METHODS AND APPARATUS FOR CONTROLLING A MILTIL- SEGVENT CACHE MEMORY Th&™"
present _invention rel.ates ito a: ‘et hodand 5575 apparafus for caontrolling”

a multi-segment cache nenory.. Cache.nenpsi es. ar@guset.ul t hin KSWQELEE \JZ\[-
st orage s?stens In a nagnqilc t.Qr age..syst®Mo J@édenanble t !i

menmor g1 ocated within the dlskwcontrqflek whkﬁajcamt ol s operation of a
magnet i c-di sk drive. The disk 10 L g gured for

connection with a host conputér thro@j h as a snal
conput er systems i nterfacel{:SCSL): asses data back and

forth between the disk drive and the hosﬂ.conputer |n response to nenory
I nstructions or conmands 15 generated by the host conputer. The
magnetic disk drive stores the data on the surface of a rotating nmagentic
di sk. The di sk surfaceMETHORSAND APRARATUS JOR)GONERQLLINGcentric data
tracks. Each data track is @ wyiad-SHGMENIC ICNCHP 'MEMORY bl ocks. In one -
typical disk drive, each data track is divided into thlrty five bl ocks,
each bl ock including

The present invention relates to a method and

5 apparatus for controlling a multi-segment cache memory.

Cache memories are used within computer storage
systems. In a magnetic storage system, for example, the
cache memory is located within the disk controller which
controls operation of a magnetic disk drive. The disk

10 controller is configqured for connection with a host
computer through a data bus, such as a small computer
systems interface (SCSI). The disk controller passes
data back and forth between the disk drive and the host
computer in response to memory instructions or commands

15 generated by the host computer.

The magnetic disk drive stores the data on the
surface of a rotating magentic disk. The disk surface
includes a plurality of genérally concentric data
tracks. Each data track is divided into sectors or

20 blocks. In one typical disk drive, each data track is
divided into thirty five blocks, each block including
512 bytes of data. A byte of data is represented by an
individual address in the storage system. :

The memory instructions cause the disk controller

25 -~ to initiate read and write operations within the disk

"drive. Each memory instruction includes a starting
address, a block length (the number of blocks required)
and an instruction type, such as read or write. After
the disk controller receives a read instruction, for

30 example, the controller signals the disk drive to
retrieve the required number of blocks beginning at the
starting address. After the data has been retrieved,
the disk drive controller passes the data back to the
host computer.
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512 bytes of data. A byte of data is represented by an individual address
In the storage system The nenory instructions cause the disk controller

toinitiate read and wite operations within the disk drive.
instructidn includes a starting address, a block length (the Eﬁg@&ﬁ?gfﬁjf\[_
bl ocks ,required) and an instruction type, such as read or wite. After t
di sk controller receives a read instruction, for 30 exanpl e, the
controller signals the disk drive to retrieve the required nunber of bl ocks
begi nning at the starting address. After the data has been retrieved, the
di sk drive controller passes the data bagk to the ORI G NAL 2 The cache
menory i nproves storage system performance by reduci ng the nunber of tines
the controller nust go to the disk to retrieve data. The

‘The cache memory improves storage system

performance by féducing the number of times the
controller must go to the disk to retrieve data. The
cache memory stores the most recently accessed data in a
5 " random access memory (RAM). When the host computer runs
a particular software application, the input/ocutput
pattern seen by the disk drive controller tend to
repeat. Therefore, there is a greater chance that data
obtained from the disk will be used again. When the
10 host computer requests retrieval of data that is in the
cache memory, the controller does not have to retrieve
the information from the disk but can retrieve it
- directly from the cache memory. Because the cache
memory has a much faster data access time than the disk
15 drivé,,retrieving the data directly from the cache
'~ memory substantially reduces the data access time seen
by the host computer.
The cache memory includes a cache buffer and a
cache table. 1In one version, the cache buffer can store
20 up to 192K bytes of data. The cache table maintains a
list of the data present in the cache buffer by
recording the starting addresses of the data retrieved
from the disks. When the controller receives a write
instruction that corresponds to addresses present'in the
25 ~ cache memory, it up-dates the cache table such that it
no longer indicates the data is present within the
buffer. This prevents old data from being read from the
cache buffer. .
When the controller receives a read instruction,
30 it refers to the cache table to determine whether the
requested data is present in the cache buffer. If the
data is not present in the cache buffer (cache miss), the
controller retrieves the data from the disk and relays
the data to the host computer. The controller alsoc
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cache nenory stores the nost recently accessed data in a 5 random

access nenory (RAM. \Wen the host conputer runs a particul ar (jqfiyt enl
application, the input/output pattern seen by the disk drive C&jﬂﬁoi G%V/XI_
tend to repeat. Therefore, there is a greater chance that data obtai ned
fromghe disk will be used again. Wen the 10 host conputer requests
retrieval of data that is in the cache menory, the controller does p6t have
to retrieve the information fromthe disk but can retrieve it direetly from

t he cache nenory. Because the cache nenory has a nuch faster dat g access

time than the disk 15 drive, retrievizng the data directly ffomthe

cache nenory substantially reduces the data access tine seen t he host
conputer. The cache nmenory includes a cache buffer and a cagHle table. In
one version, lbdadsathe Hat@eintentheocache buffigr mdl Qi thfe dat a.

The cache tablLe.gai PLANAS Al Latnaf wihe %@;ﬁ. LS '- fer by
recordi ng theégg?g?t Pégigddrésgggh%f h{lﬁeo at as?et r:?{(;vtt(y(?r| o% ?%?ﬁ% S g When
t he control | €pYrthei hestacampuier is present in thf/;?z e buffer. 1In

this situation, the controller receives/the information
5 directly from the buffer and transmits the data to the
host computer. The ratio of cache Hits to cache misses
is a measure of cache memory performance.
In a multi-segment cache, ,the cache buffer is
divided into segments. The ngmber of segments in the
10 cache buffer is known as theféegmentation level. By
segmenting the cache buffeqf the controller can perform
"loock ahead" operations bg/retrieving excess blocks &\
;;L&I’an entire segment. fﬁecause memory operations tend
‘to form repetitive_qnd.ﬁomewhat predictable patterns,
'15' the host'computer-wfi%flikely request data from'thé next
consecutive blocks. f&he segmentation level determines
the number of blocks in each segment and therefore
determines the number of excess blocks retrieved. The
greater the segmentation level, the smaller the number

segment. Performance of the cache
ntrolled by controlling the number of
etrieved in a read operation.

20 of blocks in eac
memory may be
excess blocks

The optimum segmentation level depends upon the
particular spftware appiication running on the host

25 - computer.
between various applications, a selected segmentation

ecause the host computer frequently switches

level may/not achieve the desired performance over a
wide range of applications. Therefore, a cache having
an adaptive segment control is needed. '
istic programming is one method of controlling
ion level. A statistical performance analysis

30
segmen

is performed on the cache memory and these results are
appli¢d to a set of rules. The variables applied to the

ruled include, among others, the number of blocks in
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I nstruction that corresponds to addresses present in the 25 } cache

menory,

data is present within the buffer. This prevents old data frog}?glng-r
N

fromthe tache buffer. When the controller receives a read in
it refers to the cache table to determ ne whether the requested data is

-in the cache buffer. If the data is not present in the cache buffer
the contraller retrieves the data fromthe disk and rel ays
data into
curs when the

prese

(cache m ss),
the data to the host conputer. The controllér also | oads th
t he cache buffer and up-dates the cache #able. A cache hit

nt

qtuxri

It up-dates the cache table such that it no | onger indicates the

AL

data requested by the host conputer Is present in the cachg buffer. In this

situation,

cache,

15

the controller receives the information direct

and transmitseagl geed thbathargost cashsuhdit ande the: F‘(s‘
cache m sses {gaf HpasH' eaeheCﬂﬁE@. Wemvwf%r&@c

t he cache buffer. i's divided to segnent he'n%nber

10

20

25

30

enough information in/past st tlstlca per ormance to
predict a preferred segmen ‘Tével Because there are
many exceptions to the rules, heur1§tlc program@*s do
not provide accurate, dependable gé%ults. Therefore,
there is a continuing need for a;hulti—segment cache
having improved segment control;

It is an object of the,ﬁresent invention to
provide an adaptive segment’éontrol offering improved
control of the performanqgfof a multi-segment cache in a
storage system. /

According to a gf;st asﬁg_“/bf the present

invention, there is pfovided a method of controlling a

‘cache memory in a sforage systgm, the method'comprising _

segmenting the cache memory t¢ operate at a selected
working segmentafion level, #@nd being characterised by
segmenting at least one virtual cache table to operate
at at least o further segmentation level, monitoring
instructions /freceived from/ a host computer, determining
which of the working and further segmentation levells!
results in/the highest hjt ratio as a function of the
monitored /instructions, /and selecting the segmentation
level regulting in the highest hit.ratio to be a new

working Ssegmentation vel for the cache memory.

invention, there is provided a storage system a storage
comprising a/cache memory operable at a selected
working segmentation level, and characterised by at
Zache table operable at at least one
further segmentation level, a store for instructions
refeived from a host computer, and means for determining
which of the working and further segmentation levels

esults in the /highest hit ratio as a function of the

one virtual
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segnents in the cache buffer is known as the segnentation |evel. By
segnmenting the cache buffer, the controller can perform"l| ook ahead"
operatlons by retrieving excess—blocks to fill an entire segneEBj“Bqﬁahﬁ$ZX[-
menory operatlmeQk&ﬁﬂsﬁQn epet|t|ve and sonmewhat predict T4 i

patterns, the h |ker to request data fromthe next
consecutive blo m‘! ﬂiju tation |l evel determ nes the nunber of Dbl ocks

i n each segnent determ nes the nunber of excess bl ocks

retrieved. The greater the segnentation |evel, the smaller the nunber of
bl ocks in each segnent. Performance of the cache nmenory may be controlled

by controlling the nunber of excess blocks retrieved in a read operafion.
The opti num segnentati on | evel depends upon e particul ar softwar

appl i cation, rﬁ%ﬂrﬁa dRstREckénsScBRPuERE. Spdeskdng: fbenFeamenipi '
frequently SWAéGQESrEQﬁmCQﬁgVQhIQhé BRBhpGat haks rakiseltecbedasggent ation

| evel may not gLeve t he g t gerf ga qver mnde ran of
appl i cati ons. YShérBEFEIMGNEREAR RTra&BE: FRE §e8ﬁ@ﬁf¥ ontrol is
needed. Heuristic pRoprefiferngdi embodimehibodfotheodhvehting degoeibed on

| evel . A st at a I Sk erfor o] cache nenory
and these res%%@é&a#gggﬁggfg38§§t28§g¥iﬁiWPEngﬁo$hggggr a pgg applied to
the rul es |ncinebruan@ngsotnensmithednbmberhostbbompgt' endhregedvedat are
a cache hit apyl the SusPageckyBemks bha!cAbfeameibh %Sﬁongiﬁu%a”pl e of

heuri stic pr ogqr)anm ng to Cont segrren ation | evel S Iven | an Article
entitled "I ntEPI PBERBLEOAE 8] PEISCEEA BRikipd| VvoTks ESF§9P8PFBF#&ﬁce of
Mcros” from fevaul eraTprhral oty BevvewtudlnEaEhéIBEL1ME. ageat pages 133 to

10 connected to receive the monitore¢/hemory instructions

and are configured such that one/table operates at the
working segmentation level aanihe other tables operate
at different segmentation leV@ls The monitored memory
1nstruct§ons are used to determine which virtual cache
15 | table(pbtaln# the hlghes fHit ratio with its respectlve
segmentation level. Th worklng segmentatlon level is
adjusted to equal the /Segmentation level of the virtual
cache table having tHe highest hit ratio.
Any number of/ virtual cache tables may be used in

20 accordance with tHe present invention. In the described
embodiment, therg are two virtual cache tables. The
first virtual cAche table is segmented to operate at the
selected working segmentation level. The second virtual
cache table is segmented to operate at a selected test

25 - | segmentation/ level, the test segmentation level being
-different ffom the working segmentation level. The test
segmentatign level is selected by indexing between
entries within a look up table which includes all
selectable segmentation levels. In the preferred

30 embodiment, the selectable segmentation levels range
from 1 %o 16.

