1 - : DESCRI PTI ON " System and Met hggd-f or

Pat a"Cache Coherency in a Split-Level Cache System  Technical Fiel e
present invention relates to data cache coherency in a corrputer system .. ....

) -,or‘rprl sing a spl [ t-I evel cache arrangerrent .

- DESCRIPTION

Sy's_tern and Method for;_-'D_.a_ta Cache Coherency iri“a Split-Level Cache System

Technical F ield
The present 1nventxon relates to data cache coherency in a computer system

comprising a spht—level cache arrangement

_ Background Art
5 A modemn computer svstem includes a memory hrerarchy that comprises
‘ various memory devices of varym sizes and speeds. Such memory devices
~ include, for e\ample a small but fast cache memory, and a larger but slower
_ ~ primary memory. . ..
; Data can be found in en:herthe cache memory or the primary memory. Also,
, - a plurality of devices (suc"ﬁlas a central processing unit and input/output devices)

access and update the data contamed in the cache memory and the primary

- memory. Thus, at any tun ‘d 'ta may be inconsistent or stale in the cache

memory and/or in the pnmary memory

This is called the cache coherency problem The cache coherency problem is
magnified in mult1-processor computer systems where a plurality of processors |
- each includes one or more_;eache__s, and coherency is required among all of the

- caches. .
.Systems and methods--er)r-"-rn'aintaininOr cache coheréncv are well known and

'. are described in many pub cly 3'ava11able documents; such as John L. Hennessy

and David A. Patterson, Computer Architecture - A Quantrtattve Approach
: (\/[oroan Kaufmann Pubhshers Inc., San Mateo, Cahfomra U.S.A., 1990),

- which is herein mcorporate by_reference in its entrretv These conventional

~systems and methods ar sufﬁcrent for solving the cache coherency problems

o paged .&.....
.. to paged .M.
to paged ...

.topaged Lo

.. that exust in most compute__ systems
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Background Art A nmodem conputer systemincludes a nenory hierarchy that

" fonprises various nenory devices of varying sizes and speeds. Such nenory
Hevi ces include, for exanple, a snall but fast cache nenory, and a’larggr """
but sl ower prinmary nenory. Data can be found in either the cache nenory-".
pr the primary nmenory. Also, a plurality of devices (such as a central
brocessing unit and input/output devices) access and update the data
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f processors each 1 ncludes one or nore caches, required
Inong ahdy abt bdadequdteso solve these new cache coherency problems.

o).

Thus, what is required is a system and method for solving cache coherency
related problems that exist in a computer system having a split-level cache
arrangement.

It is an object of the present invention to provide a control system and
method for controlling the execution of cache memory access instructions in a
‘ computer system comprisih_g a plurality of processing units each having at least

| one cache.

Disclosure of [nvention

In accordance with the présent invention, multi-processor cache coherency is
maintained in the computer system. At least one of the processing units of the
computer system includes a split-level cache arrangement that comprises a first
level cache coupled to a second level cache, wherein i-;hteger store [nstructions
enable data to be stored in both the first level cache and the second level cache..

The first level cache is byte writable and the second level cache is word writable.

The control system of the present invention monitors a pipeline of the second
level cache to determine whether a forced atomic (FA) instructioq is in the
‘second level cache pipeline. A FA instruction is an infeger store instruction
which requires allocation in the first level cache and _u;'hich enables dataof
length other than a word multiple to be stored in the ﬁfst level cache. Durnng
execution of a FA istruction, one or more bytes are read from the first level
cache and written to the second level cache along with__ write data of the FA
instruction. such that data of word length is written to the second level cache.

[f it is determined that a FA instruction is in the seéond level cache pipeline,

then the control system delays interventions to the second level cache until the

This Sheet Has Been Remlaced

L

. »




‘Systens and net hods for naintaining cache coherency are well known and are
.fdescribed in many publicly avail able docunents, such as John L. Hennessy
and David A Patterson, Conputer Architecture - A Quantjtative. Approach-
(Morgan Kauf mann Publishers, Inc., San Mateo, Callfornla U S A, 1990),
which is herein |ncorporated by reference inits entirety. These
caonventional systems and methods are sufficient for solving the cache

g Gher eF\Aﬁnmbdlmﬁmhe s¥tedd l@eﬁ@é@h@pm@mﬁer TS te&iles in delaymo the
" execution of the cache memorv access instructions responsxble for oenerauon of -
said interventions, such t-hfc_lt__ data written by operano_n-of said cache memory
access instructions is not destroyed by operation of _.t__he FA instruction.

The control system also -moriitors the second leve:.l"-_cache to determine
whether a possible miss (PM) instruction is in the seepnd level cache pipeline.
A PM mstruction is a cache. memory access instruc;_ion which réquires allocation
in the second level cache but which does not requiré -;é;llocation in the first level
cache. o )

[f 1t is determined that a PM instruction is in the second level cache pipeline,
then the control system prevents FA instructions from entering the second level
cache pipeline. In this manner, execution of i mterventxons to the second level
cache is not prevented wh1le there is a potential for. an nstruction in the second

level cache to be detained wh11e an intervention is processed in its behalf, such

that deadlock between proces_smg units of the compq_t_e_r system is prevented.
The control system also détermines whether an aliéhed multi-byte word in
which the write data of an inge__g-er store operation is oohtamed is exclusive in the
first level cache. Ifitis det_et_'jmined that the aligned word is not exclusive in the
first level cache, then the coht-_fol system prevents the..:-.i_nteger store operation

from entering a pipeline of the second level cache, and initiates a cache miss and

fill operation to cause the aligned word to be exclusive in the first level cache.

Brief Description of Drawmas -
Figure l is a block dlag.ram of a computer system m whxch the present

invention operates;

R

Figure 2 illustrates the mziﬁne-rfl'in which an integer Store operation is

implemented in a computer syst____m having a split-levelicache arrangement;

Figure 3 depicts a scenario. v here data is lost due-t the structural and

operational features of a computer system having a sp_h_t_-—lev el cache
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.w conput er architectures, however, nay spawn new types of cache coherency

‘PF obl ems. These cache coherency problens may be difficult to detect, much
ss anal yze and sol ve: Conventional cache coherency techni ques.nay-not .bes...
déquate to sol ve these new cache coherency probl ems. . Thus, 'what is --: .

equired is a systemand nethod for solving cache ‘coherency rel ated
Feobl ens that exist in a conputer systemhaving a split-level cache

' angAredtgement| ands an object of the present invention to provide a
Nt r ol - system g- t he _execution.-of :cache nenory,

.and hod for; atrol | i
cose bl fond it enboaiampaptranilor
T e T e

Best Mode for Carrying Out the Invention
The features and advantages of the present invention, as well as the structure
and operation of various embodiments of the present invention, are described in
detail below with reference to the accompanying drawings. In the drawings, like
reference numbers indicate identical or functionally similar elements.
‘ l. Hardware Environment
{ A partial block diagram of a computer system 101 in which the present
invention preférably operates is shown in Figure 1. As will be appreciated by
persons skilled in the relevant art, the computer system 101 includes other
- components not shown in Figure 1.

The computer system 101 includes a processing unit 102 that is connected to
a bus 126. The processing unit 102 is preferably a RISC (reduced instruction
set computer) processor, although it could alternatively be a processor having
another type of computer architecture. RISC computer processors are discussed
in the following documents: G. Kane and J. Heinrich, MIPS RISC Architecture
(Prentice Hall, Englewood Cliffs, New Jersey, U.S.A.; 1992); Mike Johnson,
Superscalar Microprocessor Design (Prentice Hall, Englewood Cliffs, New
Jersey, U.S.A., 1991); and Stephen B. Furber, VLSI RISC Architecture and
Organization (Marcel Dekker, Iné., New York, New York, U.S.A., 1989, all of
which are incorporated herein by reference. - | .

The processing unit 102 includes a plurality of functional units (FU) 104,
such as an integer functional unit (TU; not explicitly shown in Figure 1) for
performing integer operations, and a floating point functional unit (FPU; not
explicitly shown in Figure 1) for perfofming floating point operations.

The processing unit 102 includes a split-level cache arrangement that

. —
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.?’BI ntained in the conputer system At |least one of the processing units of
h

e conputer systemincludes a split-1level cache arrangenent that conpr.ises.
first | evel cache coupled to a second | evel cache, wherein integer stoté.
nstructions enable data to be stored in both the first level cache and the*
econd | evel cache. The first level cache is byte writable and the second
evel cache. i
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econd | qyeldftaehehe 0Bl istpreferably formed on the s_a__x__ne computer chip as the

IU (accordingly, the data cache 108 is sometimes called "on-chip cache") in the

0N ————0 '-"m-n = O

processing unit 102. The global cache 112 is prefera_b_ly external to the
‘ functional units 104 in the pro_cessing unit 102 (aceerdingly, the global cache
' 112 is sometimes called the "off-chip cache"). '

Integer data resides in the data cache 108. Floating point data resides in the
global cache 112. The global- cache 112 is also a second-level storage unit for
integer data. An integer store operation causes integer data to be stored in both
the data cache 108 and the global cache 112. A ﬂo'é.t_ing point store operation
bypa?sses the data cache 108 and causes floating point data to be stored in the
global cache 112. '

Preferably, the.data cache 108 suppbrts non-word writes. Preferably, the

data cache 108 supports byte writes (although the data cache 108 may support
writes of different non-word write lengths). That is, data may be written to the
| data cache 108 in one-byte packets (in other words, the data cache 108 is
preferably byte writable). The global cache 112 do:feé:not support byte writes.
Instead, the global cache 1 12.f-supports word writes;%iysiherein a word is
preferably four bytes (in other words, the global cache 112 is word writable).
By supporting word writes, rather than byte wntes it is possible to
implement the g clobal cache 112 using fewer RAMs:'i':':andom access memories),
thereby reducing the cost of the processing unit 102: This is the case, since the

granularity of parity is g.reater when supporting byt

'suppomno word rights. For example where a word i is 32 bits and where the
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FA instruction exits the second | evel cache pipeline. This results in
| ayi ng the execution of the cache nenory access instructions

sponsi bl e for generation of said interventions, such that data-wittan""*
“operation of said cache nenory access instructions is not destroyed :by-".
eration of the FA instruction. The control systemal so nonitors the'
eond | evel cache to deternmine whether a possible miss (PM instruction

in tglebgkeanhe 1k & implementedabingsR AN Pldvimg b wadtd wrduhsoiécl dmehe mem)ry
265 SaepanS RAM B EGulred Yo &Very two data RAMs when byte writds are
| supported. [n contrast, one parity RAM is required for every eight data RAMs
when word writes are supported
As noted above, integer store operations cause integer data to be stored in
both the data cache 108 and the global cache 112. As also noted above, the data
cache 108 supports byte writes, whereas the global cache 112 supports word
writes.

Figure 2 illustrates the manner in which a 1-byte | Integer store operation is

implemented with respect to the global cache 112. The data cache 108 is
conceptually depicted in Fi lgure 2 as comprising a plurality of rows wherein each
row includes an aligned four ‘byte data word.

During the operation of a-g__-l_ -byte integer store operation, one byte (this
represents the "write data"'o"f the integer store operation) is written to one of the
rows of the data cache 108. Also the other three bytes of this row are read from.
the data cache 108, and then these three bytes are appropriately combined with
the byte (that 1s, the wnte-_da____t_a) of the integer store operation to form a data
word. This word is then stdreid-fin the global cache 112.

Data stores to the data eeche 108 and the global cache 112 are pipelined. '
The data store pipelines asseciated with the data cache 108 and the global cache
112 (the data cache pipeline 1s indicated by 106 in Figure 1, and the global
cache pipeline is indicated by'*l 10 in Figure 1) are suéh that integer stores to the
data cache 108 are commn:ted before floating point mlsses to the global cache
112 are realized. Thus, it is: not. possrble to "back- out" of integer store
instructions after commmnen;of the store to the data. cache 108, but before
completion (including realization of a floating point r_russ) of the floating point
store to the global cache 112. : -

The split-level cache arrangement s 'ﬁmher discuéised in an U.S. Patent

Apphcanon entitled "Spht Level Cache", Attorney Docket No. 15-4-138.00,
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the second | evel cache but which does not require allocation in the

fifrst level cache. If it is determned that a PMinstruction is in the

s@cond | evel cache pipetine, then the control system prevents FA -

i §structions fromentering the second |l evel cache.pi pel i'ne. In this .

nner, execution of interventions to the second |evel cache is not

pgevented while there is a potential for an instruction in the second

| gvel cdefacnecdabgreai ned while an intervention is pr](c)ceﬁ'sed in ![ts <t em

bghal f, -su t.hat deadl qck be en processing. units of-the cenputer sy

i § pr evehtggfemng W@B%Eﬂﬁe L:\;,}glﬁé}ﬂrap%@réﬁstém(Masncvmdemaddamml! gried
lti-b LR rehi ' of Integer store operation is

cdnt ai ngjrgicigg%: Ihﬁlst‘lé@ggélﬁ'%k@# FEreg{_ gfti@é;uspglg@réucﬁ?asl RIOCESHBE ATHE ﬁﬂeﬂ- t hat

e al i Girede wdddtiosalrocessihg¥iny8 dohnkbRed id S BLFSVPiq grgagﬁgan\{igb% the

cgntrol system prevents the I'nteger store operation terFing a

pifpel i nEPH-1aved cache arangestient {sieh apeodessingatidis 12455 Ray sveddtlef | ||
oferati ntotcau%ethe al i gned rd to be exclusive 1n the first level
cdche. Wpes of Cachie arr angements (although such cache arrangements must be able to

store both integer data and floating point data). For reference purposes, the

processing unit 102 is sometimes called the first processing unit 102, and the

processing unit 114 is sometimes called the second processing unit 114.

The computer system 101 supports multi-processor data coherence. That is,
{ coherency of the integer and ﬂoating point data distributed among and stored in
the processing units connected to the bus 126 is maintained by the computer
system [01. The computer system 101 ihcludes a cache coherency mechanism
(not shown) for maintaining tbis data coherency.

Systems and methods for cache coherency are well known and are described
in many publicly available documents, such as Computer Architecture A
Quantitative Approach, cited above. Such well-known cache coherency
techniques can be used to implement many aspects of the cache coherency

mechanism of the computer system 101,

The inventors have identified above coherency-related problems in the
computer system 101 which are due to the specific structural and operational
features of the computer system 101, particularly the split-level cache
arrangement discussed above. The inventors have also developed solutiois to
these cache coherency-related problems. These cache coherency-related
problems ha\}e never before been identified and, cons:equently, have never before
been solved. |

The cache coherency-related problems which were identified by the
inventors, and the solutions to these problems _which were developed by the

inventors, are discussed in the following sections.
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I ef Description of Draw ngs Figure 1 is a bl ock di agram of a conputer
stemin which the present invention operates; Figure 2 illustrates the
nner
stem having a split-level cache arrangenent; Figure 3 deplcts a eyt
enario where data is lost due to the structural and operational features
s a conputer system having a split-level cache

in which an integer store operation is inplenented in a conputeg*s, ***

2.0 Data Loss Problem

" "Asa result of the specific structural and operational features of the computer
system 101, there is a chance'that data stored ina cache by one processor may
be destroved by the operation of another processor. Specifically, this data loss
problem is due to the following features of the computer system 101: (1) the
split-level cache arrangement; (2) the difference in write granularity of the data
cache 108 and the global cache 112 (that is, that the data cache 108 supports
byte writes whereas the global cache 112 supports word writes); (3) the
multi-processor coherence requirement of the computer system 101; and (4) the
fact that integer stores to the data cache 108 are committed before floating point
misses to the global cache 112 are realized.

Figure 3 depicts a scénario where this data loss problem occurs, wherein
selected contents of the glob'al' cache 112 in the first processing unit 102 and the
cache of another processing unit (not shown in Figure 1) connected to the bus
126 are shown at four different times t0, tl,'t2, and t3 '(these times are not
necessarily equally spaced ﬁfbin one another). Assume that the cache of this -
other processing unit Suppo,rts byte writes.

At time t0, the global cache 112 in the first processing unit 112 stores an
aligned four-byte word 302 haying byte values A, B, C, and D. Assume that an
exclusive copy of this word (that is, the only valid copy in the computer system
101) is contained in the global cache 112 of the first processing unit 102.
Couosequently, this word 302 1s not available in the cache of the other processing

unit, as indicated in Figure 3

Sometune between times. t0 and , one of the ﬁ.mctibnal units 104 in the first
processing unit 102 issues an ;,nteeer store instruction to write a byte "Y" t to the
data word 302 stored 1 in the data cache 108 and the global cache 112 of the first
processing unit 102. The processmg of this mteger store instruction causes
bytes A, C. and D to read from the data cache 108 q;t:‘ the first processor 102 and
to be appropriately combined »\kith the byte "Y" asségidied with the nteger store
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rrangenent; and Figures 4 and 5 illustrate flowharts depicting the
peration of a control system according to a preferred enbodi rrent of the
resent invention. - Best Mode for Carrying Qut.the Invention- .- The=, ***
eatures and advantages of the present invention,:.as well as the structme".
nd operation of various enmbodi ments of the present invention, are
gscribed in detail belowwth reference to the acconpanying drawi ngs. In
he drm&itwslonh ke.. reference nunbers indicate identical or functionally
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ghown daxaRivetd 802.is not valid and exclusive in the cache of the other processing .

unit, so a cache miss message is issued by the other processing unit (in the
computer system 101, it is possible to write to data in a cache only if the data is
exclusive).

