ne of thg dat a %aquests irgr esponse to t
unordered one of the daka request® pendiRg in the ®rt at the sta@(ﬁthe
act of converting. 16
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10. An apparatus, conprising: a nenory having at | east one port for

recei vi ng Bﬁﬂﬁgﬂuests, the port being adapted to depernigETﬁﬁﬁ&gﬁﬁzan
earlier ordered one of the data requests corresponds to a mss in e -
menory and to convert a |ater ordered one of the data requests to a
prefetch in response to determ ning thag/ttthe earlier ordered one of the
data requests corresponds to a mss in nenory. 11. The apparatus of claim
10, wherein the port is a pipelined port having at |east two stages. 12.
The apparatus of claim 11, further conprising an execution unit to issue a
portion of the data requests to the pipelined port. 13. The appar at us of
claim 12, wherein the execution unit is adapted to issue ordered data
requests, the pipelined port adapted to retrieve requested data in the
order issued. 14. The apparatus of claim 12, further conprising a second
execution unit to issue data requests to the pipelined port. 15. The
apparatus of claim 14, wherein the pipelined port is adapted to return
requested data to a rqqssisg ArRLUBAEITYIOPONjunit in the order said requesting

execution unit request|/qPATAAREQUESTS TO A
MEMORY, THE
PLURALITY OF DATA 190
REQUESTS INCLUDING
AT LEAST TWO
ORDERED DATA"
REQUESTS
20

PERFORM THE EARLIER
OF THE ORDERED DATA
DOES AN EARLIER OF THE
ORDERED DATA REQUESTS YES Lﬁgggsgg ég%-?s
RESULT IN A CACHE HIT? ORaEraS oh Tt
210 REQUESTS
220

CONVERT A LATER OF THE
ORDERED DATA REQUESTS TO A
PREFETCH REQUEST

215

FIG. 4A




16.
rei ssue 't he
converting t er. one of the ordered data requests into a prefetch. 17
17. The apparatus of claim 12, further conprising a second nenory being
coupled to the other nenory, said prefetcly/ffing a data request to said
second nenory fromthe other nenory. 18. The apparatus of claim17,
further conprising a system bus, the second nmenory being coupled to the

ot her nmenory by the system bus. 19. The apparatus of claim 17, wherein the

The apparatus of claim 12, wherein said execution unit is adapted to
Edered one of the data requests in respongerile/ 480"y

el

pi pelined port is adapted tg 8 % es by requesting data fromthe
second nenory and storing t ]g o the other nenory. 20. The
apparatus of claim 19, wherfe '% hnd t he ot her nenories are
second-1evel and first-Ieve a e fespectively. 21. The
apparatus of claim12, v\,here'ﬁ:1 i h cache nenory.
Q 225
AT LEAST TWO
ORDERED DATA
REQUESTS
L
PERFORM THE EARLIER
DOES AN EARLIER OF THE O T T AT
ORDERED DATA REQUESTS YES | LATER ONE OF THE
RESULT IN %ACHE HIT? ORDERED DATA
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20

IS A LATER OF THE
ORDERED DATA
REQUESTS A CACHE
MISS?

230

FLUSH THE LATER OF
THE ORDERED DATA
REQUESTS

&5

CONVERT A LATER OF THE
ORDERED DATA REQUESTS
TO A PREFETCH REQUEST

215

YES

FIG. 4B



22. The apparatus of claim 11, wherein the pipeli ned port is adapted to
receive rr“%(t %Z data requests in one clock cycle. p& @Q us “of
claim1l 2 conprising a secondary nenory coupl éd tofth gﬁ% “i ned
port, and wherein the pipelined port is adapted to retrieve data fromthe
secondary nenory in response to a mss gfgthe other nenory for the earlier
ordered one of the data requests and to reissue the |ater ordered one of
the data requests in response to retrieving data for the earlier ordered
one of the data requests fromthe secondary nenory. 18 24. A data
processi ng system conprising.: a processor, conprising: a second nmenory
havi ng a pipelined port, the pipelined port to receive data requests, to
det erm ne whet her an ean r—Qr iﬁlﬁ the data requests corresponds
to a mss in the second r%&g nvert a |later ordered one of the
data requests to a prefqt &%ﬁ%.’aé the|first

PLURALITY OF DATA
REQUESTS INCLUDING
AT LEAST TWO 240
ORDERED DATA
REQUESTS
20

PERFORM THE EARLIER
OF THE ORDERED DATA
YES REQUESTS AND A

DOES AN EARLIER OF THE
ORDERED DATA REQUESTS
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REQUESTS
2
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PREFETCH REQUEST

215

v
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v
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menmory in response to the earlier ordered one of the data requests
correspondi r‘g t?&z Jnss in the second menory; and an executi p@r/uSdozaid

i ssue data r 8 Sts.to the pipelined port. 25. The data processing system
of claim 24, further conprising a second execution unit to issue data
requests to the pipelined port. 26. Qftfe data processing systemof claim
25, wherein the pipelined port is adapted to conplete a plurality of
retrievals of data corresponding to a plurality of data requests froma
requesting execution unit in the issuance order of the plurality of data
requests by said requesting execution unit. 27. The data processing
system of claim 24, wherein said execution unit is adapted to reissue the

| at er ordered_on | ponse to the port converting
the later ordered one of the data requests jof a prefetch. 28. The data
processi ng sygtem of--clai-m-24;--to-convert tH#e| | ater ordered one of the data

requests to al|prefetch request to the ﬁkrst nory in refponse to pbotn {he
. Wi ltﬂ . .
earlier and thegl atér ordered gnes of the datp requests peing mgses ﬁn t he
second memoryl 9 NG : z5
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29. The data processing systemof claim24, wherein the second and the
ot her mnmenogy first-level and second-I|evel cache nenorjes, . :
respecti vervfﬁ)é%?ﬁ The data processing system of claim 24, PWF%3§2he_

pi pelined port is adapted to conplete an unordered one of the data requests
In response to determ ning that an {per ordered one of the data requests
corresponds to a mss in the second nenory and that the unordered one of
the data requests is pending in the pipelined port. 20
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