Péiferably, the controller includes an instruction
gueue for storing the memory instructions received by
the storage system. To ensure that the instructions



4 139. The article assesses the advantages of segnented cache buffers and
suggests that it should be possible to maintain a record of the operations
carried out by._a.storage system carry out a statistical analysis of these
operatloné and then alter the nunber and size of segnents in tczggaohq
mory i n depen d@lﬁééeeu l'SIBeérh&pE&eatIStICS However, there is si ¥ ‘NAL
enough |nfornat|o atlstlcal perfornance to predict a preferred
segnent ati on Ieve there are many exceptions to the rules,
heuristic prograns o no pro de accurate and dependabl e results.
Therefore, there is a continuing need fog a nulti-segnment cache having
i nproved segnent control. It is an object of the present invention to
provi de an adaptive segnent control offering inproved control of the
perfornance o$tared| in- shgninstrachdonn gaesieoage cayseatn aAdcording to a
irst aspect pLotOgeREGRE0E. bBVERE! QRo1408kT s nRiAY dRdch R Bed il
controlling a cBthe Nenory 1N a stor 5% systemnm “Co seg I'ng the
cache menory hesd gompuber,othecinstryucsiongqieus is iduepedaaétem a

sel ected wor ktﬁg AGABER! 8t PHskBYRkiohle s8FEBNLR! kQlahc s acah@ﬁepond' ng
to the nunber segnments; receiving Instructions transmtted host
conputder ; cha}bE%Er|§Eﬁhb9s thirty instructions. After the

instruction queue has been flushed, the controller

continues to store instructions transmitted in the
storage system.
Hit ratio simulations are preferably performed on
10 the first and second virtual cache tables by executing a
selected number of instructions stored in the
instruction queué. The storage system returns to an
idle state where all instructions in the instruction
queue have been simulated, and resumes hit ratio
15 'simulations after the next received instrﬁction is
stored in the instruction queﬁe. This process is
repeated until the selected number of instructions have
been executed on the first and second virtual cache
tables. For example, in one embodiment, one hundred
20 instructions are simulated in the hit ratio simulations.
Hit ratio values are maintained during the hit
ratio simulations and are compared after execution of
the selected number of stored instructions. Wwhen the
hit ratio value for the second virtual cache table is
25~ greater than the hit ratio value for the first virtual
cache table, the working segmentation level is adjusted
to equal the test segmentation level. The cache memory
is then re-configured to operate at the new working
segmentation level. Thereafter, the controller resumes
30 the hit ratio simulations with the new working
segmentation level and selects a new test segmentation
level. :
In one embodiment, the hit ratio simulations are
only performed when the storage system is in an idle



storing the received instructions in an instruction queue; configuring a
first virtual cache table to operate at the sel ected working segnentation
| evel ; configuring at | east one further virtual cache table to operate at a

sel ect ed ‘t est segnenIaLLgnJLevek the test segnentation |evel

different fromthe morkl se entation |level; performng hit am}3~“’? /xl-
sinmul ati ons onnmﬂ%w rther virtual cache tabl es by executing a

sel ect ed nunber ructions, to determ ne which virtual cache
tabl e obtains a tio based upon the stored instructions; and

adj usting the morklng segnentation |level7to equal the segnentation IeveI of
the virtual cache table having the greater/greatest hit ratio val ue.
According to a second aspect of the present invention, there is provided an
adaptive segmmﬁtexnnwnénaSbenbtqrigé spotem| Feéogivesuatmemegyent cache

Seqnenti ng. ¢ AN TEhor bt nEne SRS E R Br bR kb e RF Rt s o at a
sel ect ed wor lusy statenthy |mrfemingvmbe ere@eesewemmmmpenetlon.
Simulation of an individual stored instruction is
5 . interrupted upon receipt of the instruction from the
host computer. This prevents the hit ratio simulations
from interfering with the memory operations. After
completion of the memory operation, the storage system
returns to the idle state. Thereafter, the interrupted
10 simulation is resumed upon completion of the memory
operation. The overhead added by the segment control is
therefore minimal because simulation is performed only
when the storage system is idle.
. The present invention improves performance.of a
15 _ mﬁlti~segmeht cache~memory'by analysing'the instruction
pattern received from the host computer. Because the
instruction pattern is representative of the application
being executed by the host computer, the controller
adapts the segmentation level of the cache to fit the
20 current application. The present invention therefore
| provides an adaptive segment controls that is both
accurate and dependable over a wide range of software
applications.
The present invention is described further, by way
of example, with reference to the accompanying drawings,

25 .
in which:

Figure 1 is a diagram of a memory controller
connected between a host computer and a memory device in
accordance with the present invention;

30 Figure 2 is a diagram of the memory controller

shown in Figure 1, including an adaptive segment control
unit in accordance with the present invention;

Figures 3a and 3b, when joined, form a flow chart,
which illustrates operation of the memory controller



corresponds to the nunber of segnents; neans for receiving instructions
transmtted by a host conputer; characterised by: neans for storing the

recei ved instructions—i-A—an—instruction queue; neans for confi rngfgighj/\[.
first virtfual cache table t q'eéate at the selected working s Nt A §

| evel x means f ofhi § AR 1 east one further virtual cache table to
operate at a sele : nttation | evel, the test segnentation
| evel (s) being di he worki ng segnentation | evel; neans for

performng hit ratio sinmulations on the first and further virtual cache
tabl es by executing a sel ected nunber of gstored instructions to determ ne
whi ch virtual cache table obtains a highest hit ratio based upon the stored
i nstructions; and neans for adjusting the working segnentation |evel to
equal the segshewat ianFliguelesofl ind \2i;rt uainadache tabl e having the-

greater/greatest hif.ratio,val ue. referred enbodi nent, .of the i-nvention,
descri bed bel ow, feg%ngs & &8n?rgﬁd%jéhﬁqﬁ1 rﬁt%ﬁ@fﬁ% i nstructions
transmtted byoathnet pevfiprmed dyd thecadant ive tsegmsntr apntayest amitThe
cache nenory | Nt | gk o,0perate at a selected initial working
segnent ation %éegﬁ.gk gﬁﬁggFi?y_of virtual cache tables are connected to
recei V@ the noni t or BaenPREFFNININVENL1oNs DAY ides ainfadaptdd s Regment one
tabl e operat esoatrbieun®Ei(ABCEII TR 3 hRfl titigniiit I hind AP 65

operate at

a memory controller. The ASCU performs hit ratio

simulations on virtual cache tables to determine the

cache memory segmentation level that matches the

10 software application being run on a connected host
computer. The hit ratio simulations performs actual
instructions received from the host computer on the
virtual cache table.

_ Figure 1 is a diagram of a memory controller 2

15 connected between a host computer 4 and a memory device
6. The memory controller 2 and the memory device 6 form
a storage system for the host computer 4. The host
computer 4 transmits memory instructions to the
controller 2 through a data bus 8. The data bus 8 can

20 be any known communications interface, such as a small
computer systems interface (SCSI). The controller 2
includes a micro-processor 10, a read only memory (ROM)
11, a random access memory (RAM) 12, a cache memory 13,
and an adaptive segment control unit (ASCU) 14. The ROM

25 - 11 is connected to the micro-processor 10 through data

| and address lines 15. The ROM 11 holds control software

which operates the micro-processor 10 to perform memory
operations in response to the memory instructions

_ received from the host computer 4. The RAM 12 is

30 connected to the micro-processor 10 through data and

address lines 16. The cache memory 13 is connected to

the micro-processor 10 through data and control lines

17. The adaptive segment control unit 14 is connected

to the micro-processor 10 through data and control lines



different segnentation |evels. The nonitored nenory instructions are used

to determ ne which virtual cache tables would obtain the highest hit ratio
withits respectlve segmentation | evel. The worki ng segmentation el *

adj usted to equal the segnentation |evel of the virtual cache ta{? de}\l_
t he highest hit rat19-‘””55 Any nunber of virtual cache tables may e us

in accordanee W t h the ‘invention. In the described enbodi nent,

there are t gsm& tables The first virtual cache table is
segnent ed to o el ected worki ng segnentation |evel. The second
virtual cache t ted to oper@e at a selected test segnentation
| evel, the test egnentatlon | evel being different fromthe working

segnentation |level. The test segnentation |level is selected by indexing
bet ween entri8.w Thencentyold of S@ﬁm@ana<ﬂiaaudpﬁn§;eﬁIthaﬂminndﬁe

segnentation *P¥8%§so£'”1bh?op56%%%ngﬂ%%ct ‘q Lé}Fe fi‘zFH 13
segnentation Tevels range from era controller icludes
an instructioan@ukhe ﬁ@ﬁp§ﬂ8?|ﬁ&gmﬁ@tnﬁﬁ@FFqLmﬂﬂﬁkﬂl%ﬁw recei ved by the
storage system To @R&UmEmbRg! deka clen®! HeCldodected to the micro-
5 processor 10 through control lines 19 and a data bus 20.
The micro-processor 10 operates the memory device 6 to
perform memory operations in response to memory
instructions received from the host computer 4. During
a read operation, the host computer 4 generates a read
10 instruction, which is decocded by the micro-processor 10.
The micro-processor 10 transmits control signals through
the control lines 19 to the memory device 6, which
causes the memory device to retrieve the requested data.
The m1cro-processor 10 receives the data through the
15 ; data ‘bus 20 and returns the data to the host computer 4
through the data bus 8. similarly, during a write
operation, the host computer 4 generates a write
instruction which is decoded by the micro-processor 10.
The micro-processor 10 transmits write data to the
20 mémory device 6 through the data bus 20. The micro-~
processor 10 operates the memory device 6 through the
control lines 19 to write the data to the desired memory
locations within the memory device.
Figure 2 is a block diagram of parts of the memory
25 . controller 2 including the cache memory 13 and the
'adaptive segment control unit 14. The cache memory 13
stores the data most recently accessed from the memory
device 6. Because the instruction pattern generated by
the host computer 4 tends to repeat while it runs a
30 particular software application, data stored in the
cache memory 13 is likely to be used again by the host
computer. If the data is requested again by the host
computer 4, it can be retrieved directly from the cache
memory 13 rather than from the memory device 6. Since



