“BC9- 87- 004 1 2202976 METHOD OF
HANDLI NG DI SK SECTOR ERRCRS | N DASD CACHE Descrl ption This invention

reI dates to mprovements in nmethods of operating a data. processing system
"Havi rfg a direct access storage devi ce (DASD) cache, so as to- handl_e di sk
.sectpr errors due to defects in the storage nmedia. Mre parti ?hg[ggnzat
rel a\ﬁas t o seorEt-ood of operating a high perfornmance personal ' r
provide a.l-ow cost solution to the problem of handling bad sectors in a
DASD cache. It is well known to use flxed or hard dISk drlves to store

i nforrmation for progtTEOD PFi HANDLING STOR)| i P 22 mai N menory.
Information is stored on di sks accordi ng to a predeterm ned pattern of
cylinders and sectors, each sector containi ng a-predet erm ned nunber of
bytes. A drive incl udes pl ural heads Reee&iBEi®Ri ng one head for each side of
‘a disk on which data is stored. Data isread froma di sk .one sector at a '

time: I'n order_.to access a desired sector S flrst ed to
‘the cylinder comt&i ﬁ?"ﬁ'é’tf‘?fb ragiﬁerseﬁ"’ JBRFQemepts, Hlm%gog eﬁgng{? e head
until the desarmtbceessingr systemcheotiog aaﬁdredteacztdse stuage desrit-'%a(m%md t he
contents plc%%ﬁg ' SQ %%‘ = Ruaf hﬁdlel &%%09&#39 é”rtrorpeduteotd?‘ldeWEn Ofnet e%age

required to acces rinci pal. % occur s”ddri ng "t he .
physi cal nmedient Mote @ahb%ﬁlllar%uét e eﬁ)FSC%%‘Fh@FI VRReFating R R anpunt

of 1/ 0 act ipdrdmante i gorBbsill Yofiftet Aty gréﬁaeeaiu@e édae_geneen o Hend
nmovenent -as nuch as 055| bl S\?&O ach| eve - |g}&§ v erformance. DASD cachi ng
i s a known RTebheR GG RECEATHAD 3 ﬁ'p?a@\? * syst-em-peérfor mance by
reduci ng the anmount of . head novenent and physucal /O activity.. -
adggrdance wth sych t.echnigue '%eppﬂel 13k EAREY gossﬁ,c,eed as a cache
for storing pages of Séctors o En a esired sector is initially
accessed, rigfoomatyion fiar Breeesping inonPracesfine uiddi $aBRg e EArbFriRct or s

are read injdotye EAEYRatich 15DHRILE YN aﬂaﬁsﬁs&ﬁ%@lﬂahasﬁ@a%&mtﬁedjone at
mai n menory speeds instead of at disk drive speeds npr.ovenent. neg

per f or manc PEERER ogb@dltms%esdegg sectors, each sector. conta:mgng a pre étermi
' number of bytes. A drive 1ncludes plural ‘heads, there being one head for

each s1de of a disk. on. wh;ch data is, stored._Data is read from a disk

one sector at 3. time.. In order to access a desired sector, a head must
flrst be moved to the-cyllnder ‘containing the des1red sector, the disk
. rotated.past.the“head until. the desired sector is reached and then the
eegtoriie;reaé én& the contents placed in a buffer. In looking at the
ttotal amount of time'required-to_acoess data on a.Qisk,ﬂthe principal
delay occurs during the_phyeical movement of a head. Thus, when
processing involves a large amount of I/O activity, it is high;y_
' éeeirabievtq_reduce the degree of head movement.as much as possible to
| achiéie_ i@prqved .pezforn}ance. . ' '
. DASQ cachlng is a, known technique and provides a way to 1mprove
system performance by reduc1ng the amount of head movement and physical
" I/0 act:.v:.ty. In .accordance with ___e_u:ch technique, a portion of main’
memory~;swuseé_as—aﬂoeohe_ﬁorrstor;nglpaqee of eegtors'of data. When a
desired sector is initially accessed, not only that seotor but one or
more additional nearby sectors are read.into the'oache and subsequent
accesses to such sectors is done at main memory speeds instead of'at N