As a result of the cache miss message, the exclusive copy of the data word
302 is transferred from the first processing unit 102 to the other processing unit.
é Then, the store instruction completes in the other processing unit such that a

byie "X" is stored in one of the bytes of the data word 302. These actions are
completed by time t1, as shown in Figure 3.

Sometimes between times t1 and 2, the combined bytes A, Y, C, and D are
ready to be written into the data cache 108 of the first processor 102. However,
data word 302 is not valid and exclusive in the data cache 108 of the first
processing unit 102, so a cache miss message is issued by the first processing
unit 102. As a result of the cache miss message, the éxclusive copy of the data
word 302 is transferred from the other processing unit to the first processing

unit 102. These actions are completed by time t2, as shown in Figure 3.

Sometime between times t2 and t3, the pending integer store instruction is
completed in the first processing unit 102, such that bytes A, Y, C, and D are
stored in the data word 302. Note that byte "X" that was written in the data
word 302 by the other proces_siﬁg_; unit has been destr,oy}ed by operation of the
first processing unit 102. Thus, as a result of the speéiﬁc structural and
operational features of the computer system 101, data stored in a cache by one

processor has been destroyed by the operation of another processor.

The data loss problem was 1dentxﬁed and understo”d_by the inventors only

after a detailed and comprehenswe analysis of the combuter system 101. The

data loss problem was dxff cult to ldentm much less undersrand and solve,
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ijnstructi on set conputer) processor, ‘
rocessor having another type of conputer architecture. Rl SC conputer
rocessors are discussed in the follow ng docunents: G Kane and J.
ch, MPS R SC Architecture (Prentice Hall, Englewood Ciffs, New
er seygivenghe multiglmity and somplexioy of the Eactorsl Aistad abaye)ovbighor Desi gn
ice,Hall. -Er%{em)od (%Ii'ffsy New Jefsey, .-U S. A, 1991);.~and Stephen B.
QETERLe MG BEAUFR: and Or gani zati on (Marcel Dekker, Inc., New
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he conputer system 101 includes a processing uni t 102 that is connected to

126. The processing unit 102 is preferably a R SC (reduced

cOpbae

( FOhelsttution dlevetogetl byties fivehtorstto @onre thei dath Ids problempvIEi t1y

in Figure 1) for performng integer operations, and a floating point

noral baidiscugseRl), not explicitly shown in Figure 1) for perform ng

n oi nt erati.qns.. ~ .Th rocessi ng uni 102 incl udes a
dol 1 1 -1 e Satabssprahlgais solysby ensuring that cache memory access

instructions which may result in the data loss problem are executed atomically.
Specifically, cache memory access instructions which may result in the data loss
problem are atomically executed from the initiation of the read (of the three
bytes) in the data cache 108 to the'completion of the write (of the four bytes) in
the global cache 112. In other words, a cache memory access instruction which
may result in the data loss problem is atomically executed from the point at
which the instruction enters the pipeline of the global cache 112 (indicated by
110 in Figure 1) to the point at which the mnstruction exits the pipeline of the
global cache 112. Interventions are not permitted during the atomic execution
portion of such instructions. .

As well known to persons skilled in the relevant art, an intervention is
performed on the behalf of a Processor X and involves reading data from the
cache of a Processor Y, wherein such data is used to ﬁpdate the cache of the
Processor X. Interventions are necessary to maintain coherency among caches
in a computer system. o ) |

"Consider, for example, the scenario presented in Figure 3. As discussed
above, at time t0 the global cache 112 in the first proc'_essing unit 112 stores an
exclusive copy of an aligned four-byte word 302 having byte values A, B, C, and
D. The integer store instructign which is issued between times t0 and t1 by one
of the functional units 104 in the first processing unit 102 initiates a memory
read of bytes A, C, and D from the data cache 108. |

According to the present invention, at this point the integer store instruction

has entered an atomic execution portion such that interventions to the global
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onprises a first |level cache, such as a data cache 108, and a second | evel

ache,

such as a gl obal cache 112. Cenerally, the data cache 108 is
mal | er than the gl obal cache 112 (the data cache 108, has a preferred.

ssse

i‘ze of 16 Kbyts, whereas t he gl obal cache 112 has a‘preferred size ofs up

o 16

Moyt es). The data cache 108 contains a subset of the data stored in'

he gl obal cache 112. The data cache 108 is generally faster in operation

=i

instruction in the first processing unit 102 completes (that is, until after the
bytes A, Y, C, and D are stored in the global cache 112). |

After this penciing store instruction completes in the first processing unit 102,
the exclusive copy of the data word 302 is transferred to the other processing
unit (that is, interventions to the global cache 112 are allowed after the pending’
store instruction completes and exits the pipeline of the global cache 1 1.2).
Then, byte "X" is written to the data word 302 such that the data word 302
includes bytes A, Y, X, and D. | |

By operation of the present invention, therefore, data stored in a cache by one
processor (that is, the other processor in the example of Figure 3) is not
destroyed by the operation of another processor (that s, the first processing unit
102 in the example of Figure 3).

As discussed above, the present invention solves the data loss problem by
ensuring that cache memory access irxSlIuCtions which may result in the data

loss problem are executed atomically. These instructions are called forced

- atomic (FA) instructions since they are forced to be atomically executed, as

discussed above.

As part of the solution of the data loss problem, the inventors have identified
FA instructions as including any integer store instructions (that is, any cache
memory access instructions which require data to be stored in both the data
cdche 108 and the global cache 112) which store other than aligned word
blocks. In the preferred embodiment, the data store width of the global cache

- 112 is four bytes, such that FA-instructions are integer store instructions which
store other than an aligned block of four bytes, or which store other than aligned

multiples of four bytes. Such instructions require allocation in the data cache
108, and require that the data cache 108 be accessed to retrieve bytes to ﬁll out

- € store 2.
four-byte stores to the global cache 112 . This Sheet Has Been Reﬁlaced
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(accordingly, the data cache 108 is sonetinmes called "on-chip cache") in
e processing unit 102. The global cache 112 is preferably external to
e functional units 104 in the proceSS|ng uni't 102 (accordingly, :the -+ ...
-0bal cache 112 is sonetines called the "off-chip -cache" ). | nt eger 1n.
ta resides in the data cache 108. Floating point data resides in the
obal cache 112. The gl obal cache 112 is also a second-|evel storage unit
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int stordOopeadiocnProlylpasses the data cache 108 and causes fl oati ng :
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one- Qg Eribéd below,(the RbARE eweEdGon OFF AMANKMOM spaRmsSa new problem

which involves the possibility of deadlock of proc;éssing units in the computer

system 101.

There are two aspects of the deadlock problem, deadlock due to potential

miss instructions and deadlock due to the need for data exclusivity when
' ’ - performing forced atomic instructions. These aspects of the deadlock problexp
{ are discussed in the following sections.
4.1 Deadlock Due to Potential Miss Instructions
A scenario involving the execution of FA instructions that results in deadlock

shall now be described with reference to Figure 1.

At a ume t0, suppose that a floating write instruction is initiated in the first
processing unit 102. Similarly, suppose that a ﬂoatmg writ instruction is
initiated in the second processing unit [ 14. As discussed above, ﬂoatma write
instructions bypass the data caches 108, 120 and proceed directly to the global
caches 112, 124.

Q At a time tl, suppose that the pending floating write instruction has not

completed i the first processing unit 102, and that a FA integer write
instruction is initiated in the first processing unit 102 During the processing of
the FA integer write instruction in the first processmg unit 102, a read opération
of the data cache 108 is initiated to retricve the appropnate three bytes to fill out
the forthcoming four-byte write to the global cache: 1 {12, Thus, interventions in

the global cache 112 with regard to the aligned foux;;byte word containing these

three bytes (and also containing the write data of the FA integér write

instruction) are blocked.

Also at time t1, suppose that the pending ﬂoatmiz wnte mstrucuon has not
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pgeferably byte witable). The gl obal cache 112 does not support byte
ttes. Instead, the global cache 112 supports word wites, wherein a word

i$ preferably four bytes (in other words, the global cache 112 is word e« se.
41 table). By supporting word wites, rather than byte wites, it |s'-7‘u

pessible to inplenent the . gl obal cache 112 using fewer RAMs (randontaccess
nories), thereby reducing the cost of the processing unit 102. This is

the cascomplared in kige secumd proceysing umdl | 14, ared draval A integRrsuieor ting byte

i tes than-when-supporting word rights. -For- exanple, where .a word is 32
bifts. anasumsngntlﬁmmated in the second processing unit | 14. During the processing
of the FA integer write m;____trucuon in the second processing unit | 14, a read
operation of the data cache 120 is initiated to retrieve the appropriate three bytes
to fill out the forthcom.ing-;four-byte write to the global cache 124. Thus,
interventions in the global:_{;céche 124 with regard to the aligned four-byte word
containing these three bytes '("and also containing the:'write data of the FA integer
write instruction) are blocked

At a time 2, suppose. that a cache miss is realized for the pending floating

‘write instruction in the ﬁrst processmc unit 102. That is, the data which is to be

.’ modified by the floating wnte instruction is not valid and exclusive in the global
cache 112 of the first processmo unit 102. Also suppose that this data is valid
and exclusive in the global cache 124 of the second processma unit 114. Thus,
to complete the pending’ ﬂoatmﬂr write instruction m the first processing unit
102, an intervention at the global cache 124 of the second processing unit 114 is
required. However, this mterventton is blocked due to the atomic execution of
the pending FA mteger wnte instruction in the second processing unit 1 14.

Also at time t2 suppose that a cache miss is realized for the pending floating

write instruction in the second processmo unit 114. That is, the data which is to

be modified by the ﬂoatmg wnte instruction is not valid and exclusive in the
global cache 124 of the second processing unit 114. Also suppose that this data

is'valid and exclusive i in th global cache 112 of the: ﬁrst processing unit 102.

Thus, to complete the pe mg_ oating write instruction in the second processing

unit 114, an intervention. a: the ==Jobal cache 112 of the first processing unit 102

tervennon 1s blocked due to the atomic execution of

is required. However, thls
the pending FA integer wr _'.‘_;mstructxon in the ﬁrst processmg unit 102.

13
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gl obal cache 112 is inplemented using RAMs having'a wite wdth of 4 bits,

. pne parity RAMis required for every two data RAMs when byte wites are
supported. In contrast., one parity RAMis required for every eight..data. ....
RAMG when word wites are supported. As noted ghove, integer store . ..,
bper ati ons cause integer data to be stored in both the data cache 108 and .°
[ he gl obal cache 112. As al so noted above, the data cache 108 supports byte

it eqarowﬁrxﬁ%%nhbfoy iPR6t abAitife Lhd] HPHM S0l MihteR02 bechi@sr e 2
| lustrates. the.manner in which.a 1-byte. | nfeger store_operatron is _ .-

npl enmbtecked.t Siméarlycdataofrohethgl setahd probessidg unikhlel 4t Rotcaaiiablods i s
tonceptual |y depicted in Figure 2 as conprising a pluraljty of rows wherein
bach ua ithé seerenad procassyigednit ddd W@a‘ﬂ@lﬂﬁg@d- Acoogd the operation
Pt a ]("1_6% Eoecki snxtn?a(r:{%n gptuosrfsebg _ et’feérlxt tih%rhrsggﬁdlg%gncﬁ t1:)r13ci)<':5essing units 102, 114.
4'2. Solution to the Deadlock Problem (Potential Miss Instructions)
According to the Present [nvention _
The solution developed by the inventors to solve this deadlock problem will
now be discussed. _
As identified by the inventors, there are two categories of cache memory
é access instructions which are of interest with regards to this deadlock problem.
( The first instruction category includes cache memory access instructions which
may result in the data loss problem. These instructions are called forced atomic
(FA) instructions, and are defined and discussed above.
The second instruction category includes cache memory access instructions
which do not require allocation in the data cache 108, 120 (that s, which do not
store data in the data cache 108, 120) and which directly access the global cache
112, 124. These are unlike FA instructions, which do require allocation in the
data cache 108, 120.

[t is not possible for a FA instruction in the pipeline of a global cache 112,

124 to generate a global cache miss (but see the discussion on this topic in the
following section). This is the case, since FA instructions require allocation in
the data caches 108, 120, and since the data caches 108, 120 store a proper
subset of the data stored in the global caches 112, 124; respectively.

In contrast, an instruction of the second instruction category can generate a
global cache miss, since these instructions do not requfre allocation in the data -
caches 108, 120. Accordingly, instructions of the sechd nstruction category
are called potential miss (PM) instructions.

There is actually a third instruction category which includes cache memory

access instructions which do not fall into the first instruction category or the
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epresents the "wite data" of the integer store dperation) is witten to
:Ee of the rows of the data cache 108. Also, the other three bytes of this
r

-

w are read fromthe data cache 108, and then these three bytes are .+ ssss
propriately conbined with the byte (that is, the wite data) of the’ K.::“
Nt eger store operation to-forma data word. ThIS word is then stored in' s’
he gl obal cache 112. Data stores to the data cache 108.and the gl obal
ache 3écomd tnryiomentegde Watracabas o fphe ehird ésstagsani edtegdory tdn bbe data
hche- 108 and the gloebal cache 112 (the data cache pipeline is -indicated by
06 i n grogped With antber firstgnstpactiomeategprpuistnstionsioravichisédony 110 in

es to.the data cache_.108 ar connitted

ure.1l) are such that inte fo
0 & mTor CHSRRtY IseBictions, SheharouRinekmAs brIBade ot Earsa, OThus. 1

b+ sy PErfoPmelPE Titucsitns OF B hirS BB FHRBSV BeTRbEL o

ncl udéfeganery iheaidl@fioRbf thé HeadlbBR g%@bl%tm ”&rﬁﬂh&fshtaﬂlehdt' Balisedsdad Nt

[ore to the gl obal cache 112 split-1Tevel cache arrangenent is
ir t hefurtherussed in an U. S. Patent '

Once they identified the FA and the PM instruction categories, the inventors

L]
-~ —~0 _'C)'TlHOO — —

were able to completely analyze the deadlock problem and devise a procedure to
solve the deadlock problem. 'Sp_eciﬁcally, the inventors determined that the
deadlock problem potentially occurred only when a potential miss instruction
was followed by a forced atomic instruction. More particularly, and with
respect to the processing unit 102 for illustrative purposes, the inventors |
determined that the deadlock problem potentially occurred only when a FA
instruction was allowed to enter the pipeline of the glqbal cache 112 when a PM
instruction was already in the pipeline of the global cache 112. |

In the scenario discussed above, for example,- the floating write instructions
initiated at time tO represent PM instructions. The integer write instructions
initiated at time tl represent FA instructions.

Thus, according to the present invention, the deadlock problem is avoided by

allowing a FA instruction to enter the pipeline of the global cache 112 only when
there are no PM instructions already in the pipeline of the global cache 112. If
there are any PM instructions alreédy in the pipeline.df_;the global cache 112,
then the FA instruction is stalled. . _' .

This solution to the deadlock problem (that is due m part, to potential miss
instructions) is described in grsater detail below.

4.3 Deadlock Due to Need for Data E‘cclusmty When Performing Forced
Atomic [nstructions _ .'

- The above section descri_bes:a; deadlock problem that is due to the

performance of potential miss instructions. This section describes a deadlock
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i plication entitled "Split Level Cache", Attorney Docket No. 15-4-138.00,

% referenced above. Referring again to Figure 1, the conputer system

101 i ncludes additional processing units that are connected to t-he,bus 126;*
such as processing unit 114. These additional processing units connected to
tihe bus 126 may having a split-level cache arrangenent (such as processing'
dnlt 114), or may have other types of cache arrangenents (although such
cache paoblim ehanssluetst themeed! for data exclusmty when perfonmng forced

* atomic instructions. This deadlock problem is su'mlar to the potentlal miss
‘ deadlock problem.

As discussed above, with reference to the processing unit 102 for illustrative
purpose, it is possible to write data to the global cache 112 only if the global

cache 112 stores the exclusive copy of th data (that is, only if the globé! cache

R

112 stores the only valid copy of the data). If a floating point write is made to
the global cache 112 and the exclusive copy of the data of interest is not stored

o Vnrw £ 4 e et

in the global cache 112, then a cache miss and fill operation (that is, an
intervention) must be performed. |

In the computer system 101, a 1-byte FA integer write operation performed
in the first processing unit 102 causes a write to the data cache 108 and to the
global cache 112. According to the present invention, with regard to the write to
the data céche 108, the data byte of interest (that is, thg byte in the data cache
108 that 1s being modified by the integer write operation) is required to be in a
cache block that is exclusive in the data cache 108; otherwise, processing of the
integer write operation is not allowed to proceed. Preferably, the width of a
cache block is 128 bytes, although the cache block width can be other values
without departing from the scope and spirit of the present invention.

The inventors have determined that the integer write operation should be
allowed to enter the pipeline to the global cache 112 only if the data byte of
interest, as well as the other three bytes of the aligned four-byte word (in which
the data byte of interest is contained), are in a cache bldck that is exclusive in

the data cache 108. Otherwise, deadlock may result.