S ——

6 stored in the instruction queue are current and representative of the
application being executed by the host conputer, the instruction queue is
flushed after the nunber of instructions stored is equal to a q i
limt, such as-thirty-iastructions. After the instruction queuafﬁ§%1Q§¢$d}ll~
flushed, the controller continues to store instructions transmtted in the

st orage system Sh & agedi ons are preferably perfornmed on 10

the first and sec H ﬂﬁy he tabl es by executing a sel ected nunber of

i nstructions stor i ruction queue. The storage systemreturns to

an idle state where all instructions in th@ instruction queue have been

simul ated, and resunes hit ratio 15 simul ati ons after the next received

instruction is stored in the instruction queue. This process is repeated
until the sel datal eamike vetrievedcfronstheveaghe menexryit £d Wuchhe fir st

and second V“@d%ﬂkéf“%ﬁhn'frdm the memory device 6, the cache memory
can significantly increase storage system performance by

reducing the average data access time.

5 The cache memory 13 includes a cache buffer 26 and
cache table 28. The cache buffer 26 includes a
plurality of storage locations 40 and 42 for storing
data read from the memory device 6. 1In one embodiment,
the cache buffer 26 can store up to 192K bytes of data.

10 The cache memory 13 is a multi-segment cache. In other
words, the cache buffer 26 is divided into segments.

The number of segments is known as the segmentation
level. For example, in the embodiment shown in Figure
2, the cache memory 13 has a segmentation level of 2,

15  the cache buffer 26 being divided into segments 30 and -
32. The segment'30 includes the storage locations 40.
Similarly, the segment 32 includes the storage locations
42. The cache memory 13 can be configured with any
segmentation level.

20 The memory device é (shown in Figure 1) reads data
in blocks or sectors. In one embodiment, a block
includes 512 bytes of data. A read instruction
generated by the host computer 4 includes a starting
address and a number of blocks requested. In response

25 = to each read instruction, the micro-processor 10
retrieves the requested number of blocks of data from
the memory device 6, beginning at the starting address,
and enough additional blocks to fill an entire segment
of the cache buffer 26. Each storage location 40 and 42

30 in the buffer 26 can store a block of data. The
segmentation level determines the number of blocks in
each segment. The retrieval of additional blocks is
known as "look ahead" operation. Because of particular
application run by the host computer 4 tends to form a



tabl es. For exanple, in one enbodi nent, one hundred 20 I nstructions

are sinmulated in the hit ratio simulations. H't ratio values are maintained
during the hit ratio simiations and are conpared after execut Qﬁ‘thﬁiﬁ
sel ect ed hunmber—of~ stored |ns ‘MCtIOHS Wen the hit ratio vaIEEF{QmJth I_

second virtual ' . greater than the hit ratio val ue for
\the wor ki ng segnentation |evel is adjusted

the first V|rv

to equal the test“m | evel . The cache nmenory is then

re- configured e at the new working segnentation | evel. Thereafter
the controlleriresunes 30 the hit rattio simulations with the new
wor ki ng segnentation | evel and selects a new test segnentation level. In

one enbodi nent, the hit ratio sinulations are only performed when the
storage systepattern afi rehd and/write instructions, the additional

blocks stored in the cache buffer 26 have a relatively
high probability of being used. Therefore, the look
ahead operation further reduces the average data access
5 time of the storége system.
The cache table 28 maintains a list of the data
present in the cache buffer 26. The cache table 28
includes a plurality of storage locations 44 for storing
the starting addresses of each segment of data stored in
10 " the cache buffer 26. The cache table 28 also stores the
number of blocks of data within each segment in the
cache buffer 26. The micro-processor 10 can determine
from the cache table 28 whether a particular block of
data is present in the cache buffer 26 by looking at the
15 starting éddresses and theanumber of'blocksfin each
segment (or segmentation level). For a segmentation
level of 2, the cache table 28 includes two starting
addresses in locations 44. For a segmentation level of
3 (not shown), the cache table 28 includes three
20 starting addresses.

When the micro-processor 10 receives a read
instruction, it refers to the cache table 28 to deter-
mine whether the requested data is already present in
the cache buffer 26. If the requested data is present
in the cache buffer 26 (a cache hit), the controller 2

25 =
" retrieves the requested data from the cache buffer and
transmits the data to the host computer 4 through the
data bus 8. If the cache table 28 indicates that the
requested data is not present within the cache buffer
30 26, (a cache miss), the micro-processor 10 retrieves the

requested data from the memory device 6 through the data
bus 20. After the data has been retrieved, the micro-
processor 10 stores the data in the cache buffer 26 and
up—-dates the cache table 28.



state. Wien the storage systemreceives a nenory instruction fromthe host
computer, it operates in a busy state by perform ng the requested nenory
operation. Sinulation of an-individual stored instruction is 5
i nterrupteéd upon T&cei pt of the instruction fromthe host conpu&&?}g?@yﬁx&[%lu
prevents the hi nggﬁegmaSBEWIRaﬁlacahs frominterfering with the ne iU
operations. After the nmenory operation, the storage system
returns to therld“ eafter the interrupted 10 simulation is
resumed upon conp e nmenory operation. The overhead added by the
_segnent control is therefore m niml becd2se sinulation is perfornmed only
when the storage systemis idle. The present invention inproves performnce
of a 15 mul ti-segment cache menory by anal ysing the instruction pattern
received fromthe hBSr &bepembediBentushomme innHiiguae ¢ Fathiidst iread
represent ati vengtrhie: 8APLRGRELORNECISUMBHEC SOC GO A e tRATYY ¥o the
controll er adapts the_segnentation he cache to fit the 20
current applitatbenfilin BF&?ePQOFﬁﬁeﬁﬁl@ﬁtﬁhéﬁ@ﬂbﬁge memory device

6, beginning at the starting address specified in the

5 instructions. A second read instruction causes the

segment 32 to be filled, beginning at the starting

address specified in the second read instruction. The

starting addresses for each read instruction are stored

in the cache table 28, along with the segmentation

10 levels.

The adaptive segment control unit 14 improves
cache memory performance by dynamically adjusting the
segmentation level of the cache buffer 26. The optimum
segmentation level varies, dependlng upon the particular

15  software application belng run by the host computer 4.
Because the host computer 4 runs a variety of software
applications, a selected segmentation level may not be -
optimal for all the applications. The adaptive segment
control unit 14 monitors the instructions received by

20 the micro-processor 10 and adapts the segmentation level
of the cache mwmory 13 to fit the pattern of instruc-
tions received from the host computer 4.

The adaptive segment control unit 14 includes an
instruction queue 50 and virtual cache tables 52 and 54.

25 The instruction queue 50 includes a plurality of storage

locations 56, each for storing an instruction received
from the host comput 4. In one embodiment, the
instruction queue 50 can store up to thirty
consecutively received instructions. When the
controller 2 is in an idle state, the adaptive segment
control unit 14 performs hit ratio simulations on the
virtual cache tables 52 and 54, based on the stored
instructions. The results of the hit ratio simulations
are used to adjust the working segmentation level of the

30



provi des an adaptive segnent controls that is both accurate and dependabl e
over a wi de range of software applications. The present invention is
described further, by way 25  of exanple, with reference to TN
acconpanying drawings, in which: Figure 1 is a diagramof a ne 'wii\SAXl_
controll er connecigknbeuschem Replaesdt conputer and a menory device in -
accordance with th i ttibn; 30 ' Figure 2 is a diagram
of the nmenory conta Figure 1, including an adaptive segnent
control unit in ac ance wth the present invention; Figures 3a and 3b,
when joined, forma flow chart, which ilkdstrates operation of the nmenory
controller 9 18. The control software al so operates the mcro-

processor 10 to control operation of the cache nmenory 13
- cache memory 13 to fit the current software application

being run by the host computer 4.
- Prior to performing the hit ratio simulations, the
virtual cache table 52 is segmented to the working
5 segmentation level of the cache memory 13. 1In the
embodiment shown in Figure 2, the working segmentation
level of the cache memory 13 is equal to 2. Therefore,
the virtual cache table 52 includes two storage loca-

'~

tions 60 for storing two starting addresses. Similarly,

10 the virtual cache table 54 includes storage locations 62
for storing starting addresses. The virtual cache table
54 is segmented to a selected test segmentation level
which is different from the working segmentation level.

_ The hit ratio simulations are performed by

15  -simulating a selected number of stored instructions
(simulation count) on the virtual caché tables 52 and
54. While simulating the instructions, the adaptive
segment control unit 14 maintains a count of the number
cache hits and the number of cache misses for each table

20 52 and 54. Because the tables 52 and 54 are segmented
to different segmentation levels, the hit ratios (cache
hits/cache misses) of each table will be different after
the instructions have been simulated. If the hit ratio
of the virtual cache table 54 is greater than the hit

25 ratio of the virtual cache table 52 after the simulation

»

" count, the working segmentation level of the cache
memory 13 is adjusted to equal the test segmentation
level. After the hit ratioc simulation is completed, the
virtual cache table 52 is re-configured to the new

30 ' working segmentation level and the virtual cache table
54 is re-configured to a new test segmentation level.
The hit ratio simulations are then repeated with a new,
current set of stored instructions.
The test segmentation level is selected from a



and the adaptive segnment control unit 14. The nmenory device 6 is connected

to the mcro- processor 10 through control lines 19 and a data bus 20 The
m cro-processor’ 10--operates the menory device 6 to performne = xd
operations in respo e tanenDry instructions received fromth fh@St | /\[_

Replede®n, t he host conputer 4 generates a read
the m cro-processor 10. The
nicro-processor trol signals through the control lines 19
to the nenory device 6, which causes the nenory device to retrieve the
requested data. The m cro-processor 10 regeives the data through the data
bus 20 and returns the data to the host conputer 4 through the data bus 8.
Simlarly, during a wite operati.on, the host conputer 4 generates a wite
i nstructi on whook ip Hebddednby shewniyer oTheodeskonplGabliee condadns ocessor
10 transmts &iitﬁgdéhé EQlEB%ﬁEEEDEEFHS§Eﬁ%1@ntH%%%QQ th%ﬁ ¥ bus 20. The
m cro- processor operates t IcCe 6th e control lines
19 to wite te@badimens, tﬁbedéguleﬁﬁahéﬁosygmentatmn levels range

from 1 to 16. The adaptive segment control unit 14

conput er- 4. Duri ng;
i nstructi on, mhlcdl

5 indexes between elements in the look up table from one
hit ratio simulation to the next. The entries can be
indexed in any pre-selected order or in a random order.