disk drive speeds. The improVement in performance comes about because



-87-004 2 of the probability that t,he_ next
gg'?aBto be processed is stored near data that has been.previously*®
procassed. One problemthat is known in the.art, arises because of the fact
that defects exist in the disk storage nmedia. Thus, sectors containing o
“such defects are considered bad and cannot be used. Such bad sectors are .
normal |y | ®&At87-08d by formatting and | ater uses thereof avoided. by sinpla
" skipping a bad sector. The probl em beconmes nmore conpl ex in caching systenms
because when a good sector is initially read into the cache, nearby sect ors
of the sam@fpERfePrekRbdditrithat rther sexty dbta ftadbe \fikbbégzetings Brbda asiy known
‘ta us, thigaps @nhemalsaseé}egaemu\é@% grdcbynavays. First, any page containing
a bad sector is itself considered bad and an error- S|gnal or nessage i s
sent to the user. Second, the disk controller can be constructed sao that
only good sect one wotle:erﬁhatolé ReowrnGhethe SHEN a3 0LaY 'bQEads% th}:?]xr Ldyare .

e I and costly to acconplish e present;
Thvent  on el BB 5 R leR REoraR plaaca g | tstere ontaing

provi de ansé¢h éeﬁqr@ Fmvwosid@eamadoanma:ahnw barhgeaus eduth ban sekaddsve! y

n t ccordi. he inventi on,
Lher o T p‘?gﬁ hofAl1g; TIRSeDE B0 M OTRIY 812 158K Uath Miekpof, Avp Hpacbin 1

ry proftRI¥gSKirBARY) & had secker sﬂbﬁlmbﬁag@scmessmte)rcempnfemﬂia read
Conscout | Velghioneoyanand baakuse Ll o 5658 Seciak 150sRG P OL8ge JTESI R de ect's

therein, a e erat system nmanages the t ato
and from aﬁéj“§\§h| I:;e%ap ?onec%rgo zflmg%? fREIP PYa CORAALB SREPTE1OF Selhdidng

t r ansf er r efiithdnathec pridrs et Dynowhetos uepthak: PUOB1ER R8B! SoBreaChtqSL Signal

readi.ng a page from said/
i sk, whi of Qﬁéegéﬁ%%%f;%%%SS*ﬁlaéﬁiFm%%‘%fecécf g L T

pr ef-et ched® o?rsr“s%ﬂg&abr@dé‘?%ﬁﬁenw seatttyr thedhsedi d Sereidt ehedh.SECt ors .-
bei ng | oca&a&dromezoas:ecbét bé&fkth‘@@@d‘ 86SHal &ﬁ.’ydggéds l§e<:1:¢:rs are sent to the

cache. Such- solution is a hardware solution and is- relatzvely complex

-and. costly to accompllsh

The present 1nvention is dlrected to a method that can be read1ly
1mplemented to provide an effective loiw cost solution particularly
-useful in relatively low cost, hlgh_performance-personal_computers.

Accordzng to. the inventzon, there- is provided a- method of operating '
a personal computer having a main memory provzd;ng a. DASD. cache for -
storing pages. of sectors of data -read consecutively one sector at a time 'Q‘)
from a disk havrng storage medra defects therern, and wherein an
operating system manages the transfer of data to and from an application

program by buffering a sector. as it is belng transferred, characterised
by the steps of: L

_in response to a request 51gna1 for reading a predetermlned sector -
from said disk, reading a page from said disk, which page contalns sa1d
‘predetermined sector and add1t10na1 prefetched sectors, said

. predetermined sector and said prefetched sectors being_located in
consecutive. locations on said disk;. '