Consider a scenario where the integer write operation is allowed to enter the
pipeline of the global cache 112 even when these four'bjytes are not exclusive in
the data cache 108. In this scenario, assume that these _four bytes are also not
exclusive in the global cache 112! "W_he'_n the integer read operation reaches the

end of the pipeline to the global cache |12, a cache miss and fill operation (that
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tore both integer data and floating point data).. ‘For reference pur poses,

he processing unit 102 is sometines called the first proceSS|ng uni t 102

14.
hat

IS,

‘The conput er system 101 supports nulti-processor data coherence. -
coherency of the integer and floating poi nt data distributed anong

......

nd stored in the processing units connected to the bus 126 is maintained

y thels:,mpunemea;aoném gederalee conputer system 101 includes a cache .

Ooher’ency, chani s (not sho mai nt.ai ning this data:goherency.:
alﬁgc%ﬁfem@m ShersTeree oohé @SEYCHPR WEkdeX thPronsTtiss 6 descr | bed i n

yst ens

|any p
luant i

echni gugsykeaq

Baroiat SR bRy Sl ene i i b B e BE Ay

Beeritit $of ﬁeﬁdﬂBhE%ts cisted tﬁé@%h%tﬁictfd?ﬁc&?ﬁbﬂl BRI ency

lechani sm of” t??e conput er system 10 The inventors have identified

bove ¢meevemns el thegdobalakiches] i) ahﬂe»vammtewlusayﬁyeﬂ“@rhchhmheph are due
o the specific structural and operati onal .

processing unit.

4.4 Solution to the Deadlock Problem (Data Exclusmty Requirement)
According to the Present [nvention)

According to the present invention, this deadlock problem is solved by
requiring exclusive allocates on store in the data cac_ﬁe 108. Specifically, aFA
integer write operation is committed in the data caché; 108 only if the cache
block in which the aligned four-byte word of interest;.'is contained is exclusive in
the data cache 108. Otherwise, a cache miss and ﬁlli__operation is generated.
Note that the FA integer write instruction is not in the pipeline to the global
cache 112 when this cache miss and fill operation is issued, and this cache miss
and fill operation is not atomically performed. Thus, there is no danger of
deadlock. | |

This solﬁtion t;) the deadlock problem (that is due'ff__to' the exclusivity
requirement) is described in greater detail below. |

5.0 Summary of Solution and Implementation of Sohition

As discussed above, the specific structural and operanonal features of the
computer system 101 have caused a number of cache g_-:oherency related
problems. The inventors have identified these probléias and have developed a
system and method for ehmmatmo these problems. In essence, the system and

method of the present inventign control the execuuon of cache’ rnemory access

instructions by implementing the following three rules.(
reference is made to the processing unit 102 to descf‘iﬂé these rules):
(1) Ifa FA instruction (that will operate to modlfy a data word) is in the

pxpehne of the global cache 112, then interventions to the global cache 112 with
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eatures of the conputer system 101, particularly the split-level cache
rrangenent di scussed above. The inventors have al so devel oped solutions to
hese cache coherency-rel ated probl ens. These cache coherency-related e
rrobl ems have never before been identified and, consequently, have never i
ef ore been sol ved. The cache coherency-rel ated probl ens which were
dentified by the inventors, and the solutions to these problens which were

evel opegardytotthe data &mxdr(shata:se»\dmdc refeechderththiatd wdrdyvamdelagrmmm;l
the FA instruction completes and exits the plpelme of the global cache 112. 7

o~

N0

Alternatively, if a FA instruction is in the pipeline ot the global cache 112, then
interventions to the entire global cache 112 are delayed until the FA instruction
completes and exits the pipeline of the global cache [12.

(2) If a PM instruction is in the pipeline of the global cache 112, then FA
instructions are not allowed to enter the pipeline of the global cache 112. Such
FA instructions are stalled (that is, they are abdrted, and re-étarted at a later time).

(3) Ifthe aligned word associated with a FA instruction is not exclusive in
the data cache 108, then the FA instruction is not alllo..wed to enter the pipeline to

the global cache 112, and a non-atomic cache miss and fill is generated.

—

Rule (1) solves the data loss problem. Rule (2) solves the deadlock problem
(potential miss). Rule (3) solves the deadlock problem (data exclusivity
requirement). '

The present invention also includes a fourth rule: If an intervention is

pending in the global cache 112, then a FA instruction is not allowed to enter the
pipeline of the global cache 112. Instead, the FA instruction is delayed until
after all of the periding interventions are complete.
- This fourth rule does not operate to solve any of the problems discussed
above. Rather, this fourth rule exists for performance reasons. The fourth rule
ensures that interventions will not be blocked forever by FA instructions, but
will instead be given the .opportunity to be processed. :

"Rules (1), (2), and (4)' are preferably irnpleménteq_ by appending a FA bit
and a PM bit to each instructioﬂ which enters the plpelme of the global cache
1 1’2. If an instruction is a forced atomic instruction, then its FA bit is preferably
set to one, otherwise it is set to zero. Similarly, if ari;_ir';snuction is a potential
miss instruction, then its PM bit is preferably set to one otherwise it is set to zero.

A control system 150 preferably monitors mstrucuons as they enter the

pipeline of the global cache 112 (not that control lines between the control

“‘ﬁﬁ‘iii’f i‘iii:ﬂﬂi“:iﬁin




4.0 Data Loss Problem As a result of the specific structural and
operational features of the conputer system 101, there |s a chance

df “anot her processor. Specifically, this data | oss" problemis due t
+ flollowing features of the conputer system 101: (1) the split-Ievel

Q

Q)

ul ti

r-\-n_ﬁh—hr—"js

us

nd t RESER

rite

| oating point msses to t

srtdecans (Tepresentedring stepotdt ), then drercontiol systeat 150
blocks interventions to appropriate data (that is. the ahcned four-bit word of
interest) in the global cache 112 (represented by step 406). This implements the
first rule.

Similarly, if the control system 150 determines that an intervention is |
pending to the global cache 112 (represented by step 412), then the control
system 150 prevents FA instructions from entering the pipeline of the global
cache 112 (represented by step 410). It is assumed that the control system 150
is in contact with other components of the computer system 101 which have
knowledge of the pendency of interventions. This implements the fourth rule.

If the control system 150 detects in the global cache pipeline an instruction
with its PM bit set to one (represented by step 408), then the control system 150
prevents FA instructions from entering the global cache pipeline (represented by
step 410). This irriplements the second rule. .

Rule (3) is preferably implemented by appénding a W (writable) bit to each
cache block (which is pfeferably 128 bytes wide) in the data cache 108. Ifa
cache block is exclusive in the data cache 108, then the W bit associated with
the cache block in the data cache 108 is preferably set to one; otherwise, it is set
to zero. Further operation of the control system 150 shall now be described with
reference to the flowchart shown in Figure 5. | |

The control systém 150 mopitors integer store instructions being processed at
the data cache 108 (that is, integer store instructions which are being processed
in the pipeline of the data cache 108). If the aligned four-byte word associated
with a FA instruction is in a cache block that is excluSi_’vé in the data cache 108

(as indicated by the W bit associated with the cache block: this test is
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nt 2 |fferen in wite granularity of the data cache 108
hd 1 RESE Bab %"&}cﬂl@ %ﬁ@qm estQCﬁ&ngnﬁnab%a&aﬂbsmfgp plarity byte

Py HERG T BG AhDD SRR TobRENSYRRRY 130, Bhf bl bESkbeRBla By (o)

he f@@feréﬁu@é td ﬂi@ﬂgwcﬁhﬁrﬁ@mﬁ%afg cagﬁ cache 108 are comm tted before

e 112 are reali zed. Figure 3
epi ct s I the epatriod synenelsmdetems in tesglobadbhetie pipeling anisfrattioge! ect ed
ontents ofd_{ 2}‘ gl gbal cache 112 in the first processing unit 102 and the
ache Yoth gsdih it

to the



D

126 are shown at four different tinmes t0O, t1, t2, and t3 (these tines are
bt necessarily equally spaced fromone another). Assune that the cache of
hi s other processing Unit supports byte wites. At time t0O, the global. "
hche 112 in the first proceSS| ng unit 112 stores an aligned four-byte vvord
D2 having byte values A, B, C, "and D. Assune that an exclusive copy of =~

hi's word (that is, the only valid copy in the conputer system 101) is
bnt ai rréﬁrﬁsﬁnfe&nbglstﬁnaﬁ 0‘&)3@%@ theoF Afinstryction 33 aloweddoiemgenthietpipoline

h f.th h
ooty aipbal cacter £ Sibiete IO bR roasioing SEHA eaoLsswem 130ms 10 and
P, t |rst processing unit 102 issues
N |ﬁ?gd§§§ngtggrhey?% ('[tfrPfég% I%BPG éntéﬁﬁf&gbgﬁtog "to the data word 302

ored iniftthe a@@@d%@%ﬁ@&@a%gma@m tﬁefm idstu@fod Eem[é tathe

t ocessing unit "102. The processing of this integer store Instruction
auses bivgelethas is @ot ardlubiveoin thediata oache ¢084thds mhﬁré{ﬁ&s@iteti $tepst

1 b ropriately conbined with the "Y' associ at ed
r f ﬁef %@41),”&!@&6[?1 SFEA?,;gsem?cptPon 1% not allo%ved to enter the pipeline o%l the global
cache 112 (represented by step 506), and a cache miss and fill message 1s sent
to the global cache 112 (represented by step 508).

3.

g-co-omm'-*-oc)o”ooo'-*

The control system 150 is preferably implemented as a hardware state
machine operating as discussed above, particularly in accordance with the four.
, rules discussed above. Alternatively, the control system 150 is implemented as a
processor operating in accordance with software.

The control system 150 is preferably implemented in each of the processing
units (which have a split-level cache arrangement) as part of the integer
functional unit (IU) which includes the data cache 108. Alternatively, the
control system 150 is implemented in each of the processing units (which have a
split-level cache arrangement) as a component external to the functional units
104. Altemativel);, the control system 150 is implemented as multiple state
machines which are distributed throughoﬁt each of the prdcessing units of the

computer system 101 which include a split-level cache arrangement.

The control system 150 is preferably developed using an apprqpriate
compiler system which enables a hardware develope't f_o develop and prototype
hardware circuits in software. In such compiler systems the functionality of
hardware components can be represented using pseudocode Such compiler
systems can be used to verify Jogic, and can aid in deﬁnmo the timing and
generation of control signals and associated random logxc One such compiler is
the Verilog compiler by Cadence Design Systems, I.nc" of San Jose, CA.

Further details pertaining to the implementation oh:the present invention will

be apparent to persons skilled in the relevant art based on the discussion

9
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Lnstruction. Al so between tines t0 and t1, a functional unit in thé
‘other processing unit issues a store instruction to wite a byte "X" to the
data word 302. However, the data word 302 is not valid and excl usive-in the
cache of the other processing unit, so a cache m ss nmessage i s i ssued by -
tthe ot her. processing unit (in the corrputer system 101, it is possible to
wrlteto d.atalnacache onlylf the data is '

: _containe here

’ - While various embodiments of the present invention have been descnbed -
above, it should be understood that they have been presented by way of example
only, and not limitation. _

Accordingly, in accordance with the present invention, it is possible to solve

problems about cache coherency in a computer system having a split-level cache

arrangement without giving rise to deadlock and data loss problems.
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i;'cl usi ve). As a result of the cache m ss nessage, the exclusive copy of

t

other processing unit.” Then, the store instruction iconpletes in theother »: "

proces::ung uni-t--such-that -a byte "X'" is stored in one of the’ bytes of the:

word 302. These ac_t'l ons are corrpl eted by time t1, as shown in Fi gure
JMNMHWEW times thﬁqffIMS the conbined bytes A Y, C and D

rer into t-he ache 108 of the first processor. 102.

Dwever ', data word 302 is not valid -and excl'usive in the data cache .108 of

he first processing unit - 102, "so a cache niss nmessage is |ssued by the

rst fdr o@esnﬁth@d ofi |p!rev_mmgbdaka loss ui & coinputer systémm comprinmgsage, the

KCl USIY Y y .of the, data; wordbggZ S transferre from the other
F oces Pk PlfPF%CffSﬁng HRYs eael davingqf lgastongachen udieraigk i ons are

e 3*5@%5‘&6&55 WAhESAERE B Fpdthedip the SO BRI B IS0
[ ocesgheGfihe tpré@@ssuﬁ'ﬁﬁxts 'ﬁi’éluﬁﬁigeé spit-levet cadiilaiPaftfément comprising

a first level cache coupled to a: second level cache, wherein integer store

'csmo-oc"o—h"*ImooQ.

instructions enable data to: be stored in both the first level cache and the second
level cache, the first cache: bemg byte writable and the second level cache being
word writable, the method compnsmg the steps of:

’ (a) monitoring a pxpelme of the second level cache to determine whether a

forced atomic (FA) mstructlo 1 1s1n the second level cache pipeline, a FA

instruction being an mteg__er;_: or_,e:' instruction which requires allocation in the first

level cache and which enébles data of length other than a word multiple to be

stored in the first level cach' -wherem during execution of a FA instruction one

or more bytes are read from the ﬁrst level cache and written to the second level

cache aloncr with write data:of' the FA instruction, such that data of word length

is written to the second ievel cache and

(b) ifa FA instruction 1s-determmed to be in the second level cache pipeline,

then delaying mterventlons to the second level cache until the FA instruction

~ exats the second level cache- 1pelme to thereby delay execution of cache memory

access instructions responsxble'for generation of said interventions, such that

data written by operation of said _'_f_ache memory access instructions is not™":

destroyed by Operanon of the?F A' instruction.

2. The method of claim l

further comprising the sfteiJs of:
(c) determining whether-an intervention to the second level cache is pending;
and | i

(d) if an intervention to the second level cache is ﬁ:e‘nding, then preventing

(8]
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stored in the data word-302. Note that byte "X' that was witten in the
“idata word 302 by the oth Im H@SSI n un|t has been destroyed by operation

of the first processing:u ' a result of the specrfic. .77 "
structural and operati onal conputer systen1101 data stored’.
In a cache by one processor has been destroyed by-the operation of another **
processor. The data | oss problemwas identified and -understood by the

|nventMsnmmMmistﬁ'ormcﬂmgms:ndnddumlejmhswpelmlsyeha;hatf t he conputer
system 101 The% data | gss P blemwas diffi- ult to Icfi%n [m Iess
under $X§AHLIR@I4Btey¥entions to the second level cac e.is not inde ely delaye

due to the presence of FA instructions in the second level cache pipeline.

-

3. The method of claim 1, wherein step (a) comprises the steps of:

associating with instructions entering the second level cache pipeline indicia
identifying whether the instructions are FA instructions; and
analyzing said indicia of instructions in the second level cache to determine

whether a FA instruction is in the second level cache pipeline.

’ 4. The method of claim 3, wherein said indicia comprises a forced atomic (FA)
bit which is associated with each instruction entering the second level cache
pipeline, the FA bit being set to a first value for FA instructions and being set to

a second value for non-FA instructions.

5. The method of claim I, wherein in step (b) interventions which access in the
second level cache an aligned multi-byte word in which the write data of the FA
instruction is contained are delayed until the FA instruction exits the second

level cache pipeline.

6. A method of preventing deadlock among processing units in a computer
system comprising a plurality of processing units each having at least one cache,
wherein multi-processor cache coherency is mainta_ine_id in the computer system,
at least one of the processing units including a split-lei}el cache arrangement

. comprising a first levcl' cache coupled to a second level cache, the first level
cache being byte writable and(ihe second level 'cache being word writable, the
method compnsmg the steps of: sf N

1 - - (a) momtonng a pipeline of the second level cache to determine whether a

posstble miss (PM) mstrucnon is in the second level cache pipeline, a PM
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fgi-ven the nultiplicity and conplexity of the factors (listed above) which
‘conbined to create the problem 3.0 Solutionof "the Data Loss Probl em

According to the Present Invention The sol utyi ey _ the-, _o*, 30
l.nventors to solve the data | oss problemw || Ammimmﬁ”ml . The data-,
il oss problemis solved by ensuring that cache:! nenory acce®sssinstructions” ***
iwhich may result in the data | oss probl emare executed atomcally.

:Speci finsalitiion badipea waohe ynenoss acdess instetdtiiswivitictequisesratiodationnnt he dat a

| oss-proebl.em are atomically :executed fromthe initiatreon pf ~the read -{of

t he t Hhesepgadigvel sache buhwhicheloss nogrequirallecaiisineln g fst deuelwr i te (of

t he four, bytes) in the global cache 112. In other words, a cache nenory
accesscaicngt ?Wit ion which may result in the data | oss problemis atomcally

oot U0 S W A dh Y ebnbe 15 i Ao SmeRipelpoe o e
| NSt r uhén pewedting foreediapemid @ A indtfuctions from entering the second level
~ cache pipeline, a FA instruction being a cache memoi-.y_ access instruction which
enables data to be stored in both the first level cache and the second level cache
wherein data stored in the first level cache is of length other than a word
multiple, wherein interventions to the second level cache are not permitted while
6 a FA instruction is in the second level cache pipeline; |
(] ~such that execution of interventions to the second le{fel cache is not prevented
while there is a potential for an instruction in the second level cache to be
detained while an intervention is processed in its behalf, such‘ that deadlock

between processing units of the computer system is prevented.

7. The method of claim 6, wherein step (a) comprises the steps of:

associating with instructions entering the second level cache pipeline indicia
identifying whether the instructions are PM instructions; and

analyzing said indicia of instructions in the second level cache to determine

whether a PM instruction is in the second level cache pipeline.