In an alternative embodiment, the adaptiée segment
control unit 14 includes a plurality of virtual cache

10 tables, as indicated by broken lines 64. 1In this
embodiment, each table is configured to a different
segmentation level. After the simulations are
completed, the cache memory 13 is re-configured to a

. - segmentation level equal to the segmentation level of

15 the virtuél-cache tab1e.having'the'highést hit ratio.

Figures 3a and 3b, when joined, form a flow chart,
which illustrates the operation of the controller 2 in
greater detail. At step 70, an instruction is received
from the host computer 4 through the data bus 8. At

20 step 72, micro-processor 10 decodes the instruction into
a starting address, a block length and an instruction
type. The different types of instructions include,
among others, read and write instructions.

At step 72, the adaptive segment control unit 14

25 determines whether the instruction queue 50 is full. If
not, the received instruction is stored in the instruc-
tion queue 50 at step 76. Next, the micro-processor 10
executes the received instruction by performing a memory
operation at step 78. The micro-processor 10 operates

30 in a busy state (normal operation) while it executes the
received instruction to prevent interference from

- operation of the adaptive segment control unit 14.
If the instruction qgueue 50 is full at step 74,
the adaptive segment control unit 14 flushes the



| ocations within the nmenory device. Figure 2 is a block diégran1of parts of

the menory controller 2 including the cache nenory 13 and the adaptive

segnent contrﬁ}—UH4%-14_.Ihe~Cthe menmory 13 stores the data nmogy (hdgent /\
@r&\!@ N L

accessed from he ne devi ce. 6. Because the instruction patt

generated by t ﬂu tends to repeat while it runs a particul ar
sof tware applic red in the cache menory 13 is likely to be
used again by t If the data is requested again by the
host conputer 4, |t can ‘be retrleved directly fromthe cache nenory 13

rat her than fron1the menory device 6. Simsce 18. The control of software

al so operates the mcro- processor 10 to control operation of the cache
menory 13 and the adaptive segnment control unit 14. The nenory device 6 is
connected to- uhetuuctmonSqueue ptostepoB0l0 Fredeglabdynt doidiviidesa 119 and a

data bus 20. instructions are executed when the micro-processor 10 is
in the idle state. If the micro-processor 10 is too
busy to process the instruction simulations, the

5 instruction queue 50 will £ill up to the queue limit.
By flushing the instruction queue 50 when it is full,
the adaptive segment control unit 14 ensures that the
instructions stored in the queue are current and
representative of the particular application being run
10 by the host computer 4.

After the instruction queue 50 has be flushed, the
micro-processor 10 executes the received instruction at
step 78. The adaptive segment control unit 14 waits
until after a selected number of instructions (wait

15 .céunt) has beenfsubseQﬁently réceived to begin refilling
the instruction queue 50. This allows the micro-
processor 10 to return to a relatively inactive state
before the received instructions are stored to further
ensure that the instructions in the queue 50 are

20 current.

At step 82, the adaptive segment control unit 14
determines whether an instruction simulation has been
previously interrupted at step 390 (discussed in detail
below). If not, the micro-processor 10 returns to an

25 idle loop at step 74, in which it operates in the idle

"state. If an instruction is received from the host
computer 4 while the micro—-processor 10 is in the idle
loop, the micro-processor 10 returns to step 72 to
decode the received instruction.

30 If no instruction is receiveq from the host

computer 4, the adaptive segment control unit 14

determines whether there is an instruction to simulate
in the queue 50 (step 86). If the queue 50 is empty,
the micro-processor 10 returns to the idle loop at step



The micro-processor 10 operates the menory device 6 to perform menory
operations in response to nenory instructions received fromthe host

conputer 4. During a read operation, the host conputer 4 gengrpfes air '
10 i nstruction--which i s decoded by the nicro-processor %héﬁ; i ﬁaﬂ‘l_
m Cr o- processor 19,transnits*EBﬁTTfﬂ signals through the control lines 19
to the nenory devi’ S ”ﬁﬁﬂﬁmm&ﬁﬂéﬁs the nenory device to retrieve the
requested data. Th or 10 receives the data through the 15
data bus 20 and re .to the host conputer 4 through the data
bus 8. Simlarly, during a operati df, the host conmputer 4 generates a
wite instruction which is decoded: by the m cro-processor 10. The

m cro-processor 10 transmits wite data to the 20 menory -devi ce 6

t hrough the &% andiswabts fipe ancinstphetiéonofrom sperhoss cABPHERSry

device 6 throigh jferkont s otrhépesn l§ublesbt ¢st RBrdahptiOahletdesi red
menory |ocations wthin the nenD[% geV|ce. F 2 is a blaock diagram of
I

“Figure
parts of the HeHRRTPEACessor 10t 13| LB the; hdlgyshgtenetB8cR82REABRY 13 and

t he segment control unit 14 simulates one of the instruc-

5 tions stored in the queue on the virtual cache tables 52
and 54 (step 88). After one instruction has ‘béen
simulated, the adaptive segment control unit 14 stores
the resulting cache hit and cache miss information for
the virtual cache tables 52 and 54 (step 89). The

10 micro~processor 10 returns to the step 86 to determine
whether there are any instructions left in the
instruction queue 50. If so, the next instruction is
simulated at step 88. This process is repeated until.
‘the number of simulated instructions is equal to the

15  simulation count, such as one hundred. _ |
' If an instruction is received from the host
computer 4 during simulation of a stored instruction,
the micro-processor 10 interrupts the simulation at step
90. The adaptive segment control unit 14 saves the

20 state of the simulation so that it can be resumed after
the received instruction is executed. The micro-
processor 10 returns to step 72 to decode and execute
the received instruction. After the instruction has
been executed at step 78, the adaptive segment control

25 - unit 14 determines, at step 82, that the simulation has

been interrupted. The state of the simulation which was
stored at step 90 is restored at step 92 and the
simulation is resumed at step 88. In this manner, the .
normal execution of instructions receives the highest
priority so that response time is not affected by
operation at the adaptive segment control unit 14. The

30

overhead added by the adaptive segment control unit
simulation is minimal therefore.
Figure 4 is a flow chart which describes in



adaptive segnent control unit 14. The cache nenory 13 stores the data nost
recently accessed fromthe nenory device 6. Because the |nstruct|on pattern
generated by the host conputier 4 tends to repeat while it runs G;,. &![X[~
particul ar sof t ware- -application, data stored in the cache neno ERESRAY
likely to be usedT in by the hoSt conputer. If the data is requested

agai n by the host Ef Béanmm&en be retrieved directly fromthe cache

menory 13 rather t nory device 6. Since 10 data can be
retrieved fromthe 3 nmuch qui cker than fromthe nmenory device
6, the cache nmenory can signiticantly in@7ease storage system performance
by reducing the average data access tine. 5 The cache nenory 13

i ncl udes a cache buffer 26 and cache table 28. The cache buffer 26 incl udes
a plurallty ogreabeagéetocatthasoperamdo¢20E0a stipmilagion routine

performed by the adaptive segment control unit 14. At
step 100, the cache memory 13 is segmented to a -selected
working segmentation level. The virtual cache table 52
5 is also segmented to the working segmentation level
(step.102). At step 104, the adaptive segment control
unit 14 selects the test segmentation level from the
look up table. ' At step 106 the virtual cache table 54
is segmented to the test segmentation level. Next, the
10 adapative segment control unit 14 simulates one hundred
instructions on the virtual cache tables 52 and 54 (step
108).
The instructions are simulated by removing a
stored instruction from the instruction queue 50 and
15 processing that instruction on the_virtuai cache table
52 and 54. For example, with a read instruction,'the
adaptive segment control unit 14 determines how many of
the requested blocks of data are a cache hit and how
many are a cache miss in each virtual cache table 52 and
20 54. Right instructions are also processed on the
virtual cache tables 52 and 54. Any addresses written
by the right instructions are flushed in each cache
table. The number of cache hits and cache misses are
summed over the simulation count of one hundred
25 . instructions. .
Upon completion of the simulation, the ratio of
cache hits to cache misses of the virtual cache table 52
(hit ratio value HR1) is compared at step 110 with that
of the virtual cache table 54 (hit ratio value HR2). If
10 the hit ratio value HR2 is greater than the hit ratio
value HR1, the working segmentation level is adjusted to
equal the test segmentation level at step 112. The
simulation routine then returns to steps 100 and 102 to
segment the cache memory 13 and the virtual cache table



data read fromthe nenory device 6. In one enbodi nent, the cache buffer

can store up to 192K bytes of data. 10 The cache nenory

mul ti-segment cacheé.  Tn ot t her- wo wor ds, the cache buffer 26 |sﬂ &?EGQNAL
segnents. The nuﬁ@@ﬁw&iﬁ§@@ﬂ!ﬁﬂm&& s known as the segnent ation | evel . For

exanpte, in the e in Figure 2, the cache nenory 13 has a
segnent ati on IeveI t he cache buffer 26 being divided into

segnents 30 and 3 30 includes the storage |ocations 40.
Simlarly, the segnent 32 |ncludes the storage | ocations 42. The cache
menory 13 can be configured with any segd8ntation |evel. 20 The
menory device 6 (shown in Figure 1) reads data in bl ocks or sectors. In one
enbodi ment, a_block includes 512 bytes of data. A read instruction

generated by PRetAothecBREUFEFRANG,SPaREEtatioR: develaddRe8¥ak@sE nunber
of bl ocks rquééﬁxéﬁtathanrQéﬁémSQSZEelectb@ Eaoh thed lobk! g tadle Wfite

T oce gt el O4bE, | BHE k) DEnn T HeEhe kIR Plackantl iy Trom
to the new test segmentation 1eve1 at step 106.