BC9 87-004 3 selectively generating error signals
"~ whenever attEnpts are mde to read data fromsectors containing media -
Jdefects; and, in response to‘said error signals, storing in said cache

i ndi cati ons of whi ch sectors correspond to such error signals. An :
enbodi;nent of the invention will now be described, by way of exanple with
refe*ﬁnce tg tge &ﬁponpanylng drawi ngs wherein: Fig. 1 is a-schematic ,
di agram of a personal conmputing systemin which the method of the i nvention

may .be performed; - Fig. 2is a schematic diagram of the cache data
structure used LohddR@vdy ?’?&ér@.@mdz'egrox?’ si&xaﬁssﬁhﬁ@ét GteéradEadpe mhdesitbat i.ng
how pages are reference

rom a hash_ tabl g; g 4 is a schematic diagram
i1l ustratinfeathéats éé%é@ét‘l"issf°“q§|1§m%mfa§1% 8t$f&Mati ¢ diagramillustrating -

the LRUlist chain; Fig. 6 is a schematic di agramillustrating how various

prograns and hardware are rel ted eneral t vent ; s. 7-12
“are flow di agr afB®1 FPUETPRETHGC % s%lq‘na?%e élaﬁfljé t?rgnéa98 \ cE?g 13 is

a schemat i cisliagtionsi bf u@uclatsengomﬁeomersspnd itot suht erusry skIELe: The
fol l ow ng description is organised into two sections. The first describes

t he general operation of the DASD cache and hence descrlgei' %he env r onnment
in which the nednorbefinens of FbatingRnbine, widsnrowhe easshibetetY |G f) ovi des

a detail ed Qﬁa’ilﬁ)ﬁlemltﬁnréferbw KBditR &fdcmpanyingBikwidgd)@lerein:’
4 are handl ed. is to be understood however,. that the invention resides

in-the nethod and not in any particul ar software i npl enent ati on. CACHE The "
met hod i s preferFsgl @ tara |sehiemﬁ.c|diaarmnﬁemtp|e9$raialdmutmg system ln :

- which the method of the invention may be performed;

o Fig.'2 is a schematic diagram of the cache data structure used in

" the invention:

Fié.'3'is a schematic diagram illustrating how pages are referenced

frem a hash table; -
Fig. 4 is a schematic aiagram illustrating the free page list;
Lo . Fig. 5 is a schematic diegfam illustrafing the LRU list chain;

Fig. 6 is a schematic diagram illustrating how various programs and

U . hardware are related generally, to the invention;

Flgs. 7-12 are flow dlagrams 111ustrat1ng the method of the

S invention; and

Fig;'13 is a schematic diagram illustrating the error list data

‘structure. -

The follow1ng description is organlsed into two sections. The
first describes the general operation of the DASD cache and hence
describes the environment in which the method of the invention operates.

The second section provides a detailed description of how media errors



processing system 10 such as the | BM Personal Corrputer AT. Such system 10
general ly conprises a processor 12 connect ed to a main.menory 14 and 1/ 0O
devi ces '15. Such system may contain one or nore disk controllers 16 each

respectively connected to a disk drive 18. Forned as data structures in’

main nenory 14 are a cache 20 and a data buffer 21, the |atter being used
by DOS to bggdep-gach sector of data being transferred fromthe disk dri

18. *Referring to Fig. 2, cache 20 conprises a page structure 21 conpri si ng
a multiplicity of cache pages 22-1 through 22-n. Cache 20 further contain

a hash tabl&re24and et et isttPBE rﬁrﬁér@&odahbdem,( |t‘?1§§tthree§1’?x;e§x|t¥ rpiggésf
poi nt er and an error.l1St 3f,

_p0|nter 28,..a recently use

details of Wi g/%{%eﬂzgoéng\ﬂ/ N 4B g@%ﬂcum§gf’gﬁgep§mlgme@%% present n
matter how |l arge the cache is, are: Cache Page 22 - This defines the
structure.of a cache page in storage. ontains information to tag what
physi cal page is represented, part of RUlist, part of the hash table
conflict list and the actual data of the cache page grouped by sectors.

‘Least Recently waemo%uxs BreBé b1 Boarzl0h SuOL S obifteflr £8G15,A0¢ that s

t he | east’ rercent I%l' E&Jg}g in the cache. IS, her. pages

in thecachd Rave ge’ﬂ’s& Hcrfrﬁ'rsetl?eeééﬁtﬁefs%?dncf’mtﬁag@' -pofurhedystemby

the LRU poil®t generiadbiy ceepeidelsya lﬂ&edeéd‘&iwz %&hﬁiécﬂ!ed% a IﬁthS m@&iz‘}t §4 ta[?:da
Jage in t he cache.