8.- The method of claim 7, wherein said indicia comprises a potential miss (PM)
bit which is associated with each instruction entering the second level cache
pipeline, the PM bit being set to a first value for PM instructions and being set

to a second value for non-PM i,nstructions.

9. A method of controlling the execution of cache memory access instructions
in a computer system comprising a plurality of processing units each having at

least one cache. wherein multi-processor cache coherency is maintained tn the
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global cache 112. Interventions are not permtted “duri ng th
‘execution portion of such instructions. As wel | known toﬂﬂﬁ@ﬁ!ﬁ”’,’”ﬁm
in the relevant art, an intervention is performed on the be

Processor X and |nvoI ves reading data fromthe cache of a Processor Y
wherein such data is used to update the cache of the Processor X

ﬂnterventlons are necessary to maintain coherency anong caches in a .
conput €@mpytRraSistem, Bdeastdrne of te prasepsiag untits webikng e smhéslemled | n F| gure

3: d d_-ab 2
pr O'g‘zS%z'}%{]%ﬁgqoe%ﬂgﬁ/&%ﬁtgg%g}réegig-{sh@vggc%%c%p t‘i%lsﬁﬁ%&?‘aﬁl byte word
302 havidye, B firstabycdbhethe ngb??ﬂwﬁxtaﬁi@?ﬁd‘hﬁeg conldIk el éh%tn@tféq@n whi ch

is issued between tines t : one O nctlonal units 184 in the

first woedeasiabge, uhetspmﬂzeveildachéasra@gemxsu ?@duﬁdarbﬁitegeﬁtoﬁe and D from
the data cache 108. According to the present invention, at this point

i he i mpayenontwhichi sanses datato hestomdenmthmheﬁm levehaachtiand ther ti on such
t hat i nterveintlons to. th l%lg

| second level cache, wherein.during execution of an integer store operation one or

more bytes are read from the first level cache and written to the second level

cache along with write data of the integer store operation such that data of word

[P

length is written to the second level cache as a result of the integer store

operation, such execution of an integer store operation being performed

~
T

| atomically, the method comprising the steps of:
() determining whether an aligned multi-byte word in which the write data
of an integer siore operation is contained is exclusive in the first level cache; and
(b) if it is determined that the aligned word is 0ot exclusive in the first level
cache, then preventing the integer store operation from entering a pipeline of the
second level cache, and initiating a cache miss and fill operation to cause the

aligned word to be exclusive in the first level cache.

10. The method of claim 9, wherein step (a) comprises the steps of:

associating with ahgned multi-byte words in the first level cache indicia
identifying whether the ahgned words are exclusive in the first level cache, said
indicia being stored in the first level cache; and _

-analyzing said indicia- stored in the first level cache to determine whether the
ahgned multi-byte word in which the write data of the m-teger.store operation 1S

coatained is exclusive in the first level cache.

11. The method of claim 10, wherein said indicia compnses a writable (W) bit
which is associated with each aligned multi-byte word i m .the first level cache,

the W bit being setto a ﬁr.st value for aligned words wh_xch are exclusive in the

™o
w
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cache

1
o
I nt ic

IS,
112)

- excluswe m the ﬁrst level cache

1§l|
ntil-

After this pending store instruction conpletes in the first

2. A 'method of controlling the execution of cache memory access instructions
in 2 computer system comprising a plurality of processing units each having at
least one c;iche, wherein multi-processor cache cohéfency is maintained in the
computer sirstem, at least one of the processing units including a split-level
cache arrangement comprising a first level cache coupled to a second level
cache, wherein integer store instructions enable data to be stored in both the first
level cache and the second level cache, the first level cache being byte writable
and thc_:z second level cache being word writable, the method comprising the steps
of: | '

(a) monitoring a pipeline of the second levél cache to determine whether a
forced, atomxc (FA) instruction is in the second level cache pipeline, a FA
mstrucnon being an integer store instruction which requires allocation in the ﬁrst
level cache and which enables data of length other than a word multiple to be
stored in the first level cache, wherein during execution of a FA instruction one
or more bytéé are read from the first level cache and written to the second level
cache along with write data of the FA instmction, such that data of word length
is written to the second level cache; '

(b) monitoring the second level cache pipeline to determine whether a
possible miss (PM) instruction is in the second level cache pipeline, a PM
instruction being a cache memory access instruction which requires allocation in
the second level cache but which does not require allocanon in the first level cache;

(©) 1f a PM instruction is deJ:ermmed to be in the second level cache pipeline,
then preventmg FA instructions from entering the secqg;d level cache plpelme, and

(d) if a FA instruction is determined to be in the sei?:@nd.level cache pipeline,
then delaying inter_ventibns to the second level cache unul the FA instruction

exits the._",second level cache pipeline.
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are bl oc ed Consequently, the other processing unit does not
E “" l ﬂ“to nodi fy the data word 302 until after the pending

iction in the first processing unjit 102: conplet€s. (tdiats
“after theé bytes A, Y, C, and D are stored-in the gl obal cache”

rab0 S0 d
.
LR X ]

processing unit 102, the exclusive copy of the data word 302 is transferred
t ot heﬁmt lp‘.agh,gggd@mg set to a seconc value for ahcned words Wthh are not



"t;nit (that is, interventions to the gl obal cache 112 are allowed after the

- Ppendi ng store mstruﬁum mﬁmuﬂ ﬁlﬁnd exits the pipeline of the gl obal
cache 112). Then to the data word 302 such that*.the, :***

dat a word 302 incl udes byt es , Y X, and D. By operatlon of the present .

nvention, therefore, data stored in a cache by one processor (that is, the“

pJ her praogessor 1gé)(fhe exanple of Figure, 3) is not destroyed by the

aperatli-’on g mathe %a%égs@nf(@mmpgsuxg@eﬁtm Oﬁrocesm ng unit 102 in

 he examphe; Qb uss d .above e pre " nvention
o ves TR deeahicidl Supdihes anifeeEvERIoR | o< Sacheveliaons s peadine.
nstrygfi ons which may result in the data | oss problemare executed

At om cal ly. These instructions are called forced atomc (FA) instructions

5i nce t (€ ifian ihterventiow td chersevvnclelyl eactruisgibndasg, dhes peseshtaiove. As
pbart of the solution of the data | oss problem the i nventors have

dent FF wwti%tfmﬁkﬁﬁﬁ@n&tﬁﬁ secontl lﬁgfeéﬁpchmpq;;émessmlethatst ructions
that ol Seufdl of 2 mterventlons to the second level cache is not indefinitely delayed

due to the presence of FA instructions in the second level cache pipeline.

' 14. The method of claim 12, further comprising the steps of:

1 (e) determinirig whether an aligned multi-byte word in which the write data

’ of an integer store operation is contained is exclusive in the first level cache; and

i (f) ifit is determined that the aligned word is not exclusive in the first level

- cache, then preventing the integer store operation from entering the second level
cache pipeline, and initiating a cache miss and fill operation to cause the aligned
word to be exclusive in the first level cache.

1 15. A control system for controlling the execution of cache memory access
' instructions in a computer system comprising a plurality of processing units

each having at least one cache, wherein multi-processor cache coherency is

maintained in the computer system, at least one of the processing units including
a split-level cache arrangement comprising a first level cache coupled to a
second level cache, wherein integer store instructions enable data. to be stored in
both the first level cache and the second level cache, the first level cache being
byte writable and the second level cache being word writable, the control system
comprising: _ | |

means for monitoring a pipe'line of the second level éache to determine
whether a forced atomic (FA) instruction s in the secoind_? level cache pipeline, a
FA instruction being an integer store instruction which're'quires'allocation in the

first level cache and which enables data of length other than a word multiple to
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c

(Qi—‘_‘g_'(')o—

‘nriory access instructions which require data oth the data
‘chche 108 and the gl obal cache 112) which stor l”ﬂ“ ned word -
or

ocks. In the preferred enbodinent, the data s h of the glo‘dal
ache 112 is four bytes, such that FA i nstructions are I nteger store”
hstructions which store other than an aligned bl ock of four bytes, or

nich store other than ali t|p| of four t uch |nstructions
i+ BetpisLit e that lo¥s! SaEae CHbREIR SBring AREutOn ol 3 Ay SHaCHRNa cache

DS be ALCETABH ek are FeuE idfh She st S e ek feSachgthe -
level cache along with write data of the FA instruction, such that data of word
length is written to the second level cache; '
means for monitoring the second level cache pipeline to determine whether a
possible miss (PM) instruction is in the second level cache pipeline, a PM
instruction being a cache memory access instruction which requires allocation in
the second level cache but which does not require allocation in the first level cache;
means for preventing FA instructions from entering the second level cache

pipeline when a PM instruction is determined to be in the second level cache

’ pipeline; and

means for delaying mterventions to the second level cache until the FA
instruction exits the second level cache pipeline when a FA instruction is

determined to be in the second level cache pipeline.

~ 16. The control system of claim 135, further comprising:
means for determining whether an intervention to the second level cache is
pending; and

means for preventing FA instructions from entering the second level cache

pipeline when it is determined that an intervention to the second level cache is
pending, such that execution of interventions to the second level cache is not
indefinitely delayed due to the presence of FA instructions in the second level

cache pipeline. - ' —

17. The control system of claim 15, further comprising:

means for determining whether an aligned multi-byte word in whxch the write
data of an integer store operation is contained is exclusive in the first level cache;
and

means for preventing the integer store operation from entering the second
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This solution to the data loss problemis described in gre er_det ai
| ow. 4.0 Deadl ock Problem As di scussed above, Iﬂﬁwmmun)ﬂm,”m
oblemis solved by identifying FA instructions and by ::

fecuting the FA instructions. However, as descri bed bel ow, "t he at'omi’c *t1 ‘.
fecution of FA instructions spamns a new problem which'involves the o

;10 vl coodonalmed 400 BAERS BRI ihc kot cantmtem 10
-5 naligncdvons wr drondrvaine (A RSEEE e A8 JGhUSIcH b o

$rfornmng forced-atom c instructions ese

obl entheakigeed wordda not exohusive in)menﬁrﬁfi-‘@sl?él%faéhe 4.1 Deadl ock Due to
tential Mss Instructions A scenario involving the execution of FA
structions that results in deadlock shall now be described with
ference to Figure 1.
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atinme t0, suppose that a floating wite instruction is initiated in the
rst processing unit 102. Simlarly, suppose that a floating wit
struction is .dnitiated in the second processing unit 114. As discussed,, ...
ove, floating wite instructions bypass the data caches 108, 120 and °*,.,::..
oceed directly to the global caches 112, 124. At atime tl, suppose. ',..®
hat the pending floating wite instruction has not conpleted in the first
rocessing unit 102,. and that a FA intfgé5 wite instruction is initiated
N the first—processi'ng unit 102.- During the -processing-of -the-FA integer
Fite instruction in the first processing unit 102, a read operation of the
pta cache 108 is initiated to retrieve the appropriate three bytes to fil
ut the forthcoming four-byte wite to the gl obal cache 112. Thus,
hterventions in the gl obal cache 13%! h §egard to the aligned four-byte
brd contai ning these three bytes ontaining the wite data of
ne FA integer wite instruction) are bl ocked. Also at tinme t1l, suppose
hat the pending floating wite instruction has not

101

\

1 (o2 (114

< —0QSs—0Q T~

? : ' 104 CONTROL
150 S116 ' SYSTEM
,
: S L 452
E .
4 FUNCTIONAL FUNCTIONAL
2 UNITS 111 uNiTs
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: . ]
2 106 118
[ Y
E 21 [
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13 conpl eted in the second processing unit 114, and that a FA integer

-fite ~ instructionis initiated in the second processing unit 114. During
4 he’ processing of the FA integer wite instruction in the second
rocessing unit 1 14, a read operation of the data cache 120 is
fnitiated to retrieve the appropriate three bytes "to fill out the _
orthconing four-byte wite to the global cache 124. "Thus, i nterventions

n the global cache 124 with regard tc’%}fﬁiﬂ i gned four-byte wor d
ont ai-ni.ng these. thiee bytes (and al so ai-ni ng the m1|te dat-a of the FA
nt'eger - _

v
| == 'T'\’_-r

F1G.2

1 BYTE

: . e DATA COCHE 108
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wite instruction) are bl ocked. At atinme t2, suppose that a cache
mss is realized for the pending floating wite instruction in the first
processing unit 102. That is, the data which:is to be nodi fied by the
floating wite instruction is not valid and exclusive in the gl obal cache
112 of the first processing unit 102. Al so suppose that this data is valid
and exclusive in the gl obal cache éé; of the second processing unit 114.
Thus,- to conpl ete-1he pending fl 5ng wite instruction in the first
processing umit.. -~102," an intervention at the gl obal cache-124-of the._ ]
second processing unit 114 is requi red. However, this intervention T's

bl ocked due to the atom c execution of the pending FA integer wite
instruction in the second processing unit 114. Also at tine t2, suppose
that a cache mss is realized for the pending floating wite instruction
in the second processing unit' 114. That is, the data which is to be

nmodi fied by the floating wite instruction is not valid and exclusive in
the global cache 124 of the second processing unit 114. Al so suppose that
this data is valid and exclusive in the global cache 112 of the first
processing unit 102.

PARTIAL CONTENTS
OF CACHE IN

OTHER PROCESSING
A|lBI|X|D P302
NOT AVAILABLE ™ 302
NOT AVAILABLE - 302

UNIT

NOT AVAILABLE R 302

FIG.3

PARTIAL CONTENTS

D 302

C

Y

NOT AVAILABLE [ 302
Al B| X | D302

‘AlB|C|D 302

OF FIRST PROCESSING

OF GLOBAL CACHE 112
UNIT 102

.
.
.
.
L]
.
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t1
ta

m
i)
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8 hus, to conplete the pending floating wite instruction in the second
Sprocessing unit 114, an intervention at the global cache 112 of the first
BBrocessing unit 102 is required. However, this intervention is blocked due
“40 the atom c execution of the pending FA integer wite instruction in the
‘Wi rst processing unit 102. Thus, the first processing unit 102 is
f;#ocked wai ting on data fromthe second processing unit 114, and the second
~frocessing bnit 114 is bl ocked maltlng49n5data fromthe flrst processi ng
“8/nit 102. - However., détafron1thef|rst - e -

. 4 . - . .- .
. H .

'.‘\ .

0 . B

FIG.4
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pr ocessi ng uni t# 102 s not available until the first-processing unit 102
.becanes unbl ocked. Simlarly, data fromthe second processing unit 114 is
not available until the second processing unit 114 becones unbl ocked.
Aogor di ngly, a deadl-ock situation exists between the first and second

processing units 102, 114. 4.2 Solution to the Deadl ock Problem
(Pdtential Mss Instructi ons) According to the Present Invention  The

sol ution devel oped by the inventors to ?/se this deadl ock problemw Il now
be- di scussed.— - _ As. igentified-by the inentors, there are two_categories

of i cache nenory access instructions which are of interest”wth regards;to

thi s deadl ock problem The first instruction category includes cache nenory

access instructions which may result in the data | oss problem These

i nstuctions are called forced atomc (FA) instructions, and are defined and

- di scussed above. The second ins tegory includes cache nenory
access instructions which do not ﬁf@ gcation In the data cache 108,

120 (that is, which do not
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cre ettt ks
!

- o < 508 | < 510
il
ISSUE CACHE ALLOW FA
Q MISS AND INSTRUCTION
FILL TO ENTER GLOBAL |- -

CACHE PIPELINE




store data in the data cache 108, 120) and which directly access the gl obal

cache 112, 124. These are unlike FA instructions, which do require
allocation in the data cache 108, 120. It is not possible for-a FA ¢, i
instruction in the pipeline of a global cache 112, 1124 t% generate a gl obat*e,
cache nmiss (but see the discussion on this t opi ¢ in the fol | ow ng section):-*
This is the case, since FAinstructions require allocation in the data

caches 108, 120, and since thespg&tprAd@ches 108, 120 store a proper subset

jof. the. da,ta,stored +n the gl obal caches 112, 124 respectivet y- In-
contrast an instriction of the second instruction cat egory can generate a
gl obal che m si nce .t I nstructipns .do not require.allo atlon I n
{Phe dar aAcomBal Sismnttols i aREGHHPY ohSFoHimrBieY Gt e ibleb i

|| o acc s Pt EhaROthaLRcl Tt pRUABi o MOEFHE) Les cache memory access
i nstruct Thesowhp@sr §pstent ifcdhdes atpmrtaney of pedcesigr waitd Or0jadaepory or the
having at least one cache. Multi-processor cache coherency is maintained in the
computer systern. At least one of the processing units of the computer system

includes a split-level cache arrangement that comprises a first level cache (108)

coupled to a second level cache (112), wherein integer store instructions enable

data to be stored in both the first level cache and the second level cache. The

first level cache is byte writable and the second level cache is word writable.
During execution of an integer store instruction, one or more bytes are read from
the first level cache and written to the second level cache along with write data

of the FA instruction, such that data of word length is written to the second level

cache.
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ifsecond lnstructlon category. Instructions of the third |nstrucF|on
egor an be grouped with either first instruction category instructions
h second instruction category ingtructions.” Such groupi ngs may be
s e i exanple to enhance performarnce. Instructions of the third
'1nstruct|on ‘category are not relevant to the solution of the deadl ock
probl em> and thus shall not be di sSCcOESCRIRTION - Once they identified
the FA:and the PMinstruction categories, the inventors were able to
conpletely anal yze the deadl ock problem and devise a procedure to

- System and Method for Data Cache Coherency in a Spht—Level Cache System

Technical Field _
The present invention relates to data cache coherency in a computer system

comprising a split-level cache arrangement.