5 - If the hit ratio value HR2 is not greater than the
hit ratio value HR1, the working segmentation level is
not changed. The cache memory 13 and the virtual cache
table 52 remain at the previous working segmentation
level. A new test segmentation level is selected from

10 the look up table at step 104 and the virtual cache
table 54 is re-configured to the new test segmentation
level at step 106.
The simulation sub-routine shown in Figure 4 is
continuously repeated so that if the instruction pattern

15 . produced by the host computer 4 changes, the adaptive

segment control of the present invention will adjust the
working segmentation level accordingly. As a result,
the performance of the cache memory 13 is improved by
segmentation regardles of the particular software appli-
cation being run by the host computer 4. The adaptive

20 segment control of the present invention is also more
accurate and reliable than other segment control
approaches, such as Heuristic programming, because the
present invention uses a simulation approach on actual,

25 ‘current instructiqns, rather than pre-selected

statistical rules. Further, the overhead added by the
present invention is minimal because simulation is
performed while the memory controller is idle and does
not require any attention from the host computer.

30



and enough addi tional bl ocks to f| II ~&n—ent—|+e—seg+rent—~—ef the cache bu
26. Each storage |ocation 40

bl ock of data. The segnent atlon IeveI HI I!u: lﬂl Bllunber MW#AL
each segnent. The retrieval of ‘additio wn as "l o head"

oper ati on. Because of parrﬁvcﬂ-ar application run by the host~conmputer 4

tends to for myg; t _Eread and wite instructi t

addi ti onal bl ocsxs}]eﬂmas che cache buffer 26 have aéﬁ\ga i&e?\;bni gh.
probability of” Hwﬂ erefore, thg_ | ook ahead o NGy f ur t he
reduces the ave ss- 5 r?e of the storag ystem e
cache table 28 maintains a listsof the data present in the cache ffer 26.

The cache table 28 includes a pI ur all t&.zg ggage | ocati ons 44, storing
the startlng addresses of each seg stored in / '
i
@ A method of contr'olling a cathe memory /1:1 a
orage system, the method compfising segrg,enting the
5 cache memory (13) to operate/at a selec}e”d working
segmentation level, and bedng charactgfised by
segmenting at least one firtual caché table (52, 54) to
5‘\13) operate at at least ope further se,gmentation level,
\}3} ,,L) monitoring instructions reqeived /from a host computer
10‘\3* n(4), determining ghich of the wbrking and further
N segmentation leyels results J7n the highest hit ratio as
"jf a function of/the monitored/’instructions, and select_ing
ion level resulting in the highest hit
a new working segmentatlon level for the

15 cache mepory.

ntlng at least one virtual cache
table'comprises/ée nting a first virtual cache table
(52) to operate at /the selected working segmentation
20 level! ; /%egmen ing a second virtual cache table (54)
to operate at a lected test segmentation level
different from e working segmentation level? an -
e step of determining comprises performing hit
ratio simulatigdns on the first and second virtual cache

tables by executing a selected number of the monitored

2o instructions J% R
3. A method according to claim 2/ : 3
that—the step of segmenting the second virtual cache
table compryises selecting the test segmentation level
30 from entrips within a look up table, which includes all

selectable segmentation levels.

4. A n}ethod according to claim 2 or 3 ferther J29,~
charact peating. the steps of j-.‘gment:tng the
first ajad second virtual cache tables/, 7pg;£om;.ng- hit



10 t he cache buffer The cache table 28 al so stores t he nunber of
bl ocks of data mﬁth+ﬂ~eaeh—segﬁ9ﬁk—rﬁ-th ffer 26. The ,};-

m cro-processor 10 can deter gm the cache table 28 whethe izig\éﬁklﬁ
A i

segnent ati on Ievel) tion level “of "2,"the cache table 28

i ncludes two starting addresses in locajions 44. For a segnmentation |evel
of 3 (not shown), the cache table 2 Igges three 20 ‘starting
addresses. Wien the m cro-process receives a read instructign, it
refers to the cache table 28 t@tdetler- mine whether the request€d data is

al ready presentad{ip tdamsPebfonsf f &ha 2§e%éét§ﬁ§ LeRugshsekdRgaA s present 25
in the cache bd?fer 26 (a cach hlt)ﬂ@&h2¥con roller 2 re?é?

request ed dat S99RRRExelRACHRYSLAfer ransmits the data’to the host
conputer 4 thrpugh tmemél@ﬁ@dba@c&dixfxgtb@ &f ghéftabhgm%z'ﬂdl&at es that the
requested data,i s not present m& h£n t he £ .
characte 1se in the s f monitoring comprises
5 storing the instructions in an instruction queue (50).
6. A method according to claim 5 =

terised-by—thé stepyof Tlusting the instruction queue é,0f4“414(

after the number of stored instru ions is equal to a
queue 11m1tf~ig§ epeating the ep of storing the

10 1nstruct10nséa ter the numher f instructions received
subsequently from the host cqmputer is equal to a wait
count. : / P
7. A method according td(claim 5 orls‘eharacterised
in’fnaéfgﬁg’step of performing hit ratio simulations

15 .comprises;thq;s&gpsdofv74scuting one of the stored.

instructions on the first and second virtual cache

tables when the instruction queue contains at least one

stored instruction ajpd the storage system is in an idle

staie: repeating the step of executing one of the stored
20 instructions unti;/;he selected number of stored

instructions has been executed, and returning the

storage system td!the idle state when the instruction

‘queue is empty.

8. A method according to claim 7 further-~charac~
o5 7. terised by /ste nding execution of the
stored 1nstruct10nsLéﬁgg%?écelpt of an 1nstruct10n rom
the host computerlqperformiﬁg a memory operatlonAo the
storage system in response to the received instruction,
anq/resuming«tha-executlon of the stored 1nstructlons & N&awéA{
upon complgtlon of the memory operation.
” A s#brage device ing a cache memory (13)
operable’ét a selected working segmentation level/, .and”
characterlsed byyﬁt least one virtual cache table (52,
54) opegable &t at least one further segmentation level

cA &z z;%g .y M

30



-

30 26, (a cache mss), the mcro-processor 10 retrieves the requested
data fromthe nenory device 6 through the data bus 20 __After t 4¥ﬂﬁ«h§$
been retrieved, the mcro- processor 10 stores the data in the hp(pp %AL~

buf fer 26 to be fi ks of data from the?® nmenory devi ce 6,

begi nning at the s s specified in the 5. instructions. A
second read |nstruct|on causes the segnenpy 32 to be filled, beginning at
the starting address specified in the second read instruction. The starting
addr esses f;géeach read instruction are stored in the cache table 28, al ong

with the segiansebren($0) forl éwneltructienadaiiceivediedioni achistol unit 14
| nproves jﬁeans (10) for determining which of the

26 and up-dates the cache tabl e 28. 15'“1"' muﬂmfmu nt shown
Figure 2, a fi rstrhsémfliiﬁﬁim% caus of the cache

computer, and
working and further segmentation levels results in the
highest hit ratio,as a function of the stored
5 instructiong,aﬁﬁ'for selecting the segmentation level
resulting in the highest hit ratio to be a new working
segmentation level for the cache memory.
10. A storage device according to claim 9 cherae- Cdavu“
Feriseditrmthat—the at least one virtual cache table
10 comprises. a first virtugl cache table (52) arranged to
be operated at the selected working segmentation level
and a second virtual cache table (54) arranged to be
operated at a selected test segmentation level different
from the working segmentation level, and in that the
15 means for determining and selecting comprise means for
performing hit ratio simulations on the first and second
virtual cache tables by executing a selected number of

the stored instructions.

11. A storage device according to claim 10jfu£$§é%f;
20 characterised by a look up table, -inciudes all

selectable segmentation levelzkand'from vhich the test

segmentation level is selected.

12. A storage device according to any of claims 9 to

11 od. i £ie store cgm§¥i§es an instruc-
25 . tion queue, and in-&hd#t means (10) are provided for

* flushing tﬁe instruction queue,after the number/stored
instructions i equalf tg.a queue limi). and storing
further instructions after the number of instructions
received subsequently from the host computer is equal to

10 a wait count.

(::) A method of controlling perf ;6 a cache in

a storage system, characterised byjSegmenting the cache

(13) to operate at a selected working segmentation

level,//monitoring instructions transmitted by a host



-

cache nenory performance by dynam cally adjusting the segnenta ) ieveké l—
the cache buffer 26. The opti num segnentation | evel varies, ge duhbjub

the partigular 15 sof tware application being run by t he host conput er

4. Because the host conputer 4°runs a variety of software applications, a

sel ected segnentatwgggk@wg§3&gxe; tq be opti nal —for—al—the—appticati ons.

The adaptive segnment iii}l 14 nonitors the |nstruc cei ved by
adapts the se i{“@@iﬁ“@of t he
of insjyuc- t m t he host

20 the m cro-pr

cache mmory 13 to fii

conputer 4. The adaptlve segnent control unit 14 |nciudes an instruction
queue 50 and virtual cache tables 52 and 54. 25 The instruction gqueue

50 includes acmghdlerd Y 49 st it \R.fditﬁ r&éf‘st&e&&bf géR[1 ng an
instruction%gcel ved f?to?nthe haqst 1co yo Il n one errbod? nmen t he

i nst ruct i on /j§egmentidgh aspdurald i @ |"F’t’§ﬁ%%s%%‘€h¢ VErplewctiZedS4)
i nstructions. s\ikan thlae e tabl@raipéﬂal@s %t Sthe mkmf séghéntdfEon
adaptive segmgal GORbCl Wi denbr AU ottt td & FH A O Senen
5 tation levels,/hetermlnlng which virtual cache table
obtains the highest hit ratio with its respective
segmentatuion level as a function of the monitored
instructions! and/édjusting the working segmentation

level to equal the segmentation level of the wvirtual

10 cache table having the highest hit ratio.
];\. A method of controlling performarce of a cache in
L// a disk drive controller, characterisegd by segmenting the

cache (13) to operate at a selected yorking segmentation
level, receiving instructions transpitted by a host
~15 '~ computer (4), performing memory opfrations with the disk

‘drive controller in response to the received instruc-

tions, storing the received instructions in an
instruction queue (50), segmen¥ing a first virtual cache
table (52) to operate at the gelected working segmenta-
20 tion level, segmenting a secHnd virtual cache table (54)
L§7 to operate at a selected te¢St segmentation level being
¢ different from the working segmentation level,