cache page r n used i's,

page in the/?g‘?:eﬁ}é%ﬁ%t?%bgg%;cgcgig§%dxa Baral e Cee PrLTRES fiRk ﬁ%’@}'é‘%b?’?& éﬁ to
by the MRUS3Ghfespectivepraopregipd to a disk drive 18. Formed as 8ataache Hash
- Table 24 - sthuacﬂrablﬁ msixam\éﬁsfp&w;reog' SlhkS2d Anl e a%ﬁ&*lﬁ@algeﬁ the'®

vector is iﬁ% érLes - g} en a sector Is requeste

i nt er cept s PHEST f“sﬁﬁ Yha%é’s? PufifsToach seatios of dete éwmmetnahsfdmed |
sector is |fmomhexeca:t§1edru&5$ usji ng a hash table, very little time is taken
.to determne if -a sector is in the . : :

Referring to Fig; 2,'cache 50 comérises.a éage strhctﬁre 21
compr151ng a multlpliclty of cache .pages. 22-1 through 22-n. Cache 20
further contalns a hash table 24, a free llst pointer 26 .an LRU (least
recently used) pointer 28, a MRU (most recently used) pointer 30 and an

_error list .31, the deta1ls of which will now be described. 'These six

parts, always present no matter how large-the cache is, are:

pache Page 22 f-This defines the structure,of a cache page in
.. Storage. It contains-ihformation to tag what physical page is
represented, part of the LRU list, part of the hash table conflict

- list and the actual data of the cache page grouped by sectors.

Least Recently Used (LRU) Pointer 28 - This points to a cache page -
that is the least recently used page in the cache. That is, all of
the other pages in the cache have been accessed more recently than
the page pointed to hy_the LRU pglnter,_

Most Recently Used (MRU) P01nter 30 - Thls p01nts to a cache page -

that:is the most recently used page in the cache. That is, no page
: in the cache has been accessed more recently than the page po;nter
to by the MRU pointer.

2S
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*cache, even if there are a Iarge nunber of pages in the cache. Free List
Pointer 26 - This points to a cache page that is not: presently being used
in the cache. Initially al'l of the pages in.the cache are on this |ist.
*Wen ‘a page is found not to.be in the cache, a page .is removed fromthe
free list and placed .in the cache. Error List 31 - This data structure,
descri bed igrod@iabh below, .is used to indicate the history of page errors.
Table 1 tists the fields of a cache page 22. The fields in the" structure
are_defined below. Note that all pointers are kept as two bytes. This is
for a segnent edcathetidshcTable 26 - Shishéable a6 8LV LEFVOLYET 8938 fami | y.

The val ue stored n the p0| e e reRias( 8 )/ SiB6h sdctbhassel ect or
(80286/ 80386) . lﬁ‘ S REGed ofgf‘;seeéttgf)fﬁo3ﬁsa assoem a%ggg wi t h_each data

structure. The remestegs Ufe chehes dntenpspts dhasreguest ppg| hpshes ipkp SHpse) d
contains bits of %Jl%agé aEb@EmithifC%@ seiksh 1§eﬁt @hs darahtheapagaetnarae hasksent

" and contai n vall ata and which sectors are: I n ld 2
This field det etahlfesversi LiFtde bider if Fa5eh |°c Fmp'% &% sg?)n{{a?%?dl Eﬁ@

Field 3 This Eidleq @t of thetdareal ahrye nbioek ofidrhges sin( RisA)caghe ¢ he
~starting sector of the page on the drive. BC9- 87- 004 ,

6 Field 4 This fi-eld points-to the next page that is |ess’ recently used
than this page.Frdef List Poimterhs |-eThis petntn by a saehqRfee thab s APS fi el d

wi Il contain th revs%ht’fy Qe:.ngT hissa :LnetﬁL lc8cid SOrniRed11y alll Nde PR emgEDdat her

on the free lis This field points to the ne age,th nmor e
recent|y used t B caphe aﬁag‘é‘ thig liffs ﬁge!{ RePHSstS r%&'@ﬁtr}& gosé’ Bl ehd

page-, -t hen thi gadrieg! & phigh! i< @ah@ier fivm vhd (fred.1ibtcind ﬁlaceirhus thPeI d
pUts to the next page that is in the

Error List 31 - This data structure, described in detail below, is

used .to indicate the history of page errors.