Background Art
A modern computer system includes a memory hierarchy that comprises
various memory devices of varying sizes and speeds. Such memory devmes
| ) . include, for example a small but fast cache memory, and a larger but slower
. primary memory.
- Data can be found in either the cache memory or the primary memory. Also,
a plurality of devices (such as a central processing unit and input/output devices)
- access and update the data contained in the cache memory and the primary
" - memory. Thus, at any time, data may be inconsistent or stale in the cache
2O memory and/or in the primary memory.
i | ~ This is called the cache coherency problem. The cache coherency problem is
“magnified in multi-processor computer systems where a plurality of processors
" - each includes one or more caches, and coherency is required among all of the
caches. |
) Systems and methods for maintaining cache coherency are well known and
are described in many publicly available documents, such as John L. Hennessy
"~ and David A. Patterson, Computer Architecture - A Quantitative Approach
(Morgan Kaufmann Publishers, Inc., San Mateo, California, U.S.A., 1990),
~ which is herein incorporated by reference in its entirety. These conventional
.. Systems and methods are sufficient for solving the cache coherency problems
" that exist in most compiiter systems.
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s_gpifwe t he deadl ock problem Specifically, the inventors determ ned that the

deadl ock ‘probl em potentially occurred only when a potential mss

~ instruction was followed by a forced atquic instruction. Mre particularly,

- apd=W th respect to the processing unit 202 for illustrative pur poses, the

[ nvent ors determ ned that the deadl ock problempotentially occurred only

when a FA i nstNéGiéém?ﬁ@?aﬂiﬂiteé&?est, foReVer, nidjﬁsp@wﬁfh¢we¥pﬁs dffrache obal cache

- 112 when-a PMinstruction was already in the pi Bel ine of the_global cache

112, I 'n tdohesensyproblemss cThase ¢achesaherénny probleprsemay ibe difftieulitog write

- instructions initiated at time tQ represent PM instructions. The integer

- write instr H?%n?qcﬁﬂ?qsﬂM@gisﬂgwq ié%vgpggg?hcaﬁhg icﬂb%lgﬁgf Fe&ﬁg;ques Thus,
accor di ng t'%ﬁ?%o%@%&_ udté YEEUIVE thesé hewdRHE e6ler@hOP bRIBlEMs avoi ded by

allowing a FAlnstruction to enter-the pipeline of the global cache 112

onky when t her Thes,evinat iPrequiredris atsystem and method forishlving pachergoherencyie

gl obal cache 112, |f .there are any PMinstructions alre I the pipeline

ot the g obdelatad REobiSmS i B A Y eainvi sy, fAind ol sHitPteyef chelie P! P

. arrangement.

- Itis an object of the present invention to provide a control system and
- method for cdnlrol-ling the execution of cache memory access instructions in a
' computer system comprising a plurality of processing units each having at least
. one cache. |

" Disclosure of Inventi;)'n
- In accordance with the present invention, multi-processor cache coherency is
. -maintained in the computer system. At least one of the pfocessing units of the
computer system inclx_idjcs a split-level cache arrangement that comprises a first
. level cache coupled to a second level cache, wherein integer store instructions
enable data to be stored in both the first level cache and the second level cache.
The first level cache is byte writable and the second level cache is word writable.
The control system of the present invention monitors a pipeline of the second
level cache to determine whether a forced atomic (FA) instruction is in the
second level cache pi_p'eﬁ__r’_;e. A FA instruction is an integer store instruction
which requires allocaﬁoﬁ?'iil the first level cache and which enables data of

length other than a word .ﬁ;ultiple to be stored 1n the first level cache. During

~ execution of a FA mslructlon, one or more byteé: are read from the first level
~ cache and written to _tﬁé-§eéond level cache aloﬂg with write data of the FA
 instruction, such that__' data of word length is writ__i:en to the second level cache.
If it is determined that a FA instruction is in .;:'he second level cache pipeline,

then the control system delays interventions to the second level cache until the
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s solution to the deadl ock problem (that is due, in part, to potentia
;hsgl nstruct i ons) is described in greater detail bel ow 4.3 Deadl o;:k .
Due.fo Need for Data Excl usivity When Peyformng Forced Atom c Instruction
Thé& “above section describes a deadl ock ptoblemthat is due to the |
performance of potential mss instructions. This section describes a

defa'_dl ock | FA instruction exits the:’seclon.d levc\:}k?ache gxrp]ggtrl?n }I}’his?rg%lgégj&b&e?@i}xg He 's
dug to the .%?cggutfigri 09 ﬁnteaca%)ﬁg Itﬁje%lg;yta%cesseigsif'ucﬁom féép%nsible for generation of
‘said interventions, such that data written by opcx;-'__ation of said cache memory
access instructions is not destroyed by operation of the FA instruction.
- The control system also monitors the second level cache to determine
whether a possible miss (PM) instruction is in the second level cache pipeline.
A PM instruction is a cache memory access instruction which requires allocation
in the second level cache but which does not require allocation in the first level
cache. ' | |
If it is determined that a PM instruction is in the second level cache pipeline,
then the control system prevents FA instructions from entering the second level
cache pipeline. In this manner, execution of interventions to the second level
cache is not prevented while there is a potential for an instruction in the second
level cache to be detained while an intervention is processed in its behalf, such
that deadlock between processing units of the computer system is prevented.
The control system also determines whether an aligned multi-byte word in
- which the write data of an integer store operation is contained is exclusive in the
first level cache. Ifit is determined that the aligned word is not exclusive in the
first level cache, then the control system prevents the integer store operation
from entering a pipeline of the second level cache, and initiates a cache miss and
fill operation to cause the aligned word to be exclusive in the first level cache.

Brief Description of Drawings |
Figure 1 is a block diagram of a computer system in which the present
invention operates; o -
Figure 2 illustrates the manner in which an integer store operation is
implemented in a computer system having a split-lével cache arrangement;
- Figure 3 depicts a scenario where data s lost dﬁe;to the structural and

operational features of a computer system having g.s__plit-level cache
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at®m c instructions. This deadl ock problemis simlar to the potential niss
deadl ock probl em As di scussed above, with reference to the processing
unit, 102 for illustrative purpose, it is possible to wite data to the
gtobal cache 112 only if the gl obal cacBe 112 stores the excl usive copy of
th-data (that is, only if the global cache 1 12 stores the only valid copy

of -t he dat a)arrdrdgementofid Ng point wite is nmade to the global cache 112 and
the exclusive copy of the data of interest is not stored in the gl obal

cache 112, thehigaresd and i illusteatel flowdharty depicting thé Baération oF'h ddHu®VeNt i on)
a 1l -byte FA Integer

must be perf In the ¢ uf er, system 101, -
wite operatsﬁ@ga?qoggwoiWrF?Qﬁ?@bo of thepresent inventiomuses a wite
to the data cache 108 and to the gl obal cache 112. According to the present

i nvention, wth regard to the wite to t he data cache 108, the data byte of
i nt erest (tﬁéﬁstM‘) ﬂEQﬁ}ﬂéﬂg@lﬂh@ Ihveationache 108 that is being nodified by

L1, Lot eger v Theoange By lad SH 2 Dok end Bl R B e
S and operation of various embodiments of the present invention, are described in

detail below with reference to the accompanying drawings. In the drawings, like
reference numbers indicate identical or functionally similar elements.

1. Hardware Environment

A partial block diagrgm of a computer system 101 in which the present
invention preferably operates is shown in Figuie 1. As will be appreciated by
persons skilled in the relevant art, the computer system 101 includes other
components not shown in Figure 1.

The computer system 101 includes a processing unit 102 that is connected to
abus 126. The processing unit 102 is preferably a RISC (reduced instruction
set computer) processor, although it could alternatively be a processor having
another type of computer architecture. RISC computer processors are discussed
in the following documents: G. Kane and J. Heinrich, MIPS RISC Architecture
(Prentice Hall, Englewood Cliffs, New Jersey, U.S.A., 1992); Mike Johnson,
Superscalar Miproprocessor Design (Prentice Hall, Englewood Cliffs, New
Jersey, U.S.A., 1991); and Stephen B. Furber, VLSI RISC Architecture and
Organization (Marcel Dekl;g, Inc., New York, New York, U.S.A., 1989), all of
which are incorporated herein by reference. o

The processing unit 102 includes a plurality of ﬁmctional units (FU) 104,
such as an integer functional unit (TU; not expliéitlj shown in Figure 1) for
performing integer operations, and a floating point :ﬁmctional unit (FPU; not
explicitly shown in Figure 1) for performing ﬂoﬁtmg point operations.

The processing unit 102 includes a split-leveiﬁéq;:he arrangement that
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o

iﬁ’ﬁe’@ér wite operation is not allowed to proceed. Preferably,

a cache block is 128 bytes, although the cache bl ock wi dth can be other
vat ues without departing from t he scope 5ra;md spirit of the present

i Avént i on.

operation .should be allowed to enter the pipeline to the gl obal

ed that the integer wite

The i nventors have determ
cache 112

only if the c@mmse;aefmt level ﬁcﬁ&tsucﬁsagvﬁﬁétg%tﬁch@f()ﬂ# [%%{&E,gg 1%%%;3?% d; he

allgned four (in which the
are in a caéHgM

at a

Blotal cache | EcGenerally thetdata dadte O0S-RSmdIRr tRA]EEW S€,

operatio ”a’g“‘m“ 12 BBP e 08 s e vl rg“&ﬁéiwen

operatlon

IS

when these thmglob;deacherlelmms a%&%fét?éd’ﬁzéﬂfaﬁ?o(iﬁﬁbgéﬁfeﬁelgat a,£ac Q' ;| obal |

scenari o,
cache 112.

a that these four-bytes are
D8 Fontadns suber Ofﬂmdatpemed fnthecgobei cathe | €20 THE dabe el | e

to the globapg ‘i@g&f‘er&ﬂffas?er% Opération than ctjhe glo alogaechgtlllgn (h

The data cache 108 is preferably formed on the same  computer chip as the
U (accordmgly, the data cache 108 i 1s sometimes called "on-chip cache") in the
processmg unit 102. The global cache 112 is preferably external to the
functional units 104 in _the processing unit 102 (accordingly, the global cache
112 is sometimes called the "off-chip cache").

Integer data reside_s_jé_ in the data cache 108. quéting point data resides in the
global cache 112. The _g_Iobal cache 112 is also a second-level storage unit for
integer data. An integer Store operation causes integer data to be stored in both
the data cache 108 and the global cache 112. A floating point store operation
bypasses the data cache 108 and causes floating point data to be stored in the
global cache 112. L :

Preferably, the data"ca'che 108 supports non-word writes. Preferably, the
data cache 108 supports byte writes (although the data cache 108 may support
writes of different non-word write lengths). That i is, data may be written to the
data cache 108 in one-byte packets (in other words, the data cache 108 is
preferably byte wntable) The global cache 112 does not support byte writes.
Instead, the global cache 112 supports word writes, wherein a word is
preferably four bytes (m other words, the global cache 112 is word writable).

By supporting word i wntes rather than byte wntes it is possible to
implement the global cache 1 12 using fewer RAMs (random access memories),
thereby reducing the cost of the processing unit 102 This is the case, since the
granularity of parity is greater when supporting byte writes than when
supporting word rights. For example, where a word is 32 bits and where the
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17 - I's, an intervention) is generated. In this scenari.o,
therefore, the FA instruction includes the properties of a potenti al
mss instruction, since it generated a _mss in the global cache 112. As

A result, a potential for deadl ock exi $s since the FA instruction can both
bl ock interventions to the global cache 112, and wait on exclusivity

I o 200t Bycopt SRR Bishentet g ANROAMEHER e HRAPRE RS P o
According t6nd perify RAM lis td?{ﬁﬁ@ﬂ'f@ﬂevér?'tﬁ/o%@RMs HeRl e waiteohned by :
supported. In contrast, one parity RAM is requxred for every eight data RAMSs
when word writes are supported -
As noted above, integer store operations cause mteger data to be stored in
both the data cache 108 and the global cache 1 12 As also noted above, the data
cache 108 supports byte wntes whereas the global cache 112 supports word
writes. _ ' :
Figure 2 illustrates the manner in which a _I_-b§{te integer store operation is
 implemented with respect to the global cache 112. The data cache 108 is
conceptually depicted in Figure 2 as compnsmg a plurahty of rows wherein each
row includes an ahgned four byte data word.
During the operation of a 1-byte integer store. operanon, one byte (this
represents the "write data" of the integer store: operauon) is written to one of the
rows of the data cache 108. Also, the other three bytes of this row are read from
the data cache 108, and then these three bytes are appropnately combined with
the byte (that is, the write data) of the integer store. operation to form a data
word. This word is then stored in the global cache 112.
Data stores to the data cache 108 and the glohat.cache 112 are pipelined. -
" The data store pipelines associated with the data cache 108 and the global cache
112 (the data cache pipeline is indicated by 106 ix'i-iFigure 1, and the global
cache pipeline is indicated by 110 in Figure 1) are. such that integer stores to the
data cache 108 are commxtted before floating pomt misses to the global cache
112 are realized. 'I'hus, i
instructions after comnutmént of the store to the data cache 108, but before

s not possible to "back- out" of integer store

completion (including reahzattcn of a floating pomt miss) of the floating point

store to the global cache 112 '
The split-level cache arrangement is further discussed in an U.S. Patent

Application entitled "Split Level Cache", Attomeja_;__[?ocket No. 15-4-138.00,




requi ring exclusive allocates on store in the data cache 108. Specifically,
a FA integer wite operation is conmmitted in the data cache 108 only if

t he cache bl ock in which thé aligned_four-byte word of interest is
contained is exclusive in the data cdche 108. Otherwi se, a cache miss and

fill operation is generated. Note that the FA integer wite instruction
IS not in theg. %i g&#igﬁ to the gl obal cache 112 when this cache m ss and
fill operatf 8%9%4, and this cache mss and fill operation is not

atom cal ly pe'ﬁe@'éﬁﬁ%- ag'Ethﬁ) F € the cBﬁ;ﬁ@éiQ%t@ﬁf 101 gadéacddditional Thi s
solution to the deadl ock problem (that i's dué to the exclusivity

r equi r enent pracessing anity dintiare gonnected todhebus 26 such as processmgmmit | 146
Sol uti | npl tat] f Sol.uti d_ab th '
specitro o PhERa ARG HefhsSine e conBeried 6 The bR ZR B IBIE g o o 101

have causedsgiledidaché afraffememSE@NEY prcR uni?198) &SFmay have aept or s
have .identified these problens and have devel oped a System and net hod for

el i m nat i ngtypke of cacherarcangements-(adthough such-caohetarrangaunients must be able to
store both integer data and floating point data)F or reference purposes, the
processing unit 102 is sometimes called the ﬁrsf-:_processing unit 102, and the
processing unit 114 is sometimes called the secgﬁd*processing unit 114.

The computer system 101 supports multi-proééssor data coherence. Thatis,
coherency of the integer and ﬂoﬁting point data idiéuibuted among and stored in
the processing units connected to the bus 126 is @aintained by the computer
system 101. The computer system 101 includes a cache coherency mechanism
(not shown) for maintaining this data coherency. . |

Systems and methods for cache coherency are well known and are described
in many publicly available documents, such as Computer Architecture A
Quantitative Approach, cited above. Such well-;ktiown cache coherency
techniques can be used to implement many aspects df the cache coherency
mechanism of the computer system 101. |

The inventors have identified above coherency;-_related pfoblems in the
computer system 101 which are due to the specific stractural and operational
features of the computer system 101, particularly the split-level cache
arrangement discussed above. The inventors hayj__e_:ﬂf_;«ilso developed solutions to
these cache coherency-related problems. Thesecache coherency-related
problems have never before been identified and, éﬁQSequently, have never before
beensolved. | |

The cache coherency-related problems which were identified by the
inventors, and the solutions to these problems whlch were developed by the

inventors, are discussed in the following sectibns'_._'_:_;__:.:,; .
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et hod of the present invention control the execution of cache menory

4ccess instructions by i npl ementing the following three rules (for

i-l lustrative purposes, reference is nade to the processing unit 102 to

descri be these rul es): (1) If a FA Bnstruction (that will operate to

nmodi fy a data word) is in the pipeline of the global cache 112, then
cache 112 with

I nterventionsat | oha
18 regard to tcﬁégﬁt[‘g’ ﬂgf%blfxphat s, which reference the data word) are -
del ayed unti | &sfwréémﬂdﬁaé 560 e et 'aRd opRFhtiokil Feathlies BE BRI édtfipar t he

L gIobaI cache 112
system- 101, there is a chance that data stored in a cache by one processor may
be destroyed by the operation of another processor. Specifically, this data loss
problem is due to the following features of the computer system 101: (1) the
split-level cache afrangement; (2) the difference in write granularity of the data
cache 108 and the global cache 112 (that is, that the data cache 108 supports
byte writes whereas the global cache 112 supports word writes); (3) the
multi-processor coherence requirement of the computer system 101; and (4) the
fact that integer stores to the data cache 108 are committed before floating point
misses to the global cach§_1 12 are realized.