‘§Sy performing hit ratio simylations on the first and second
\QP O~ virtual cache tables by executlng a selected number of
25“&? stored instructions, maintaining first and second hit
f? ratio values for the first and second virtual cache

tables respectively,
ratio values after gxecution of the selected number of

comparing the first and second hit
stored instructiong, adjusting the working segmentation
30 level to equal thg test segmentation level when the
second hit ratiofvalue is greater than the first hit
ratio value, angl repeating the steps of storing the
- received instrjctions, segmenting the first and second
virtual tableg, performing hit ratioc simulations,



virtual cache tables 52 and 54, based on the stored instructions. The

results of the hit ratio sinulatnggwaLe/used’fﬁ’aajust the wo Lng Mé%%l.
segnentati on | evel of the 13 Cache nenor fit the cur Hﬂ'sbft
application being run by the host \ﬂm to performing the hit
rati o stnulations, the virtual cac s segnented to the wor ki ng 5
segnent ation | evel of the cache nenvry* 13 In the enbodi nent shown in

Figure 2, the working segnmentation |evel of the cache nenory 13 is equal to
2. Therefore, the virtual cache table 52 ixycludes two storage |oca- tions

60 for storing two starting addresses. Simlarly, 10 the virtual cache
tabl e 54 includes storage |ocations 62,for storing starting addresses. The

virtual cache habhea9fing FIENa0E Hecdnde X ¥hiRs vaREE tald on | evel

whi ch. |s dlfferent fromthe wqrkin se rrent%tlon | evel
comparing the firs econd hit ratlo values, after

completion of th¢'’step of adJustlng the worklng -

segmentation lefel.
5 C:::::> An adaptive segment contyol assembly for
Ve - controlling performance of a lti-segment cache in a
gzﬂé storage system, the assembly /being characterised by
'J// means (10) for segmenting the cache (13) at a selected
working segmentation level/ means (10) for monitoring
10 instructions transmitted a host computer and received
by the storage system, a jplurality of virtual cache
tables (52, 54) connect to the monitoring means, means

ngc‘ (10) for segmenting thef/plurality of virtual cache
. \F&J (‘!) tables such that one tgble operates at the working
\Q}ls' c"T\'segmen,ta'tion-'level and the other tables operate at
Qﬁf - different segmentati levels, means (10) for deter-
é%;) mining which virtual/ cache table obtains the highest hit

ratio with its respgctive segmentation level as a
function of the mopitored instructions, and means (10)
for adjusting the /working segmentation level to equal
the ségmentation evel of the virtual cache table having
the highest hit ratio. '

25 .
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The hit ratio simulations are performed by 15 sinmulating a sel ected
nunmber of stored instructions (sinulation count) on the virtual cache

tables 52 and 54. Wiile sinmulating the instructions, the adapiA segnept
control unit 14 maintains a count of the nunber cache hits an e (RUNRE %l~
of cache -m sses for each table 20 52 and 54. Because the tabl &s' 5 !
and 54 are segnented to different segnentation levels, the hit ratios
(cache hits/cache m sses) of each table will be different after the

i nstructions have-been sinulated. If the hit ratio of the virtual cache
table 54 is greater than the hit 25 24atio of the virtual cache table
52 after the sinulation count, the working segnentation |evel of the cache

menory 13 is adjusted to.equal the test segnentation |level. After the hit
ratio sinulation is conpleted, théLEL§uEﬂ§i&uQﬁ£table 52 is re-configured

to the new 30 wor ki ng segnentation | evel and the virtual cache table
54 is re-configured to ratio
simul ations are then ré%fgﬁg“(# m%&%?’?’&%@%"ﬁ% or ed
i nstructions. | A MULTI-SEGMENT CACHE MEMORY
5

The present invention relates to the control of a
cache memory (13) in a storage system (2). According to
the invention, the cache memory is segmented to operate
at a selected working segmentation level, and at least

10 two virtual cache tables (52, 54) are segmented to
operate, respectively, at the working segmentation level
and at least one different segmentation level. Instruc-
tions received from a host computer (4) are stored in an
instruction queue (50). Then, while the storage system

- 15 1s in an idle state, hit ratio 31mu1atlons are performed
on the virtual cache tables by executing a selected
number of instructions stored in the instruction queue.
The working segmentation level is subsequently adjusted
to equal the segmentation level of the virtual cache

20 table having the highest hit ratio.

I

[Figure 2] | /////’”’
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The test segnentation level is selected froma This shee HsBaRepl aced | L ;
| ook up table (not shown). The |ook up table:contains all of eiz&Jé’¥ (A
sel ectabl e, segnentation | evels. In one enbodi nent, the sel ectable
segnentatlon | evel s range from1l to 16. The adaptlve segnment contro

14 5 * - indexes between elenents in the |ook up table fromone hit AP
simulation to the next. The entries can be indexed in any pre-sel ecte

order or in a randomorder. In an alternative enbodi nent, the adaptive
segnent control unit 14 includes a plurality of virtual cache 10

tabl es, as indicated by broken lines 64. |In this enbodinment, each table is
configured to a different segnentation level. After the sinulations are
conpl eted, the cache nenory 13 is re- conflgured to a segnentation |evel
equal to the segnentatlon Ievel of
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15 = the virtual cache table having the highest hit ratio. Fi
dr\ ’df} t*hzﬁ L

3b, when joined, forma flow chart, which illustrates the opera
controller 2 in greater detail. At step 70, an instruction is received from
the host conmputer 4 through the data bus 8. At 20 step 72,

m cr osprocessor 10 decodes the instruction into a starting address, a bl ock
| ength and an instruction type. The different types of instructions ;2 5"
i ncl ude, anong others, read and wite instructions. At step 72, the

. adaptive segnent control unit 14 25 det ermi nes whet her the instruction

queue 50 is full. If not, the received instruction is stored in the

I nstruc- tion gqueue 50 at step 76. Next, the mcro-processor 10 executes

the received instruction by performng a nenory operation at step 78. The

m cro- processor 10 operates 30 o in a busy state (normal operation)

while it executes the received instruction to prevent interference from

operation of the adaptive seg control unit 14. If the instruct®n queue

50 is full a ] e (i) 40 155 Pty @ree @) 1A i @SN on@ e A Iin mbdo o ISheES,t he
[[eotepe . “ 5
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15 instruction queue.at step 80. Preferably, individual instructi nIS‘ are: ‘AL

executed when the mcro-processor 10 is inthe idle state. If th ix‘kj 3%
m cro-processor 10 is too busy to process the instruction sinulations, the
5 instruction queue 50 will fill up to the queue |limt. By f1 ushi -
the imstruction queue 50 when it is full, the adaptive segnment control E}
14 ensures that the instructions stored in the queue are current and
representative of the particular application being run 10 by the host

conputer 4. After the instruction queue 50 has be flushed, the
m cr o- processor 10 executes the received instruction at step 78. The
adaptive segnent control unit 14 waits until after a sel ected nunber of

i nstructions (wait 15 count) has been subsequently received to begin
refilling the i nst.'m‘sﬁmﬂbﬁ;& r1ihi7()al | ows 't he micro-
| RECEIVED -
FROM HOST
INSTRUCTION

PUT INSTRUCTION
INTO INSTRUCTION |
_QUEUE___ | .. S |

-

EXECUTE
INSTRUCTION 78

RESTORE
STATE OF
SIMULATION

lNTERE;"UPTED

(ENTER IDLE LOOP

INSTRUCTION
RECEIVED

Sheet Has Beett Replaced

R



-

processor 10 to return to a relatively inactive state before the recelyed ) _
instructions are stored to further ensure that the instructions i he { §\5;_§
queue 50 gre 20 current. At step 82, the adaptive segnment cont oi‘hhfﬂ‘ ¢
14 determ nes whether an instruction sinmulation has been previously
Interrupted at step 90 (discussed in detail below). If not, the

m cr o- processor 10 returns to an 25 idle loop at step 74, in MhIQ%#
operates in the idle state. If an instruction is received fromthe hos j
conputer 4 while the mcro-processor 10 is in the idle |oop, the

m cro-processor 10 returns to step 72 to decode the received instruction.
30 If no instruction is received fromthe host conputer 4, the
adaptive segnent control unit 14 deternm nes whether there is an instruction
to simulate in the queue 50 (step 86). If the queue 50 is enpty, the

m cro- processor 10 returns to the idle |oop at step. N

_ IS .
INSTRUCTION
QUEUE EMPTYL~

NO |
SIMULATE ONE P~ INSTRUCTION |
STORED RECEIVED, (o= sTATE OF
INSTRUCTION >
N ASCU SIMULATION

! | Cs0

SAVE HIT/MISS[ 89
INFORMAT ION

Fig-31
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17 greater.detail
adapti ve segnent control unit 14. At step 100,
segnmentedqto a sel ected working segmentation |evel.

The virtual

&dche tabte

52 is also segnented to the working segnentation |evel

(step 102). At step

104, the adaptive segnent control

| evel

fromthe | ook up table.

At step 106 the virtual

cache table 54 i

segnented to the test segnentation |evel.

Next ,

unit 14 selects the test segnment ati&n-/ _

t he adapative segnent

control

unit 14 sinmul ates one-hundred instructions on the virtual

cache

tables 52 and 54 (step 108).

The instructions are sinulated by renoving a

stored instruction fromthe instructi on queue 50 and processi ng that

i nstruction on the virtual

cache table 52 and 54. For exanple,

with a read

i nstruction,

t he adaptive segnen

t he requested bl ocks of data arée

contte]l unit 14 determ nes how many of
aBEGHﬂ hit and how ' _

SEGMENT CACHE MEMORY 13 TO
WORKING SEGMENTATION LEVEL

!

SEGMENT VIRTUAL CACHE TABLE 52
WORKING SEGMENTATION LEVEL

!

SELECT TEST SEGMENTATION LEVEL
FROM LOOK-UP TABLE

Y

SEGMENT VIRTUAL CACHE TABLE 54
- |TO TEST SEGMENTATION LEVEL

[SIMULATE 100 INSTRUCTIONS ON
VIRTUAL CACHE TABLES 52 AND 54

Ho
IS

NO

HR2 >HRI

ADJUST WORKING SEGMENTATION LEVEL | s—112
TO EQUAL TEST SEGMENTATION LEVEL

Fig- 4
heet Has Been Replaced .
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the operation of a sinulation routine performed by the . . . .
the cache nenory 3 s, ‘
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No4Bss 1o

ual cache table 52”and_ 5_4 Wite

I nstructions ar§ the virt ual Cand -S4 —Any-
addresses writt¢n [by t hng | Ahn.ea l‘;.;gg’@,&h@ 5G

tabl e. The nunbér summed’” - theé aged
simul ati on coun structions. Upon corrp,l‘_ et 1! thasged &
sinmulation, thejra ifs to cache m s,ses of “the -vaf® BgHe. ..

table 52 (hit rlLi conpargd at istep’ 110" wi t FPacHa®: @f?égié..:.
virtual cache table 54 value HR2). ! If the hit ratio value HR2

Is greater than the hit ratio value HRL, the wor ki ng - segmERtiAT|, c?ehmvel is

]

adjusted to equal the test segnentation |evel at step 112. The siutatiom—

;ggt 't Eg f/lparﬂt%utgfa%tg ?ﬁg Ttl%éaél;a?cg@ﬁuﬁ&oanﬁ%ﬂ -dbte3 thOcRRE N, ARGCKAGDScHBIRhN 3
data requested by the host computer is present in the cache buffer. In this situation, the
controller receives the information directly from the buffer and transmits the data to the host
computer. The ratio of cache hits to cache misses is a measure of cache memory
performance.