Table 1 lists the f1e1ds of a cache page 22.  The fields in the
structure are defined below. Note that all 901nters are kept as two
.bytes. This is for a segmented archltecture as is the Intel
.8086/80186/80286/80386 family. The value stored in the pointer is the
segment.(8086/80186) or the seleetor (80286/80386) . An assumed offset

of 0 is associated with each data structure. ... .--;

o«

O

. The meanings of the various fields arer -~ -o:now wme meo

'Field 1 Thls fleld contalns bits or flags that indicate
which sectors in the: page are present and contaln va11d data.

and which sectors are missing due to errors.

Field 2 ' This field determines which drive this particular

page is contained on.

Field 3 This’ f1e1d contalns the relative block address
(RBA) of the starting sector of the page on the drive.



ble's conflict list. Field 7 This field points to t he previ ous
Bgzgtﬁat is in the hash table's conflict list. Field 8 ThISfI.e'|d’ .
.eontains the data for the page as it cane off of the DASD. If th_|s page is
~referenced nultiple tines, the parts of the page that are requested wll .13e
copies - fromthis buffer rather than being read fromthe device. Field »

Contents = BC9-87-004 - Bytes 1 gPresent Fl ags L o
DriveD 1D .3 RBA - 44 LRU Next

25 . LRU Previous . -2 6 - Conflict Next.

2 7 Coveflfi ¢t Phéwyifdedd points to thk Bext page Rage BUhfsy

d by the

Lo St Bty %%%Z%a&afhrﬁ*%ssasd%asrﬂaaawémx "
or mul :

'+OHN;)Wxn%PT + SN used Page' (ther ihiia Aideldiveirla mta1QMuendﬂuenunb%l§\|H =

- Nunber of heads per sdsiaves Ys5 kkadeduThg er O Sgctons
track SN = Sector nunber The hash i.ndex |sp§jgter|%\I 0’8" ?}? ¥ 1o

~formula: Hash Index = RBA shr T'og (pagé size) nod 311 (FormJIa 2) vvhere shr
= RBA shi ftEa@ldu.'ghtmgs fiele ponitehitd HRCEGH I bage that is' more

recently used than thls page. -If this is the most recently
,_used page,- then this field will contain the value O, =z==

Field 6. ~This@fie1d;points to the next page that is in the
- . .. hash table's conflict list.

_Field 7 This field points to the prev1ous page that is in
. the hash table's conflict list.
Field 8 . This field contains the data for the page as it _
came off of the DAsb. If thls page is referenced multiple
-tlmes, the parts of the page that are requested will be copies
- from this buffer rather than being read from the device,
Field" 'Contente . . Bytes
1 Present Flags 2
2 Drive ID 1
-.3 RBA 4
4 LRU Next 2
5 LRU Brevious 2
6 Conflict Next 2
.7 | Conflict Previous 2
8 1-8 Secto:s '

Page Buffer
. TABLE 1 CACHE PAGE 22

. Each RBA is determined by the following formula:



the log to the base 2 of the page size page size = nunber of sectors per
page nod = nbdul o functions which returns remai nder The value of 311 is
preferred for the hash table Iength because it is a relatively large prine
number. Since 311 is a | arge prime nunber, it is unlikely that an .
appt%%atlon will use it or one of its nultlples very often whil e accessing
t he che. pckhigs-6oeps the conflict chai ng . short by reduci ng the chance of
an application getting into-sync with the hashlng al.gorithm so the hash can
be resolved quickly. Referring to Fig. 3 the various index positions 0-310
of table 24 wil RBRi=t KGN gof)ainH®) & 8RT & #dinter to fBemela dd, and perhaps
only, cachelﬁgge chai ned to such posntlon | f the hash table entry that is
sel ected contains the value 0, then there are no pages pointed to by the
entry and the pSﬁe‘FQlﬁﬁFrlhmPﬁé cache. This is considered to be a "page
fault™. Index pas mrlofal,@.ds pengfives a zero indicating there are no
pages associ ated therewith in the cache. If on the other hand, the hash
table entry is HBt % ¥A meﬁﬁue there is used as a pointer to point to a
cache page 22. sPThe Ndrbete ofirgkcRBYs iper tregkhe page are  BC9- 87-004
8 conpared wi thghhe g gggeg ﬁgudrlve and RBA. If they turn out to be the-
same, . it is. conS|dere : ‘page hit™ and the requested page is in the
cache. | f they are not the sane the Cbnfllct_hbxt val ue in such page is
used t0 poi Nt t@nt hasAEHder Al 8ebit@ned by the/ EbLEwahg Gorud:cked up from
this field, then the end of the conflict chain has been reached and the
requested page is not in the cache. This is again a "page fault".  As
illustrated, pagesh AnfexreREA mhmetbo (page abted 84d t331formt hree separ ate
chains of - dlfferent lengths. If a page 22 is foun&bh&ﬂthg cache, the
conflict chain for that hash table entry is reordered:so: that the found
page is at ¥kRrehead of the conflict chain. The idea here is that if the