Figure 3 depicts a scenario where this data loss problem occurs, wherein
selected contents of the global cache 112 in the first processing unit 102 and the
cache of another processing unit (not shown in Figure 1) connected to the bus
126 are shown at four different times t0, t1, {2, and t3 (these times are not
necessarily equally spaced from one another). Assume that the cache of this
other processing unit supports byte writes.

At time t0, the global cache 112 in the first processing unit 112 stores an
aligned four-byte word 302 having byte values A, B, C, and D. Assume that an
exclﬁsive copy of this word (that is, the only valid copy in the computer system
101) is contained in the global cache 112 of the first processing unit 102.
Consequently, this word 302 is not available in the cache of the other processing
unit, as indicated in Figure 3.

Sometime between times t0 and t2, one of the functlonal units 104 in the first
processing unit 102 issues an integer store instruction to write a byte "Y" to the
data word 302 stored in the data cache 108 and the global cache 112 of the first
processing unit 102. The processing of this integer store instruction causes
bytes A, C, and D to read from the data cache 108.20f the first processor 102 and

* to be appropriately combined with the byte "Y" associated with the integer store
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Alternatively, if a FAinstruction is in the pipeline of the global cache 1
127 then interventions to the entire global cache 112 are del ayed until the
FA instruction conpletes and exits thegfipeline of the global cache 112.
(2) If a PMinstruction is in the pipene of. the global cache 112, then FA
I nstructions are not allowed to enter the pipeline of the global cache 112.
Such FA insL& hgﬂs are stalled (that is, they are aborted and re-started
at a later trmeyr. - (3) If the. aligned word associated with a FA
instruction i A\lsebetwednutimest( and {1 adehetiomdt hait i he dthenpideessidg unit ructi on
is not allowed to enter -the pipeline to the global cache 112  and a

non- at oni ¢ 15USRA FIOSE MSHACHON o paity arhyite,{ X to the data ward 3020 Hewevaretheat a

| oss probleg,. . S it +.0C: [ ' . Rule
(3 sl ves Thie Wt B i e id iR SARRRINCH 186 SR RCE B bodiiy
present inven sua shche mivs!mebsagsisiissiiediby the dthdripracessitigamie(initesn i s
pending in the gl obal cache 112, then a FA instruction is nqf allowed to

enter the pFeEPRies systerntllyiibispossiblate wite tojdasa sha caghecondy 1f Higrdalz {s on i s
del ayed unt L:)lcclusive) : '

As a result of the cache miss message, the exclusive copy of the data word

302 is transferred from the first processing unit 102 to the other processing unit.
Then, the store instruction completes in the other processing unit such that a

. byte "X" is stored in one of the bytes of the data word 302. These actions are
completed by time t1, as shown in Figure 3.

Sometimes between times t1 and 2, the combined bytes A, Y, C, and D are
ready to be written into the data cache 108 of the first processor 102. However,
data word 302 is not valid and exclusive in the data cache 108 of the first
processing unit 102, so a cache miss message is issued by the first processing
unit 102. As a result of the cache miss message, the exclusive copy of the data
word 302 is transferred from the other processing unit to the first processing
unit 102. These actions are completed by time t2, as shown in Figure 3.

Sometime between times t2 and t3, the pending integer store instruction is
completed in the first processing unit 102, such that bytes A, Y, C, and D are
stored in the data word 302. Note that byte "X" that was written in the data
word 302 by the other processing unit has been destroyed by operation of the
first processing unit 102. Thus, as a result of the speciﬁc structural and
operational features of the ._computer system 101, data stored in a cache by one
processor has been destroyed by the operation of another processor.

The data loss problem was identified and understood by the inventors only
after a detailed and comprehensive analysis of thé-computer system 101. The
data loss problem was difficult to identify, much less understand and solve,
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after all of the pending interventions are conplete. This fourth rule
does not operate to solve any of the problems di scussed above. Rather, this
fourth rule exists for performance reagQns. The fourth rule ensures that
Lnterventions will not be bl ocked foreV®r by FA instructions, but wll

i nstead be given the opportunity to be processed. Rules (1), (2), and

et uot | on By ot ShiTBPBETRY B colpRARTUT IR FReHS (btedTB0V®) licH | 0 e2c”
i nstruct i oncombénddotoareatattherproblerat ruction, then its FA bit is preferably
potenti al i 3.0 rSiiten b6 e Biad-oss Srphien: Acardind kashesfpsesinvagtone,. -
"netruct s ons AReRlyidh déicfoned by e iRheRo T 3o dENaB R5F pRHm A 71
cantrol |i naewiisd diseusselie 'gon‘t r ol
The data loss problem is solved by ensuring that cache memory access
instructions which may result in the data loss problem are executed atomically.
Specifically, cache memory access instructions which may result in the data loss
problem are atomically executed from the initiation of the read (of the three
bytes) in the data cach‘e_' 108 to the completion of the write (of the four bytes) in
the global cache 1 12. In other words, a cache memory access instruction which
may result in the data loss problem is atomically executed from the point at
which the instruction enters the pipeline of the global cache 112 (indicated by
110 in Figure 1) to the point at which the instruction exits the pipeline of the
globé.l cache 112. Interventions are not permitted during the atomic execution
portion of such instructions.
As well known to persons skilled in the relevant art, an intervention is
performed on the behalf of a Processor X and involves reading data from the
cache of a Processor Y, wherein such data is used to update the cache of the
Processor X. I_nterventidns are necessary to maintain coherency among caches
in a computer system. |
Consider, for example, the scenario presented in Figure 3. As discussed
above, at time tO the g,lob;i_;l_:'__cache 112 in the first processing unit 112 stores an
exclusive copy of an ahgned four-byte word 302 having byte values A, B, C, and
D. The integer store mstructlon which is issued E§Mem times t0 and t1 by one
of the functional units 1041n the first processing unit 102 initiates a memory
read of bytes A, C, and D from the data cache 108.
According to the present invention, at this point the integer store instruction
has entered an atomic execution portion such that interventions to the global
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19.. system 150 and the el ements of the processing unit 102 are not shown
for clarity purposes). The operation of the control system 150 shall now be
described with reference to the flowhart shown in Figure 4. If the
control system 150 detects in the glob cache pipeline an instruction with
its FA bit set to one (represented by step 404), then the control system

150 bl ocks | r ' =t ) k j four-bit
word of i n LELI2rk BISCKE, KR Oerty i Weter frdBesslity uhit B0t beMEfe! Ol L 0

i npl enent s aheppornudity tol modify tié dathavdrd, 30X urtilafieo the pindiys irtegerstore
determ nes that an [nteryention iis pending to.the tgl obal cacge 12

- (r epr esent S@SBYCUGRA 52@/{“ prosessinguris 4 02 Gompletes (that 1s, until after the

bytes A, Y, C, and D are stored in the global cache 112). ,_
After this pending store instruction completes in the first processing unit 102,
. ‘the exclusive copy of the data word 302 is transferred to the other processing
unit (that is, interventions to the global cache 112 are allowed after the pending
store instruction completes and exits the pipeline of the global cache 112).
Then, byte "X" is written to the data word 302 such that the data word 302
includes bytes A, Y, X,andD.

By operation of the present invention, therefore, data stored in a cache by one
processor (that is, the other processor in the example of Figure 3) is not
destroyed by the operation of another processor (that is, the first processing unit
102 in the example of Figure 3). _

As discussed above, the present invention solves the data loss problem by
ensuring that cache memory access instructions which may result in the data
loss problem are executed é,tomically. These instructions are called forced
atomic (FA) instructions since they are forced to be atomically executed, as

-discussed above. o

As part of the solution of the data loss problem, the inventors have identified
FA instructions as including any integer store instructions (that is, any cache
memory access instructions which require data to be stored in both the data
cache 108 and the global cache 112) which store other than aligned word
blocks. In the preferred em_bodimeﬁt, the data store width of the global cache

112 is four bytes, such that FA instructions are integer store instructions which
store other than an aligned block of four bytes, or which store other than aligned
multiples of four bytes. Such instructions require allocation in the data cache
108, and require that the data cache 108 be accessed to retrieve bytes to fill out
four-byte stores to the global cache 112.
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syeten i i i the pipeline of the
ST 150 prevents FA instructions fron1enter|ng _
: ;nggﬂ]cachg 112 (represented by step 410). {t |? ?ﬁzugggpbPSE ;Sgtgﬁragil
| st en O is in contact with other conpgnents of put ¢
a%?%ﬁTL;Se know edge of the_pendency'ogqgnterventlpns. Thi s |npleneRts t he
"foUrtﬁ'ruIe. If the control system 150 detects in the global cache

pilpeline an | ndMisisolution o W dita 16N gpbblchtls dedcfbes & SRR, St oF
_4(_)8) A t hen the ﬁ?gﬁéﬂﬂlo%ﬁtfﬁ] 1ggeE{ g\éegy step 410). This inplenents the
- the gl obal cacht ey ?-nf rabl y inplenmented by appending a W :
(uri bl e) by 1 Ve bR Sk erble iy Henayngiin wi do) i
e Eha (o pletrtofons éndby ardicallp el B IAL KA KEhioll” Hohauinsngs o
e arntly, o4 fbed pelo edﬂiwm;acnit@ exctution ofFAliasteitions Spaivii'a iCHAIHIAR ©f
preferably s Ctt g0Vt ﬁ “now be. descri bed wit h reference to Pﬁ%
oo RO, s 20C S eminsnim st
store i nstraystean3Obei ng processed at | .
L There are two aspects of the deadlock problem, deadlock due to potential
miss instructions and deadlock due to the need for data exclusivity when
performing forced atdmic instructions. These aspects of the deadlock problem
are discussed in the following sections.
4.1 Deadlock Due to Potential Miss Instructions
A scenario involving the execution of FA instructions that results in deadlock .
shall now be described with reference to F igure 1.
At a time t0, suppose that a floating write instruction is initiated in the first
processing unit 102. Similarly, suppose that a floating writ instruction is
initiated in the second processing unit 114. As discussed above, floating write
instructions bypass the data caches 108, 120 and proceed directly to the global
caches 112, 124, | | ' |
At a time t1, suppose that the pending floating write instruction has not
completed in the first processing unit 102, and that a FA integer write
instruction is initiated in the first processing unit 1':02. During the processing of
the FA integer write instruction in the first processing unit 102, a read operation
of the data cache 108 is ini!.f_lfated to retrieve the appropriate three bytes to fill out
the forthcoming four.-b___yt_e wnte to the global cache 112. Thus, interventions in
the global cache 112 wnhregard to the aligned fqué'fbyte word containing these
three bytes (and also contammg the write data of the FA integer write
instruction) are blocked. ' o

Also at time t1, suppose that the pending ﬂo?ﬁng write instruction has not
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tﬁ:é ‘data cache 108 (that is, integer store instructions which are being

processed in the pipeline of the data cache 108).

bl ock;
SHE ET

this test is

If the aligned four-byte

i [ [ [ [ he bl-ock that is exclusive
Fd: iated with a FA instruction i in a cac ( _ sy
rgig%gszgfgacache 108 (as indicated by ﬁﬁe Wbhit associated with the ca

resent.ed by st

: : , o e
completed in the second procesls%%\%xgt t[ (%4’e %x%de léha?a é’f’{) pgggqrﬁgnte

1) | dnstruction Is a - _ : .
504) K then t BRebttion s mitiated in the second processing unit 114. During the processing

of the FA integer write instruction in the second processing unit 114, a read
operation of the data cache 120 is initiated to retrieve the appropriate three bytes
to fill out the forthcoming four-byte write to the global cache 124. Thus,
interventions in the global cache 124 with regard to the aligned four-byte word
containing these three bytes (and also containixig.,the write data of the FA integer .
write instruction) are blocked. |

At a time {2, suppose that a cache miss is realized for the pending floating
write instruction in the first processing unit 102. That is, the data which is to be -
modified by the floating Write instruction is not valid and exclusive in the global
cache 112 of the first processing unit 102. Also suppose that this data is valid
and exclusive in the global cache 124 of the second processing unit 114. Thus,
to complete the pending floating write instruction in the first processing unit
102, an intervention at the global cache 124 of the second processing unit 114 is
required. However, this intervention is blocked due to the atomic execution of
the pending FA integer write instruction in the second processing unit 114.

Also at time t2, suppose that a cache miss is tea__h'zed for the pending floating
write instruction in the second processing unit 114. That is, the data which is to
be modified by the floating write instruction is not valid and exclusive in the
global cache 124 of the second processing unit 114. Also suppose that this data
is valid and exclusive in the global cache 112 of the first processing unit 102.
Thus, to complete the pending floating write insn;u;:ftion in the second proceséing
unit 114, an intervention at the global cache 112 of the first processing unit 102
is required. However, this intervention is blockécj: @ué to the atomic execution of
the pending FA integer write instruction in the fi:s;:t;processing unit 102.

Thus, the first processing unit 102 is blocked waxtmg on data from the
second processing unit 114, and the second procejs_;séihg unit 114 is blocked
waiting on data from the first processing unit 102, However, data from the first

ep
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of -the global cache 112, subject to other processing of the control system
150, described herein (thIS is represented by step 510). If the aligned
four-byte word associated with the FA‘* struction is in a cache bl ock that
i'ssnot exclusive in the data cache 108 %thls test is represented by step
504), then the FA instruction is not allowed to enter the plpellne of the

Tessage s Bogopd @102 A0k DipbRmi the EAIpAgRRta B B |
control sysinblodked. iSinplaclyedatal fromithe emﬂqﬁoeéssmghandm& @dtaavexlablehl ne

operating as |scusse above, particularly in accordance with the four
rul.es di scud "am papesssing:ynjel 14 beeameswnblocked, Aesardmely. s i npl ement ed

as.a procesgy 1A t 4. system
150 is prefer al)q&e‘ Qﬁéﬁ}é‘?ﬁ‘fg‘ﬁkﬁg@ﬁgwt aﬂé% éé)&gé@icﬁsgsmt%%t&?%lfc)% "have a
split-level c@.QhSOBmoartgehemehdmmmbbleﬁi (Rdrential Mize Mdtrrtiongnal unit (1U)

whi ch includes the data_cache_108. Alternatively, the control system 150 is

i npl enent ed\¢¢Prametodhe Presept BB’§§§Pﬂg units (which have a
The solution developed by the inventors to solve this deadlock problem will

h.

now be discussed.

As identified by the inventors, there are two categories of cache memory
access instructions which are of interest with regards to this deadlock problem.
The first instruction -ca_teg_ory includes cache memory access instructions which
may result in the data loss problem. These instructions are called forced atomic
(FA) instructions, and are defined and discussed above.

The second instruction category includes cache memory access instructions
which do not require allocation in the data cache 108, 120 (that is, which do not
store data in the data cache 108, 120) and which directly access the global cache
112, 124. These are unlike FA instructions, which do require allocation in the

-data cache 108, 120. . .

It is not possible for a FA instruction in the pipeline of a global cache 112,
124 to generate a global cache miss (but see the discussion on this topic in the
following section). This is the case, since FA instructions require allocation in
the data caches 108, 120, and since the data caches 108, 120 store a proper
subset of the data stored in the global caches 112, 124, respectively.

In contrast, an instruction of the second instruction category can generate a
global cache miss, since these instructions do not: requ1re allocation in the data
caches 108, 120. Accordingly, instructions of the second mstruction category
are called potential miss (PM) instructions. ,

There is actually a third instruction category which includes cache memory
access instructions which do not fall into the first instruction category or the




~SpL|t | evel cache arrangenent) as a conponent external to the functional
units 104. Alternatively, the control system 150 is inplenented as nultiple
state machi nes whiech are distributed tfgoughout each of the processing
Units of the conputer system 101 whi cH9 nclude a split-level cache
arrangenent . The control system 150 is preferably devel oped using an

appropr i at &egoAd instfuctivhilca E@gﬁﬁ CH!S&H@!?(’)@O%E%MM%R'C &?br)ﬁ atlgy¥el op -

and prototype hardware circuit’s in software. In such conpil systens, the

f unct i onal igroupéd mathdietthes f'n‘sﬂwlpsmmttm categdry m&quoewasmemﬂssawgnﬂseudocode .
the ti m ng BRI SEFON BrrUB s oS uh groiRing e LESERdE da PR Rogi o -
3= I véﬁoﬁ?ﬁééffﬁa%?ﬂet AR i ion g swbe e
present i nweldvanhtoﬂhblso@oumfahe deadloclpproblem, akd thus dhaﬂl nbhbe discaysedt art
based on t%l S'CUSSI on .
Once they identified the FA and the PM instruction categories, the inventors
were able to completely analyze the deadlock problem and devise a procedure to
solve the deadlock problem. Specifically, the infrentors determined that the
deadlock problem pot_ehtiall_y occurred only when a potential miss instruction
was followed by a forcé_@- atomic instruction. More particularly, and with
respect to the processing unit 102 for illustrative purposes, the inventors
determined that the dea_;ilock problem potentially occurred only'when aFA
instruction was allowé_dz to enter the pipeline of the global cache 112 when a PM
instruction was already in the pipeline of the global cache 112.
In the scenario discussed above, for example, the floating write instructions
initiated at time t0 represent PM instructions. The integer write instructions
initiated at time t1 represent FA instructions.
Thus, according to the present invention, the deadlock problem is avmded by
allowing a FA instruction to enter the pipeline of the global cache 112 only when
there are no PM msu'uctlons already in the pipeline of the global cache 112. If
there are any PM msu'uctwns already in the pipeline of the global cache 112,
then the FA instruction is stalled.
This solution to the deadlock problem (that is due ‘in part, to potent1a1 miss
instructions) is descnbed m_ greater detail below.
4.3 Deadlock Due to Neéd for Data Exclusmty When Performing Forced
Atomic Instructions

The above section describes a deadlock probiem:that is due to the
performance of potential miss instructions. This section describes a deadlock
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21. contained herein. Whi | e vari ous enbodi nents of the present invention
'have been described above, it shoul d be understood that t hey have been
presented by way of exanple only, and not limtation. Accordingly, in
Aceordance with the present invention, 16t is possi bl e to sol ve probl ens
about cache coherency in a conputer systen1haV|ng a split-level cache

ar r angenent pabidif hatds due o fHeSiee For 834! é%%ﬁxsi’\fiﬂ' WhéR pbIdfm O &5 -
' atomic instructions. Thxs deadlock problem is sumlar to the potential miss
deadlock problem. ' ' _

As discussed above, with reference to the processing unit 102 for illustrative
purpose, it is possible to write data to the global__éache 112 only if the global
cache 112 stores the exclusive copy of th data (that is, only if the global cache
112 stores the only valid copy of the data). Ifa ﬂoatmg point write is made to
the global cache 112 and the exclusive copy of the data of interest is not stored
in the global cache 112, then a cache miss and fill operation (that is, an
intervention) must be performed. - .