In a muiti-segment cache, the cache buffer is divided into segments. The number of
segments in the cache buffer is known as the segmentation level. By segmenting the cache
buffer, the controller can perform "look ahead" operations by retrieving excess blocks to fill
an entire segment. Because memory operations tend to foﬁn repetitive and somewhat
predictable patterns, the host computer is likely to request data from the next consecutive
blocks. The segmentation level determines the number of blocks in each segment and .
therefore determines the number of excess blocks retrieved. The greater the segmentation
level, the smaller the number of blocks in each segment. Performance of the cache memory
may be controlied by controlling the number of excess blocks retrieved in a read operation.

The optimum segmentation level depends upon the particular software application
running on the host computer. Because the host computer frequently switches between
various applications, a selected segmentation level may not achieve the desired performance
over a wide range of applications. Therefore, a cache having an adaptive segment control is
needed.

Heuristic programming is one method of controlling segmentation level. A statistical )

performance analysis is performed on the cache memory and these results are applied to a set L

of rules. The variables applied to the rules include, among others, the number of blocks in
- each read that are a cache hit and the number of blocks that are a cache miss. One example of
heuristic programming to control segmentation level is given in an Article entitled "Intelligent

Controllers for Disk Drives Boosts Performance of Micros" from Computer Technology

Review, Summer 1986, No. 3 at pages 133 to
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adaptive
segment e
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At step

segnentation level fromthe | ook up tab

table 54
adapativ
vi rtual

by reno\
pr ocessi
exanpl e,
determ n
many ar g
i nstruct

detail the operation of a sinulation routin
segnent control unit 14. At step 100, the
d to a selected working segnentation |evel.
is al so segnented to the working segnenta
104, the adaptive segnent control unit 14 s
le. At step
is segnented to the test segneﬁtation | evel .
e segnent control unit 14 sinmul ates one hun on the
cache tables 52 and 54 (step 108). The instructions are sinul ated
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ng that instruction on the virtual cache table 52 and 54. For
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~ However, there is simply not enough information in a past statistical performance to
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he—v-kt Ual—cachel tabl e.
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predict a preferred segmentation level. Given that there are many exceptions to the rules,
heuristic programs do not provide accurate and dependable results. Therefore, thereis a
continuing need for a multi-segment cache having improved segment control.

It is an object of the present invention fo provide an adaptive segment control offering
improved control of the performance of a multi-segment cache in a storage system.

According to a first aspect of the present invention, there is provided a method
of controlling a cache¢ memory in a storage system, comprising:

segmenting the cache memory into a number of segments of equal size to
operate at a selected working segmentation level, the segmentation level
corresponding to the number of segments;

receiving instructions transmitted by a host computer; characterised by:

storing the received instructions in an instruction queue;

configuring a first virtual cache table to operate at the selected working
segmentation level; ‘

configuring at least one further virtual cache table to operate at a selected test
segmentation level, the test segmentation level(s) being different from the working
segmentation level;

performing hit ratio simulations on the first and further virtual cache tables by
executing a selected number of stored instructions, to determine which virtual cache .
table obtains a highest hit ratio based upon the stored instructions; and .

adjusting the working segmentation level to equal the segmentation level of the
virtual cache table having the greater/greatest hit ratio value.

According to a second aspect of the present invention, there is provided an
adaptive segment control assembly for controlling a multi-segment cache memory ina

storage system, the assembly comprising:



virtual' cdche tables 52 and 54. ‘Any addresses witten by the right
instructions are flushed in each cache table. The nunber of cache hits and
cache m sses are sumed over the simulation count of one hundred 25

i nstructions. Upon conpletion of the sinulation, the ratio of cache hits to
cache m sses of the virtual cache table 52 (hit ratio value HRL) is
conpared at step 110 with that of the virtual cache table 54 (hit ratio
value HR2). If 30 the hit ratio value HR2 is greater than the hit
ratio value HRL, the working segnentatign level is adjusted to equal the
test segnentation level at step 112. The sinulation routine then returns
to steps 100 and 102 to segnent the cache nenory 13 and the virtual cache

tabl e Clainms 1. A nmethod of controllipg a cache nory (13) ip a
st or age |syst emMass5on %ﬂt%&ws%@emﬁw %ﬁé‘“ﬁé’ﬁb?g&gm%‘ma"frf%ﬂ%gr of
segment § (@) QlseRBMA Wotkitg sbPmentation level, where the segmentation level

corresponds to the number of segments;'

means for receiving instructions transmitted by a host computer; characterised

by:
means for storing the received instructions in an instruction queue;
means for configuring a first virtual cache table to operate at the selected
working segmentation level;

means for configuring at least one further virtual cache table to operate at a
selected test segmentation level, the test segmentation level(s) being different from the
working segmentation level;

means for performing hit ratio simulations on the first and farther virtual cache
tables by executing a selected number of stored instructions to determine which virtual
cache table obtains a highest hit ratio based upon the stored instructions; and

means for adjusting the working segmentation level to equal the segmentation

level of the virtual cache table having the greater/greatest hit ratio value.

A preferred embodiment of the invention, described below, features a
controller which monitors memory instructions transmitted by a host computer and
received by the storage system. The cache memory is configured to operate at a
selected initial working segmentation level. A plurality of virtual cache tables are
connected to receive the monitored memory instructions and are configured such that
one table operates at the working segmentation level and the other tables operate.at
different segmentation levels. The monitored memory instructions are used to |
determine which virtual cache tables would obtain the highest hit ratio with its

respective segmentation level. The working segmentation level is adjusted to equal

the segmentation level of the virtual cache table having the highest hit ratio.
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operaté at a sel ected working segmentation |level, the segnentation |evel
correspondi ng to the nunber of segnents; receiving instructions transmtted
by a host conputer (4); characterised by: storing the received instructions
in an instruction queue; configuring a first virtual cache table to operate
at the selected working segnentation |evel; configuring at |east one
further virtual cache table to operate at a sel ected test segnentation

| evel, the test segnmentation |evel (s) geing different fromthe working
segnentation level; performng hit ratio sinulations on the first and
further virtual cache tables by executing a sel ected nunber of stored

i nstructions, Asydwmbenpfikirtual escheitablesamay be hsedt intaceordancei with thetprgsestt hi t

rati o based upon ih tored.instructions; and adjusting t wWor Ki

segment at }n(gﬁnt?(g\,e\tn &8 s%faﬁﬁ“m@"é%%rﬁsﬁ BH Ve Fa‘g’f‘?éarﬁf’?'t @EF %gséc he

t abl e havy; m,zé r Lok tal Ak _ : 3 cording
to claim g‘?ﬁ\%éﬂr:cg?n e?esjre%hﬁlﬁ%gi%?%ﬁteva?ﬁéasgr&?g%%&%%iegﬁ% tallgﬁge‘%ihi ghest
hit rati oThosgeond ¥irtuall edchertable dosegrientedriaioperateoat acsetaeted testisegmentation t abl e
based upon the stored instructions; and conparing the hit ratios for the

virtual clg¥ele thesstsggmentation Jevelheing difesent diam theoverking.segmsntation leved,
wher ei n C'fﬂé fegtuge'gﬁﬁnial&gn Hvel fsas%iec%ﬁ%y indexing between entries within a look up

table which includes all selectable segmentation levels. In the preferred embodiment,
the selectable segmentation levels range from 1 to 16. '
Preferably, a controller includes an instruction queue for storing the memory

instructions received by the storage system. To ensure that the instructions




further virtual cache table conprises selecting the test segnentatlon | evel
fromentries wwthin a’l ook up table, which includes all pe
segnentation |evels. 4. A nmet hod according to cl a§
steps of configuring the first and further virtual cachp ¥

hit ratio sinulations, and sel ecting a new wor ki ng segnen d$ D Ievel arfe .
repeated. 5. A nmet hod according to any one of the priede ﬁb U B
wherein the instruction queue is flushed after the nu of Qtored

i nstructions beconmes equal to a queue limt and storing the |nstruct|0's |s
repeated after the number of instructiogs received sub
host conputer beconmes equal to a wait count. 6. A nmethod according to
claim5, wherein performng hit ratio sinulations conprises: executing one
of the stjoradj nstThet consron theoffitﬁv&&'eaadsbubbebt‘éisr tthel makehs- t abl es

when the f nstruction containsg a t .on red nstr ctio nd t he
o age. sy BT for K6 EoceBhRrl Bperifion"dt Tl S et D of
t he stored iarsd rthei adaptihvel segmend| eondaroiumindit aﬂ-stored i nstructions
has been execut ed: 70 dngfib#NERG1CR® 65197 RIGNBLELAMELO thl° sl st at e when

the instructions queue
processor 10 through control lines 19 and a data bus 20.

The micro-processor 10 operates the memory device 6 to
perform memory operations in response to memory
instructions received from the host computer 4. During'
a read operation, the host computer 4 generates a read
instruction, which is decoded by the micro-processor 10.
The micro-processor 10 transmits control signals through
the control lines 19 to the memory device 6, which
causes the memory device to retrieve the requested data.

The micro-processor 10 receives the data through the
data bus 20 and returns the data to the host computer 4
_through the data bus 8. similarly, during a write
operation, the host computer 4 generates a write
instruction which is decoded by the micro-processor 10.
The micro-processor 10 transmits write data to the
memory device 6 through the data bus 20. The micro-
processor 10 operates the memory device 6 through the
control lines 19 to write the data to the desired memory
locations within the memory device. ..
Figure 2 is a block diagram of parts of the memory
controller 2 including the cache memory 13 and the
adaptive segment control unit 14. The cache memory 13
stores the data most recently accessed from the memory
device 6. Because the instruction pattern generated by
the host computer 4 tends to repeat while it runs a
particular software applicatiod,_data stored in the
cache memory 13 is likely to be used again by the host
computer. If the data is'requested again by the host
computer 4, it can be retrieved directly from the cadhe
memory 13 rather than from the memory device 6. Sincé3.



empty. "7.° A method according to claimé,. wherei n execution of the stored
instructions is suspended upon recei pt of “an instruction fromthe host
conputer; a nenory operation is perfornmed on the storage system.jip_tesponse
to the received instructions; and execution of the sHOLES areRi ] i
resunmed upon conpl etion of the menory operation. 413 - e I ye
segnment control assenbly for controlling a nmulti-seg
in a storage system the assenbly conprising: neans (j1d 3&J9bg
cache nenory (13) into a nunber of segnents (30) of size af
sel ected working segnentation | evel, wheye the segnengalion [evel
corresponds to the nunber of segnents; neans for rece}ving insStttiottorrs
transmtted by a host conputer (4); characterised by: heans for storing the
recei ved |nsﬂnuxtenn%9tm1hnthasopezatnonquﬁua simulation routine '

performed by the adaptive segment control unit 14. At
step 100, the cache memory 13 is segmented to a selected
working segmentation level. The virtual cache table 52
is also segmented to the working segmentation level
(step 102). At step 104, the adaptive segment control
unit 14 selects the test segmentation level from the
look up table. At step 106 the virtual cache table 54
is segmented toc the test segmentation level. Next, the
adapative segment control unit 14 simulates one hundred
instructions on the virtual cache tables 52 and 54 (step
108).