conflict chainghs KG@h é}{ifeemtght e Rinber UL Bi 08 dﬁ&ord:]i\@ntd he.scans down . .

the conflict chain
) the log to the base 2 of the page s1ze }

page size = number of sectors per page

. R TR

mod = modulo functlons whlch returns remalnder

' The value ofﬂ3ll is'bréférééd for thenhashltable-lengthmbecause it
is a relatlvely large prlme number. Slnce 311 1s a large prlme number,
1t 1s unllkely that an appllcatlon w1ll use it or one of 1ts multlples
very often whlle accessing the cache. Thls keeps the confllct chains

short by reduclng the chance of an appllcatlon gettlng 1nto sync w1th

the hashlng algorlthm so the hash can be resolved qulckly._'

Referrlng to Fig. 3 the various index positlons 0-310 of table 24
w111 either contain é’b or a p01nter to the flrst, and perhaps only,
cache page chained to such p051t}on. If"the h?sh table entry that is -
selected contalns the value 0, then.there are no pages poxnted to by the
entry and the page is not in the cache. Thls 1s con51dered to be a
"page fault" Index p051tlon 1,‘e g.,”contalns a zero 1nd1cat1ng there
are no pages assoclated therew1th 1n the cache.; If on the other hand,

" the hash table entry is not. 0, the value there is used as a pointer to

point to a cache page 22. The drive and RBA in a cache page are



wi Il be short because of the probability of a recently used page being

accessed again.

This is especially true if a cache page represents nmor e

than one physical sector. If a page is found not to be in the cache, a new
page is allocated (the exact means of acconplishing this will be dlscussed
|later). A page is read in from a di sk and pl aced in the page buffer- (Figl
8). The neM/cache‘gage structure is then constructed relative to the hat

table with B

975p0

| gorithms. to those th&t were used to determne that the

page was not in the cache There is one inportant difference. The

conflict chg

page is inserte

sh table e is not resolved. Instead the new
%8 wlt éﬁﬁeﬁﬁqQﬁs ted, r&S%fﬁnFcFBﬁrhaF$1QQSYtQﬂEP eYte te o ithet

chai ns' r enagaregr de r:@d cmltderem b beaeMpdge H5EUand AlneOredua8tdd? aS@ alghin

painLers o eaeder ofs et o 1L 00 BbrSCEVL R 8 et poge

._ 22 is placed in _cache

en a requé

t he cache. P’I‘-I‘Felﬁé’ﬁ?édtmimwr thredexn cakbe pagei OUS secllborns 0Thi pisks i on
il descrie faew thiBagielss @ehUild ¥nd!dOeRS QEnsh @ a syl Bgesa%egocrgetaaﬁedj

t he cache StéJ

Therearet\/\owastatapaerra

ure.
there is one O?I‘lﬁtﬁﬁg“f,%fgfgspﬁs tiﬁe’“t‘,:a(’:hé:hﬁr%%’hlel- t'I'hJ-En{es Ba3tn ias "pagepved from
the free |ifaulahd alsl dlasedatded, pdyesnmw REgalaindd leb6nm Q:aﬁi@ F0paes i N tge