In the computer system 101, a 1-byte FA mteger wnte operation performed

~ in the first processing unit 102 causes a write to the data cache 108 and to the
global cache 112. According to the present invention, with regard to the write to
the data cache 108, the data byte of interest (that is, the byte in the data cache

108 that is being modified by the integer write operation) is required to be in a
cache block that is exclusive in the data cache 108; otherwise, processing of the
integer write operation is not allowed to proceed. 'Preferably,_ the width of a
cache block is 128 bytes, although the cachie block width can be other values
without departing from the scope and spirit of the present invention.

. The inventors have determined that the integer write operation should be
allowed to enter the pipeline to the global cache 112 only if the data byte of
interest, as well as the other three bytes of the aligned four-byte word (in which
the data byte of interest is contained), arein a caéﬁé block that is exclusive in
the data cache 108. Otherwise, deadlock may result

Consider a scenario where the integer write operanon is allowed to enter the
pipeline of the global cache 112 even when these four bytes are not exclusive in
the data cache 108. In this scenario, assume that these four bytes are also not
exclusive m_the global cache 112. When the mte_g_e; read operation reaches the
end of the pipeline to the global caché 112, a cache mxss and fill operation (that

e .,
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CLAI M5 1. A nmethod of

Zé: plurality of

preventing data loss in a conputer system conprising a

[ /i N ' : he, wherein
' [ its each having at |east one cache, "
gﬁﬁﬁf?;ngeggor cache coherency i s mainfdined in the conput er system

| east one of the processing uni It Sl lncl:;gihggcguzrggt : Le\;elseggﬁgel evel
ar r angement gpapmmghnﬂng?%ﬁggﬁkﬁﬁ%%s?YﬁctiQns enabl e data to be stored in
Egt_c E_e : hg/hfe Ir reg{] I.til t'g ggq;)@anetlumfore) ehe PAiRStruction includes the properties of a
' potential miss instruction, since it generated a miss in the global cache 112, As
aresult,a potential:fdffdéqdlock exists since the FA instruction can both block
interventions to the gIobal cache 112, and wait on exclusivity from another
processing unit. _ '_ |

4.4 Solution to tiie Deadlock Problem (Data Exclusivity Requirement)
According to the Present Invention) | -

According to the present invention, this deadlock problem is solved by
requiring exclusive alIocates on store in the data chehe_ 108. Specifically, a FA
integer write operatiéﬁ :i_'s__committed in the data cache 108 only if the cache
block in which the ahgned four-byte word of interest is contained 18 exclusive in
the data cache 108. Other\mse, a cache miss and fill operation is generated.
Note that the FA mteger write instruction is not in the pipeline to the global
cache 112 when th1scache miss and fill operation is issued, and this cache miss
and fill operation is not atomically performed. Thus, there is no danger of
deadlock. . :

This solution to the 'deadlock problem (that is due to the exclusivity
requirement) is descri_he;(_ijin greater detail below:.

5.0 Summary of S'_Q__l};t_ion- and Implementation of Solution

As discussed aboij:e;-__ the specific structural and operational features of the
computer system 101 have ;caused a number of cache coherency related _
prohlems. The invent'-i:)f have identified these probiems and have developed a
System and method for nnmatmg these problems. In €ssence, the system and
method of the presentmventlon control the execution of cache MEmory access
instructions by xmplementmg the following three rules (for illustrative purposes,
reference is made to the br_c__)eessing unit 102 to desg:tfibe these rules):

(1) IfaFA mstructxon (that will operate to modify_-a data word) is in the
pipeline of the global ca__e__he l 12, then interventions to th_e global cache 112 with
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i’evel cache, the first.cache being byte witable and the second | evel cache
bei ng word witable, the nethod conprising the steps of: -~ (a)
nmoni toring a pipeline of the second Iexgl cache to determ ne whether a
torced atomc (FA) instructionis in't second | evel cache pipeline, a FA
I nstruction being an |nteger store I nstruction which requires allocation in

the first Eﬁcdﬁa W]ﬂ%ﬁ Qfe"&l ddhi word
mul ti pI eto é@%}‘&k tored in the I f st evefﬂﬁggdgddtmﬁg‘?g?n dur i ?1% exetgut i on
of a FA i nsthedeAi mu'untmn cmnplatcscandy:kﬂsttwmpehmjof &mrgloﬂmsl dachst 12evel cache
and witten to the | evel . cache, al on W t.he FA
i nstruction’ @ml‘ie Pai’&%%lﬁ iBihe H‘p qtdtlﬁ‘? Gfé?ﬁ:? C‘ﬁ’ﬁelci;eg}ﬁqd | evel
cache; and intervefiiohd tothAn gruaféafeﬁe'mdﬁéaé 8 flatiPHRF A thddirigfcond

en de a

| evel cache pipeli ying 1nterventions to t e secon evel
~cache unti | ccbmpldfe‘s amisemts:ttheglpelmeldfs:hd& gbbabcmlﬂ llléblel cache pi peline to

For gener at | ofBbAr 8 ENA FATUPR FLAE pielis i slobal cache | P4 tne BR"! 71 ©
instructions are not allowed to enter the pipeline of the global cache 112. Such
FA instructions are stalled (that is, they are aborted and re-started at a later time).
(3) Ifthe Aligned word associated with a FA instruction is not exclusive in
the data cache 108, then the FA instruction is not allowed to enter the pipeline to
the global cache 112, and a non-atomic cache miss and fill is generated.
Rule (1) solves the data loss problem. Rule (2) solves the deadlock problem
(potential miss). Rule (3) solves the deadlock problem (data exclusivity

requirement). |

~ The present invention also includes a fourth rule: If an intervention is
pending in the global cache 112, then a FA inst,niétion is not allowed to enter the
pipeline of the global cache 112. Instead, the FA instruction is delayed until
after all of the pending interventions are complete.

This fourth rule does not operate to solve any of the problems discussed
above. Rather, this fourth rule exists for performance reasons. The fourth rule
ensures that interventions will not bé blocked forever by FA instructions, but
will instead be given the opportunity to be processed..

Rules (1), (2), and (4) are preferably mplemented by appending a FA bit
and a PM bit to each mstrucuon which enters the: plpelme of the global cache
112. If an instruction is a forced atomic msu'uctlon, then’its FA bit is preferably
set to one, otherwise it is. set to zero. Similarly, 1f an instruction is a potentlal
miss instruction, then its PM bit is preferably set: to one; otherwise it is set to zero._

A control system 150 preferably monitors mstructlons as they enter the
pxpehne_:pf the global cache 112 (not that control.,__};pes between the contrql .
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data witten by operation of said cache nenory access instructions is not
destroyed by operation of the FA instruction. 2. The nethod of claiml,
faurt her conprising the steps of: (c).determ ni ng whether an intervention
tosthe second | evel cache is pending; d (d)if an intervention to the
second | evel cache is pending, then preventing

23 system 150 and the elements of the processing unit 102 are not shown for clarity
purposes). The opé;étion of the control system 150 shall now be described with
reference to the flowchart shown in Figure 4.

[f the control system 150 detects in the global cache pipeline an instruction
with its FA bit set to one (represented by step 404), then the control system 150
blocks interventions to appropriate data (that is, the aligned four-bit word of
interest) in the global cache 112 (represented by step 406). This implements the
first rule. '

Similarly, if the control system 150-determines that an intervention is
pending to the global cache 112 (represented by step 412), then the control
system 150 prevents FA instructions from entering the pipeline of the global
cache 112 (represented by step 410). It is assumed that the control system 150
is in contact with other components of the computer system 101 which have
knowledge of the pendency of interventions. This implements the fourth rule.

If the control system 150 detects in the global cache pipeline an instruction
with its PM bit set to one (represented by step 408), then the control system 150
prevents FA instructions from entering the global cache pipeline (represented by
step 410). This implements the second rule. |

Rule (3) is preferably implemented by appending a W (writable) bit to each
cache block (which is preferably 128 bytes wide) in the data cache 108. Ifa
cache block is exclusive in the data cache 108, then the W bit associated with
the cache block in the data cache 108 is'prefetably set to one; otherwise, it is set
to zero. Further operation of the control system 150 shall now be described with
reference to the flowchart shown in Figure 5.

The control system 150 monitors integer store instructions being processed at
the data cache 108 (that is, integer store instructions which are being processed
in the pipeline of the data cache 108). If the aligned four-byte word associated
with a FA instruction is in a cache block that is exclusive in the data caéhe 108
(as indicated by the W bit associated with the cache block; this test is
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FA.instructions fromentering the second |evel cache pi peline, such that
Execution of interventions to the second | evel cache is not- indefinitely

del ayed due to the presence of FA instructions in the second |evel
caghe pi peline. 3. The nethod of @Paim 1, wherein step (a) conprises
the steps of: associating with i nstructlons entering the second |evel
cache pi pel | LG €1 ]

i nstructi Ongegﬁe%%%fbﬁsteg qj’?g@kﬁé%é;? %ﬁ‘%hﬁ l(Ié]’) | nspr u%@jtégﬁge gP%thﬁé

second | evebf e ebalocaéhéarlm Subject\b ot procdséingufithe conwol systeom 150 second
| evel cache pipeli rl'@p' 4. The net hod of cl a| m 3, wherein said indicia
‘conpri ses adessribed %(&hl§ fsepresgnied.iy gep 540 )assom ated with each -

LISt ot on, S0 i R oSS b o O EA iyt §u B0,
for non-FA bRk that isqiot exclusive in the data cache 108 (this test is represented by step

504), then the FA inéu;ﬁcﬁon is not allowed to enter the pipeline of the global

cache 112 (representé& by step 506), and a cache miss and fill message is sent

to the global cache 112 (represented by step 508).

The control system 150 is preferably implemented as a hardware state
machine operating as discussed above, particularly in accordance with the four
rules discussed above. " Alternatively, the control system 150 is implemented as
processor operating in accordance with software.

The control system. 150 is preferably implem_eﬁted in each of the processing
units (which have a sﬁ!i_t,-level cache arrangement) as part of the integer
functional unit (TU) which includes the data cache 108. Alternatively, the
control system 150 is iiﬂpl_emented in each of the processing units (which have a
split-level cache arrangement) as a component external to the functional units '
104. Altémaﬁvely, the @:ontml system 150 is imﬁlemented as nmliiple state
machines which are distributed throughout each of the processing units of the
computer system 101 wh1ch include a split-level cache arrangement.

The control system 150 is preferably developed using an appropriate
compiler system which ep_ables_ a hardware developer to develop and prototype
hardware circuits in soﬁware In such compiler systems, the functionality of

| hardware components canberepresented using pseudocode. Such compiler
systems can be used to venfyloglc, and can aid in defining the timing and

generation of control signals and associated random logic. One such compiler is

the Verilog compiler'bj}l Gédénée Design Systems, Inc., of San Jose, CA.
Further details pertalmng to the implementation of the present invention will
be apparent to persons skxlled in the relevant art based on the discussion
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-5. . The nmethod of claim1, wherein in step (b) interventions which access in
The second | evel cache an aligned nulti-byte word in which the wite data
ef the FA instruction is contained ??é]e del ayed until the FA instruction
£xjts the second | evel cache pipeli el 6. A nethod of preventing.
deadl ock anpbng processing units in a conputer system conprising a
plurality oforihipe@hetdif. Units each having at |east one cache, wherei n

mul ti - processor cache coherency is naintained in the conputer system at
|.east one of Wiilqvanasssmbodiments ¢fithie pitesegt mmveption hhee beercdescetbadr angenent

conpri sing first level caghe cqupled to a second |evel. cache, the first

Covel | cachessen shobld o iRderood Bartiey Batk HeF BIssAned bk ST R aiRle

witable, t 5Si-Ng the steps of : (a) nmonitoring a pipeline

of the secoér}'gy1n§§/£ﬁ&clac el?% determ.ne whether a possible mss - (PM

i nstruction i Accordihglys ircascordancelwitla dieepresent|invention, 2N possible to solve
problems about cache éOhc_rency in 2 computer system having a split-level cache

arrangement without gwmg rise to deadlock and data loss problems.
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" - I nstruction which requires

Fr . ' being a cache nenory access il il e
sﬁiocatLQEEL;EELSEM%he—geGGnd | evel Cﬁche bgt whi ch ?gssipog Lﬁﬁrhstruction

. : ; evel cache, ana . . in
al f;ocat i Hl e''second | evel 2Zache pi pel i ne, tth prg;gﬂé 9
|'s detery " ' ¥ M¥ct'i ons from entering the second |evel ache
forced a /M * nmory access instruction whi

i peli i nstruction!being a cqg?gmqg oot
plgglégeaa?aFfb'BZ stored in both the first | evel cache and the se
enabl

| evel cache . ' . ..
. . A method of preventing data loss in a computer system comprising a

. plurality of processing units each having at least one cache, wherein
multi-processor cache coherency is maintained in the computer system, at least
one of the processing units including a split-level,cache arrangement comprising
a first level cache coupled to a second level cache, wherein integer store '
instructions enable data to be stored in both the first level cache and the second
level cache, the first cache being byte writable and the second level cache being
word writable, the method comprising the steps of: '

| (a monitoring a pipeline of the second level cache to determine whether a
forced atomic (FA) insuﬁction is in the second level céche pipeline, a FA
instruction being an iﬁteger store instruction which requires allocation in the first
level cache and which enables data of length other than a word multiple to be
stored in the first level cache, wherein during execution of a FA instruction one
Or more bytes are read from the first level cache and written to the second lével
cache along with write data of the FA instruction, such that data of word length
is written to the second level cache; and

(b) if a FA instruction is detenhined to be in the second level cache pipeline,
then delaying interventions to the second level cache until the FA instruction
exits the second level cache pipeline to thereby delay execution of cache memory
access instructions responsible for generation of said interventions, sﬁch that
data written by operation of said cache meniory accéss instructions is not
destroyed by operation of the FA instruction,

2. The method of claim 1, further comprising the steps of:
© determining whether an intervention to the second level cache is pending;
and |

(d) ifan intervention to the second level cache :i:s fheriding, then preventing
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V\/r‘f:érfei n data stored in the first | evel cache IHM"’&&.}U"@M than a word
ot permtted

: nuLtipIe, wherein interventions to the second
- whil e a FAinstruction is in the secggd | evel cache pi peli ne; such
t hdt™ execution of interventions to the $&cond | evel cache is not prevented

while there | s a potential for an instruction in the second | evel cache to
such that

be.. - det ai ne§AWBStructons ﬁ'barmtﬂtih%)ﬂleiﬁc%@%ﬁ@&ﬂé&i@&eﬁeﬁﬂ&{l@event ed.

deadl ock b pracessing units of the conp
7.- The net hoﬁ&%@%@mtﬁpﬁwm ite thet second Yeved onctiesis siot ﬁﬂeﬁ;ﬁt@@ &Jélae,{ed
associ ating daé t theSiréstnlcl e i the second | evel cache“pipéline
indicia identifyi n?rvvnet Egﬁﬁ]g}sﬁﬁg{"&ﬁbiﬂi the second lexeli qache pipelimes; and
anal yzing said indicia of instructions in the second | evel cache to
determ ne et lAgtruction is in the second | evel cache pipeline.

e THe mettol of Claim , wgerem step (a) comprises the steps of:

.. ass b b . . . . . ) .
= °““atm8 with instructions entering the second leve] cache pipeline indicia
identifying whether the instructions are FA instructions; and

analyzing said indicia of instructions in the_j'j second level cache to determine

whether a FA instruction is in the second level cache pipeline.