The instructions are simulated by removing a
stored instruction from the- instruction queue 50 and
processing that_iostruction on the virtual cache table
52 and 54. For example, with a read instruction, the
adaptive segment control unit 14 determines how many of
the requested blocks of data are a cache hit and how
many are a cache miss in each virtual cache table 52 and
54. Write instructions are also processed on the _
virtual cache tables 52 and 54. Any addresses written
by the write instructions are flushed in each cache
table. The number of cache hits and cache misses are
summed over the simulation count of one hundred
instructions. _ '

Upon completion of the simulation, the ratio of
cache hits to cache misses of the wvirtual cache table 52
(hit ratio value HR1l) is compared at step 110 with that
of the virtual cache table 54 (hit ratio value HR2). If
the hit ratio value HR2 is greater than the hit ratio
value HR1, the working segmentation level is adjusted to
equal the test segmentatioh level at step 112. The
simulation routine then returns to steps 100 and 102 to
segment the cache memory 13 and the virtual cache table



means for ‘configuring a first virtual ca:_Che,'_t_abI e to operate at the

sel ected working segnentation |level; neans for configuring at

| east one

further virtual cache table to operate at a selected test segnentation
| evel , the test segrrent ation level (s) being different fromthe working

segrrent ation | FUE QbeRer formng hit rat We first
and further vi rtlﬂgpg_pach@m by exigutl ng a nunber of stored

i nstructions tg
rati o based upgn |t
wor ki ng segnengfati

i rtualf”cache table
stored |n< uctions; and nmean \“\m
| EMle 3998 fqfial the segrrentatl

cache tabl e hayi gf eat dningsi t rati o val ue.

segnent contro assenbly as ¢ ai
perform ng hit ek

‘mﬂ“\st hi t

the "vi rt ual
An adaptive

med in claim8, wherein the means for
determnes a hit ratio for each virtual

cache'{able beaeaRtlr e EEadASHEUP COTi SO0 OB e SREBHADE o

cache {abl e obssginmatia, Flmegéuehé hiegmyﬁntblatnwnﬂdemfséginems B0) af aguidl ¥ize 36 gENt

control assenbly as clainmed in claim9, including a |ook- up

t abl e havi ng

al | sel ecepssate aé a gekseied TOsking segmentatiomlev ol thersegmeatation levebgnent at i on

level ($) otdbSudifl & e Siumber of segments:

storing the received instructions in an instruction queue;

segmentation level;

segmentation level;

table obtains a highest hit ratio based upon the stored instructions; and

virtual cache table having the greater/greatest hit ratio value.

obtains a highest hit ratio comprises:

instructions; and

comparing the hit ratios for the virtual cache tables.

within a look up table, which includes all selectable segmentation levels.

receiving instructions transmitted by a host computer (4); characterised by:
configuring a first virtual cache table to operate at the selected working

configuring at least one further virtual cache table to operate at a selected test
segmentation level, the test segmentation level(s) being different from the working

performing hit ratio simulations on the first and further virtual cache tables by

executing a selected number of stored instructions, to determine which virtual cache

adjusting the working segmentation level to equal the segmentation level of the
2. A method according to claim 1, wherein determining which virtual cache table

determining a hit ratio for each virtual cache table based upon the stored

3. A method according to claim 1 or claim 2, wherein configuring the at least one

further virtual cache table comprises selecting the test segmentation level from entries



22 11. * An adaptive segment control assenbly as claimed in any one of
claims 8 to 10, further conprising neans (10) for flushing said instruction
gueue, after the nunber of stored.instructions GQUdIb aquete—+m-ts—and
storing further instructions after the nunber recei ved
subsequent|y-fromthe host conputer is equal to a wam !‘ B'il" llj g‘l
conputer (4) and received by the storag systen1 se ty of
virtual cache tables (52, 54) such that Qne table operates at the working
segnentation |level and the other tables operate at different segmen- 5
tation |levels determ ning which virtual cache table obtains the highest hit
ratio wifh4its Aangthod avedrdingne olaih 3i, whelein de stepsaoffaonfiguring e fidseand

noni tored instructions_and adjusting the working segnmentation level to
equal the Bedseriraal eache dahles, performingihit yatip stmulations, and selecting a new

working segmentation level, are repeated.

5. A method according to any'one of the preceding claims, wherein the
instruction queue is flushed after the number of stored instructions becomes equal to a
queue limit and storing the instructions is repeated after the number of instructions

received subsequently from the host computer becomes equal to a wait count.

6. A method according to claim 5, wherein performing hit ratio simulations
comprises:

executing one of the stored instructions on the first and further virtual cache
tables when the instruction queue contains at least one stored instruction and the
storage system is in an idle state;

repeating the step of executing one of the stored instructions until the selected
number of stored instructions has been executed; and

returning the storage system to the idle state when the instructions queue is
empty.

7. A method according to claim 6, wherein
: execution of the stored instructions is suspended upon receipt of an instruction
from the host computer;

a memory operation is performed on the storage system in response to the
received instructions; and

execution of the stored instructions is resumed upon completion of the memory

operation.

REPLACEMENT SHEET

30 JUL 1999




10° cache table having the highest hit ratio. A nmethod of controlling
performance of a cache in a disk drive controller, characterise by

segnmenting the cache (13) to operate at a sel ected working segnentation
| evel, receiving instructions transmtted by a host 15 conputer (4),

perform ng menory operations with the disk drive contrdl m to
the received instruc- tions, storing ttﬁ recei ved inst ﬂmmw "msnmmm

i nstruction queue (50), segnenting a fifst virtual cache tdblé (52)Sto
operate at the sel ected working segnenta- 20 tion level, segnenting a
second yirtual cache table (54) to operate at a selected test segnentation
| evel be¢i g di fAreadaptive segmeni sonisellassambiy Joreaniralling 2 smdti-segnert sagheng hi t
rati o sifmul atiogi3on the first and seco virtual cache tables by executing

a sel ecl e )it HyOrage SEHIPe P AT CPBRESmi nt ai ni ng first and
second it ratigewalHHSof ?]Hegn%éi‘lﬁn% 'tﬁééacﬁ@ﬁxeﬁﬁﬁg iregb)wowaﬁm}sacme @agirlﬁs

respectifvely, conparing t [

I rst and second rati o values a
execut i on (30) dffequaledizecitecsetactddeworkingssegmesitation flevet,t wiere theastignemtatignt he
workingjs ?gvrgla chr?ésjpggds to the number of segments;
means for receiving instructions transmitted by a host computer (4);
characterised by:
means for storing the received instructions in an instruction queue;
means for configuring a first virtual cache table to operate at the selected
working segmentation level;
means for coﬁﬁguring at least one further virtual cache table to operate at a
selected test segmentation level, the test segmentation level(s) beixig different from the
working segmentation level;

_ means for performing hit ratio simulations on the first and further virtual cache
tables by executing a selected number of stored instructions to determine which virtual
cache table obtains a highest hit ratio based upon the stored instructions; and

means for adjusting the working segmentation level to equal the segmentation

level of the virtual cache table having the greater/greatest hit ratio value.

9. An adaptive segment control assembly as claimed in claim 8, wherein the -
means for performing hit ratio simulations determines 2 hit ratio for each virtual cache
table based upon the stored instructions; and

further comprising means connected to the virtual cache tables for determining

which virtual cache table obtains a higher/highest hit ratio.

10.  An adaptive segment control assembly as claimed in claim 9, including a look-
up table having all selectable segmentation levels, from which said test segmentation

level(s) is/are selected.
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30 * level to equal the test segnentation |evel when the second hit
ratio value is greater than the first hit ratio value, an repeating the
steps of storing the received instructions, segnenting the first and second
virtual tables, performng hit ratio sinulations, 2 i . fidet St
and second hit ratio values, and conparing the first aﬁmﬁHmlﬂﬂﬂmliﬂjl o]
val ues, after conpletion of th step o%dj usting the wofKieng on
| evel . 5 15. An adaptive seg t control assenbly for controlling
performance of a nulti-segnment cache in a storage system the assenbly

bei ng characterised by neans (10) for segnenting the cache (13) at a

sel ect ejd Whr ki Ag adeptiverseginenticdntrob hssemblysas( dfimeddn any oné of clagmd 8 to 10,

instructions transm.tted 0S uter and received by the storage
syst em| afus\bgy gﬂnppgéigg meaps (}2}) f}@aé ?nngpsarid instruction queue, after%he number of J

stored instructions equals a queue limit, and storing further instructions after the

number of instructions received éubsequently from the host computer is equal to a wait

count.




tables'(52, 54) connect to the nonitoring nmeans, neans (10) for
segnenting the plurality of virtual cache tables such that onet le
operates at the working 15 segnentation level an the other tables
operate at different segnentation |evels, nmeans (10) for deter- mning
which virtua cache table obtains the highest hit ratio with its respective
segnentation level as a function of the nonitored instructions, and neans
(10) 20 for adjusting the working segnmentation | evel to equal the
segnentation evel of the virtual cache ?gble havi ng the highest hit ratio.
25 30

ABSTRACT

METHODS AND APPARATUS FOR CONTROLLING
A MULTI-SEGMENT CACHE MEMORY

The present invention relates to the control of a
cache memory (13) in a storage system (2). According to
the invention, the cache memory is segmented to operate
at a selected working segmentation level, and at least
two virtual cache tables (52, 54) are segmented to
operate, respectively, at the working segmentation level
and at least one different segmentation level. Instruc-
tions received from a host computer (4) are stored in'an
instruction queue (50). Then, while the storage system
is in an idle state, hit ratio simulations are performed
on the virtual caché tables by executing a selected
number of instructions stored in the instruction gueue,
The working segmentation level is subsequeﬁtly adjusted
to equal the segmentation level of the virtual cache
table having the highest hit ratio.
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