cache free i3k, séﬂag Pé”‘%ﬁa{.lrsatof giffere

pointed to by the'L

ol n s Fenpve l??ﬁ%?the cache ‘structure and

re-allocated to the new page. Fig. 4 shows the structure. of the cache free

Sl F | i st 64 ts e t e t he
115t and ong of - Lhe B Ater ey Lhe caarlie faeeatn dl chlis Beadaal,
dasBceanle &

all cache

|ally,
X¥his frreeéd%eét sQ ek Fhgafendapagen 46 mtedthe chelagt othe  \J

hash tabl e the torefliRt) dhiash. ARerpiddchdre 38 anIBIEr Qe iRl SK RO Rekdpear €

cache page 4yl

22 Wil |1 be reaned fromthe frée

re_page
li'st until nalhsst g%é*?‘é‘ S’esgﬁo ‘I"’%ﬁge *AntPS 4GRS [9RvR fhbe conflict chainpen
this occur ¢¥ilipke eages barausecof cthebpuakabbhi yhef [:RPebértlly uddagpade sam@e the

structure Qfeckbsed Ryhir. 5tTHM§:@stéyiecfﬂlIanrnglk a cache page represents more

than

(the

one physlcal sector.

If a page is'found'not to be in the cache, a new page is allocated

exact means of accomplishing this will be discussed later).- A page -

is read 1n from a disk and placed in the page buffer (Fleld 8). The'new'

cache page structure is then constructed relatlve to the hash table with

similar algorithms to those that were used to determlne that the page

was not 1n the cache.; There is one important dlfference._ The conflict

chain for the hash table entry 1s not resolved. Instead the new page is 5‘)

inserted at the head of the confllct chain so that the confllct chalns

remain ordered as to most recently used. Also, the LRU chain poznters

are reordered to show this page as most recently used

A new page 22 is placed in cache 20 only when a requested sector is

found not to be. in the cache. The method was described rn the prev1ous

sectlon Thls sectlon wlll describe how a page 1s actually allocated so .-

that

it can be placed in the cache structure. There are two ways that a

page may be allocated. If there is one or ‘more pages in the cache free

' list,
page.

one page is removed from the free list and allocated for the new '

If there are no pages in the cache free 1lst, the page that is



"pointers 28 and 30 pointing to the ends of the list and the various pages
22 being chained by the LRU Next the LRU Previous- pointers. Since the cache
..always trfies to allocate fromthe free |jst before renoving pages- fromthe
“LRU. I'ist, it is possible to dynanlcally add nore pages to the cache once

t he« cache is operational. This is especially desirable.if the cache is

| rrpl\efment efcdp7S6d4 ware only. . The reasoming behind this is that ‘an
operating systemmay see that- main storage is not-being fully utilised. and’
-may decide that sone of that storage could be put to good use by giving
some (or apbjntef td1®yUthss BRU SHodnege is orembeed £rbm th¥heachenyteustuys 8idvi ng

pages fromthe cach | al b fedg;gv Qbe BH €ndgeke from-
the end of ® ?'ﬁé‘lﬁfiﬁ Sthe'l‘ﬁé% Q%i 5?9 : ées r%%glggeg%r?ceethe ﬁ_‘%e]s‘ cé’;mnot
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sufficiently saphist aGatéd Qp%étécﬁﬂtéﬂ iems peiftsagameand:an foée phoeage

may not be a problem Wienever. age i.§ acces t.he by a-
hit or by &nﬁmlé&gé%e‘l’ﬁ?@eaﬂ’a}gﬁéa =10 ) trs'ﬁ tg‘ zég' P § re%o@g%csjf]rgf)ém%!om@éd

current pogolbPRhe madshetdt?e b the aurd teted A® mmstsamma@mém the dp#k nt ed
to by the MRY pointer. Since th he,Rag td5E: |2'~.‘2 Poinberrdioedl, the
nmovi ng of [88¢ R ﬁ’?e iﬂﬁ Paie[ %I ‘gﬂ%écorrpl?%fn%y% ﬁé& s noVi ngr p%l nt er
“val ues ar oufmdn tihe Erdendiwt matiiefinal lyRtiere7axy)so °nger a"Y pages In
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easity acc