4: The method of claim 3, wherein said indicia comprises a forced atomic (FA)

bft which is associateq with each instruction entering the second level cache

pipeline, the FA bit being set to a first value fof FA instructions and being set to
- asecond value for non-FA instructions. |

5. . - . “n .
The method of claim 1, wherein in step (b) interventions which access in the
second level cache an aligned multi-byte word in which the write data of the F A

Instruction is contained are delayed until the FA instruction exits the second
level cache pipeline. |

6. A method of preventing deadlock among processing units in a computer-
System comprising a plurality of proceséing umts cach having at least one cache,
wherein multi-processor cache coherency is maintained in the computer system, ’
at least one of the processing units including a split-level cache arrangement ’
comprising a first level cache coupled to a seco;{d level cache, the ﬁrst level
cache being byte writable and the second level ééche being word writable, the
method comprising the steps of: | i

(2) monitoring a pipeline of the second level éache to deténnine whether a
possible miss (PM) instruction is in the second level cache pipeline, a PM
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tential m ss

(RM

| evel cache

i n§tructi ons and bei ng set
9. A nethod of .contr

P [ [ idindicia conprises a
. of claim?7, wherein sai I (
8.7;?.'I"11ebirr:at \r/]\ﬁidch IS associated with each instruction enteri

. . .. . |
| it bein et to'a first val
Lo I:.{\/Ioba secong al ue for non-PMinstructions.

| 1.ing the execution of cache nenory access

pi pel i ne,

i nst ruct i ons B§tckion @ caehesmemory apedss 'MUP{I IWhgé% Ié%g-@l%p %ilggﬁtgm m

: one cache, wherein nu F O
g g Ih te f eﬁgg hi Qﬁir(ra_la %&g?gll'j rlléevfﬁliﬁcq%@lt “arﬁlcﬁ does not requye allocation in the first level

cache; and

then preventing forced atomic (FA) instructions from entering the second level
cache pipeline, a FA instruction being a cache memory access instruction which
enables data to be stored in both the first level cache and the second leve] cache
wherein data stored in the first level cache is of lenigth other than a word
multiple, wherein interventions to the second level cache are not permitted while
a FA instruction is in the second level cache pipeline: -

such that execution of interventions to the secbnd level cache is not prevented
while there is a potential for an instruction in the second level cache to be
detained while an intervention is processed in its behalf, such that deadlock
between processing units of the computer system is prevented.

7. The method of claim 6, wherein step (a) comprises the steps of*

assbciating with instructions entering the second level cache pipeline indicia
identifying whether the instructions are PM instructions; and

analyzing said indicia of instructions in the second level cache to determine
whether a PM instruction is in the second level cache pipeline.

8. The method of claim 7, wherein said indicia dd_mpn’ses a potential miss (PM)
bit which is associated with each instruction entenng the second level cache
pipeline, the PM bit being set to a first value for PM instructions and being set
to a second value for non-PM instructions. 1

9. A method of controlling the execution of cachg_;l_:nemory access instructions
in a computer System comprising a plurality of pro'ciessing units each having at
least one cache, wherein multi-processor cache cohérency is maintained in the
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< he Rk ' ' i ncluding a
S o ter system at |east one of the gﬂ ﬂ ﬂ cluding a
oo 1ol el o amgernt o s che Coupi
: ache, the fir :
E%%’szggggdl Ie\e/\elleI cachecbei ng - word wePt abl e, the split-1level .cache

' ' es data to
arrangenent supporting an integer store operation which caus

. : » d level cache,
be: stored in Mﬁutéﬂ%{Siélﬁ§5t.léfs\f%h? B?QEegrt%gg%sti&gm 4n§le1.ﬁ§£g a(sglit—levehor e
wherei n duri 2:3 ﬁxecutlon of an n eg‘fﬁﬁh 'EicHEbBﬁ @dtt the s lcon | evel
bytes are redd¢ g et a % cger ot or& OPRratt ACShiEVR:  dat a
of ¢ her 3' On?e\%{’%’?ﬂé’é &ﬁ&q?%ﬂ%hq ing bytmwritahle and alwaeo@ad?%xgeg%g%ﬁeer géilngge
25 o1 e 4 e pe o v (o
g f ., atonj DAL : . T ; it ata o
lc?lg_’lt Q?mpﬁir ngr gﬁ%‘{aﬁéﬂ vehich|caysesciataits be SosF&i M@P:&ﬁs'el: gigdtﬁ%\leil Pfgcﬁ’\ér I theevel

i ign-is contained is exc
an | nteger  SkQiond Bl ache wheremn during execution o
cache; and _

fan integer store operation one or
more bytes are read from the first level cache and written to the second level
cache along with write data of the integer store operation such that data of word
length is written to thé second level cache:=a§ a result of the integer store
operation, such execution of an integer store operation being performed
atomically, the method comprising the steps of:
(8) determining whether an aligned multi-byte word in which the write data
.of an integer store oﬁ'e_ration_ is contained is exclusive in the first level cache; and
(o) ifitis determi"n_e_d-that the aligned word is not exclusive in the first level
cache, then preventi:,i_g fhe-integer Store operation from entering a pipeline of the
second level cache, and initiating a cache miss and fill operation to cause the
aligned word to be exclusive in the first level cache,

10. The method of claim 9, wherein step (a) comprises the steps of:
~ associating with aligned multi-byte words in the first level cache indicia
identifying whether the aligned words are exc'l_tisiye in the first level cache, said
Indicia being stored in the first level cache; and o
analyzing said indicia stored in the first level cache to determine Whether the
aligned multi-byte wofd mwhmh the write daia; ofthe intege;r store operation is

contained is exclusive--;in-;.;héi{fj:st level cache. . -

11. The method of claim IOwherem said indi-cigigébmprises a writable (W) bit
which is associated with each _élig'n’ed multi-byft’e;’ word in the first level cache,
the W bit being set to a first value for aligned wods which are exclusive in the
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that the aligned word is not exclusive in the first

Fpll 1T T
| evel “m" mmmm venting the integer store operation fromentering a
[ [ and initiating a cache mss and fill

- pi.peliné of the® secend | evel cache,
-al i gned word t 86be exclusive in the first |evel

opération to cause the
cache. 1% él"heglrretcs;od of claim9, wherein step (a) conprises the steps -
of associtat il achk aaldibpimysetitd hisebiid ' o the first Jevel cache
indicia idegy ltuéf\)%%ﬂmi'e er, . tqrxe al i gned V\‘g‘r/%@égéreélg@fpl}g‘? whichgee ot st
| evel cache, Sai i ¢ fustdey g’a@@;red in the first |evel cache; and

| evel cache to determ ne whet her

anal yzing said indicia stored in the first
te word in which the wite data of the integer store
. The

the aligned lti-b LY : :
operation 1 Cort Hkes oS seitaliag te evecuon brcaing iflor? AENRs ndioon,
& Sedpul Sy &= comprising a pluralityngf processing units each having at
least one cache, wherein multi-processor cache. épherency is maintained in fhe
computer system, at least one of the processing'{:t_:jnits including a split-leve]
cache arrangement comprising a first level caché._coupied to a second level
cache, wherein integer store instructions enable data to be stored in both the first
level cache and the second level cache, the first Iéyel cache being byte writable
::d the seconfl level cacl;e being word writable, the method comprising the steps
| (2) monitoring a pipeline of the second level cache to determine whether a
:t‘orced atomic (FA) instruction is in the second level cache pipeline, .a FA
instruction being an integ_e_r store instruction which requires allocation in the first
level cache and which enables data of length other than a word multiple to be
stored in the first level cache, wherein during exé_t:_ution 6f a FA mstruction one
Or more bytes are read from the first level cache and written to the second level
cache along with write data of the FA instruction, such that data of word lengh
1S written to the second leve] cache; .
(b) monitoring the second level cache pipeline to determine whether a
?ossible miss (PM) instruction is in the second level cache pipeline, a PM
mstrugtion being a cache 'men;ory access mstructlon which requires’ allocation in
the second level cache but which does not requifgi:;ilpcaﬁon in the first level cache:
| (c) ifa P-M imstruction is determined to be in th second level cache pipeline |
then pr?ventmg FA instructions from entering thesecond level cache pipeline; a;ld
(d) ifaFA instructio_n is determined to be in th__é;;:s'econd level cache pipelir’le
: the.n delaying interventions to the second level cacheuntxl the FA instruction ’
exits the second level cache pipeline. s
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carne. trawot o FNWARFRINERGR Ve e or o Poneavors wen'ors
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Rt :ncgghe and being set to a sednd value for aligned words which

LR s f
rst leve : ) . _ 12. A nethod o

o clusive in the first level cache TR

of:

Somtrol ling he emettiogofiainn  DEAEP rBR E ok U |
: ' - (€) determining whether an intervention to the second level cache is pending;
(f) if an intervention to the secof;d level cache is pending, then preventing

FA instructions from entering the second level cache pipeline, such that

e:{ccution of interventions to the second level cache is not indefinitely delayed

due to the presence.of FA instructior_is in the second level cache pipeline.

14. The method of claim 12, further_comprisiné tﬁe steps of:
() determining whether an aligned multi-byte word in which the write data
of an integer store operation is contained is exclusive in the first leve] cache; and
() ifitis determined that the aligned word is not exclusive in the first level
cache, then preventing the integer store operation from entering the second level
cache pipeline, and initiating a cache miss and fill operation to cause the aligned
word to be exclusive in the first leve] cache. '

15. ‘A control system for controlling the execution '_o'f cache memory access
| instructions in a computer system comprising a plurality of processing units
each;; having at least one cache, wherein multi-processor cache coherencyis
maiﬁtained in the computer system, at _Ieast one of the processing units including
a split-level cache arrangement comprising a first level cache coupled to a
second level cache, wherein integer store instructions enable data to be stored in
both the first level cache and the secon@ level cachg,-. the first level cache being
byte Writable and the second level cache being \.fvordf_wﬁtable, the control system
comprising: ' |
means for monitoring a pipeline of the second lgyé'l cache to determine
whether a forced atomic (FA) instruction is in the second level cache pipeline, a
FA instruction'being an integer store iﬂéﬁucﬁon whxch requires allocation in the
first level cache and which enables dat'é':of Iength; other than a word multiple to
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h havi ng
lity of eac
ter system conprising a plura umm
. ;F‘a colrrggst Gng cache, wherein nulti- processorﬂ'

' | east *ane eSS|ng
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Hﬁrpia:ggﬁuhrng a split-1evel cache rangenea; corﬁr:ﬁlgge? ;tore
"l evel cache coupled to a second | evel cache ere

ISt | evel cache and
[ netruct | ons porsiared it 6] shecl efeil thling Wechl o) gfevm Affaciians e
t hé ‘second Igéggﬁcac _

second | evel JqIE; ‘ Faeadrﬁoauhe ﬁrsﬂevdﬁahhelaﬁemﬂt ‘?’%Pps

econd | evel ca e to Fm ne
a) leventachel 4) : : .
\%iet{her a( )fec?reced gt o%n% (EA 912%‘} gﬁ# @S‘WF 1o such that daevef wert:

ngth truction which
e Snanttentomtgeeomleq,@w ger store ins
Plegﬁl Irgg a?l 1c?c:atl‘on in the-first | evel "‘cache and whi ch enabl es data of

enatn o e FRRER iaiorns fhscconbiel enciepipbind bt e FCS
wher ei h_dur | PiSsSEBIE Fiild m c\t,gpﬂllss ghtllllp@eemd Leerebeaj:hleqnpelme aPM
f r: Om the i rl?lstnlxgt\x/oen being a. eache memory access instruction which requires allocation in
the second level cache but which does not require allocation in the first level cache;
. means for preventmg FA instructions from entering the second level cache

plpelme when a PM mstructxon is determined to be in the second level cache
p1pe1me and -

" means for delaymg mterventlons to the second level cache until the FA
mstructzon exits the: second level cache pipeline when a FA i mstruction is
determmed to be in. the second level cache pipeline.

16 The control system of claim 15, further comprising:

means for determining whether an intervention to the second level cache is
pendmg, and L

means for preventmg FA instructions from entering the second level cache
plpehne when it is detennmed that an intervention to the second level cache is
pendmg, such that execuuon of interventions to the second level cache is not

xndeﬁmtely delayed due to the presence of FA instructions in the second level
cache plpelme B

17. The control system of claim 15, further comprising;

means for- deterxmnmg whether an aligned multi-byte word in which the write

data of ‘an integer store" "'perauon I contained is exclusive in the first level cache;

me.ans for preventir__i‘__g_};jthe integer store operation from entering the second
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cacke along with wite data of the FA instruction, such that ﬂ ’I ﬂ

| éngt h is witten to the second | evel cache; (b) noni tior mmm “ﬂ" ll””"l
sé&cond | evel cache pipeline to determ nge whether a possible m*ss¢PM * s =

i nstruction is in the second | evel cach€®pipeline@a PM instruction being

a cache nenory access instruction which requires allocation in the second
| evel cache feviél ade i Of = oo ion &R:the first | evel cache;
(0 1 £ P e he Pipi, B6) iR § BonCRly SR bpewondd causeibee

pi pel i ne, t hlignedovend torhy exchisiet it iftrsslelEsEchB! Whéd'd it QgrerERnLE Y !
cache pi pelltﬁg; lgﬁgl ﬁd% if a,FAipstruction is determned to be In the
second | evel TEAL ‘blwﬁ’é' il B0t exclusivein theifist lemelgaghat i ons to the second

| evel cache until- the FA instruction exits the second | evel cache pipeline.
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27 = 13. The nethod of claim 12...further .conprising the steps'of:
(&) determining whether an intervention to the second |level cache is

pendi ng; and (f) if an intervention to the second | evel cache is
pendi ng, then preventing FA instructions fromentering the second | evel
cache pipeline, such that - execution of interventions to the second

| evel cache is not indefinitely del aye due to the presence of FA
instructions in the second |evel cache p@line. 14. The nethod of
ckain112; further conprising the steps of:
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¢e), determ ning whether an aligned nmulti-byte word in which the wite data
Gt “an integer store operatlon is contained is exclusive in the first |evel
cache and A(f) it is determned that the aligned word i s not
exg1u5|ve in the first | evel cache, then preventing the integer store
aperation fromentering the second |evel cache pipeline, and initiating a
cache miss and fill operation to cause 2?9 al i gned word to be:-excl usive
in“the first | evel cache. 15. A con 5 system for controlling the
execution of cache nenory access instructions in a conputer system
comprising a plurality of processing units each having at | east one
cache, wherein nmulti-processor cache coherency is mai ntai ned in the
comput er system at |east one of the processing units including a
split-level cache arrangenent conprising a first |evel cache coupled to a
second | evel cache, wherein integ nstructions enable data to be
stored in both the first |evel iﬁ‘fé;ﬂe second | evel cache, the first
|' evel cache being

1 BYTE

: - J DATA COCHE 108

GLOBAL
CACHE - 112
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byte witable and the second | evel cache being word witable, the control
sy,st em conpri si ng: means for nonitoring a pipeline of the second |evel
cache to determ ne whether a forced atomc (FA) instruction is in the
seedond | evel cache pipeline, “a FA instruction being an integer store

I nstruction which requires allocation in the first |evel cache and which
enabl es data of | ength other than aEMdEp multiple to '
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be stored in the first |evel cache, wherein during execution of a FA
iMStruction one or nore bytes are read fromthe first |evel cache and
wii'ften to the second | evel cache along with wite data of the FA
imastruction, such that data of word length is witten to the second

| evel cache; means for nonitoring the second | evel cache pipeline to
determ ne whet her a possi bl e m ss (%29 I nstruction is in the second

| evel cache pipeline, a PM i nstructi ﬁeing a cache nenory access
‘instruction which requires allocation in t he second | evel cache but

whi ch does not require allocation in the first |evel cache; means for
preventing FA instructions fromentering the second | evel cache pi pel i ne
when a PMinstruction 4 ]E rmgned to be in the second | evel cache

pi peline; and: neéi? iE?d

- ying i o to the second | evel
cache until the FA instruction exitg thegyegrnd | e cq pi pel i ne when
a FA instruction is determ ned to b&aJdn the second/l evel che pi peline.
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Iﬁ;,The control system of claim 15, further conprising: ‘means for

term ning whether an intervention to the second | evel cache is pending;
and means for preventing FA instructions fromentering the second | evel
#adhe pipeline when it is determined that an intervention to the second
|.evél cache is pending, such that execution of interventions to the second
I'ével .cache is not indefinitely. delaygp e to the presence of FA
instructions in the second l.evel cach ’gg%eline 17. The control system
of “claim 15, further conprising: means for determ ning whether an
al i‘gned nultl-byte word in whieh the wite data of an integer store
operatlon is contained is exclusive in the first |evel cache; and
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PREVENT FA YES
INSTRUCTION FROM |
ENTERING GLOBAL
CACHE PIPELINE

S 508 B S 510
ISSUE CACHE 1 ALLOW FA
MISS AND | INSTRUCTION
FILL |TO ENTER GLOBAL
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~means for preventing the integer store. operation fromentering the second

29 level cache pipeline, and |n1t|at|ng a'cache mss and fill operation to
cause the aligned word to be exclusive in the first |evel cache, when it is
deéternmined that the aligned word is not exclusive in the first level cache.

ABSTRACT -
| System and Method for Data Cache Cohere;icy in a Split-Level Cache System

A control system controls the execution of cache memory access instructions
such that cache coherency related problems do not arise.

The computer system includes a plurality of p_r_ocessmg units (102) each
having at least one cache. Multi-processor cache. coherency is maintained in the
computer system. Atleast one of the processing’imits of the computer system
includes a spht-level cache arrangement that compnses a first level cache (108)
coupled to a second’ level cache (112), wherein mteger store instructions enable

 data to be stored in ‘both the first level cache and the second level cache. The
first level cache is byte writable and the second level cache is word writable.
During execution of an integer store instruction, one or more bytes are read from
the first level cache and written to the second level cache along with write data
of the FA. instruction, such that data of word length is written to the second level
cache.

(Figure 1)
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