d wth-this desii (o) a t dto
be daone is ]{létf efdge 5 RBOYFGRe FHEERTHIN iﬁé’ Isgtupilgé Lh ttggeléﬁtﬁaﬁl?%ﬂﬁ
real | ocat eq,oflﬁ@éﬂst be .dnBBd ipsintimgpey&he hawdsi of rtbe hrstt#mi IEPZQJ varieusan never
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_ cac Is would allow file system _
structures such _as directories,-allocation bit maps, systemfiles, etc. to-

be kept in the §3$1%J§eu-f Ea&&oglﬁ.ﬁfsf EERNES ahbhat sidiethbaireg fistshefdrby a

read of a_yézmgslng pageJ grgg tﬁg éé% Efggioitnréagggs1ble to dynam;cally add more
pages to the cache once the cache is operational. This is especrally
:desirahle“lf the cache 1s 1mplemented in software only. The reasoning
.behlnd this is that an. operatlng system may see that main storage is not
belng fully utillsed and may decide that some of that storage could be

- put to good use by g1v1ng some (or all) of the unused storage to the

. cache.

The-converse (removing pages from‘the'cache) is possible also by
'remov1ng one or more pages from the end of the LRU list. This may not .
be desirable 51nce the pages cannot be guaranteed to be physrcally
'contlguous 1n storage. But given a suff1c1ently sophlstlcated operatxng

' system the fragmentatlon of storage may not be a problem.

“ﬁhenemer a page is accessed-in the cache {(either by a hit or by a
new- page belng allocated), that page is removed from its current
pos;tlon in the LRU list and moved to the head of the list pointed to by -
the MRU pOLnter. Since the cache page structure is pointer based, the
moving of pages in the LRU 11st is accompllshed by 51mp1y mov;ng po;nter '

values -around, in a known manner. -



pinning in a useful manner it is desirable to-have cooperation between-the
cachg and the operating system or at least a utility of the operating

system The utility would informthe cache that until signalled otherw se,

the requested pages are not to be placed in the LRU. The utility would

- thenf read the sector(s), -files(s), etc. and then. signal the cache that. a

LRU. The cache woudA
ther cack&®-8@n@&ts shoul d place the pages into the

L;\r/e to be sen3|?| ve to the fact that sone pages nay not be part of 'élhe LRU
and should not be inserted into the LRU when accessed. This can be done
when-a cache hi PadEchianipg Hecking pagsee pdgeshin k) Pkt FtdhaidRd U&PL!&

e ot o _be placed.in the LR
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tructure to suppof’2 DiSnFeRe FF’be 8
\?\/mrgﬁ ;Jhe sahdelatidt from. tive LRU QlLsk$ £@3@£"t§ﬂt'ﬂs "i‘noéef he Q[R%Cf %{r es,called

aJut the
ESYS enyj.onal rams and vvare
rcr:é?;od of ! Fﬁgg?%iﬁ%%l%"ggﬁ b Ja‘}{“aﬁpio %@Rlﬁrv@gpatrﬁmeimeetgs ta;'ermad dat a
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as an int er Pt ﬁ%ﬁdl rli?ﬁfli‘fbtflercﬁchee?qrepwd]geamrmaaﬁ y;ﬁemo@ut;héme

various pr @eé@rfésshhasbyléaedadrbfdetﬁdﬂgebPhQW 1 oBRAERLS r(%EEOS %act as

ESYS system ap ear That
BI CS 44 and;g H{ea 0S_44 CH A
“the opg’r1 aﬁ ‘?:E!l‘:‘s ahm Ot BAYSSOAR At EbIEhEGbh,

: BCQ 87- 004 the cache and the operat:.ng systlaﬂl ld&det 1ea8t GOREL it be BHOS 44, data .
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hen made aval |l a
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bor“:a'r“ ngsi&ﬁal Eﬁ3 %gc tgat q furt er cache requests should pPlace the pages

into the LRU.

The cache would have to be.sensitive to the fact that some pages
3-may not be part of the LRU and should not be inserted into the LRU when
accessed. .This .can be done when' a cache hit occurs by. checking to see .
if the LRU Next and Previous fields are 0. If they are, the page is not
to be placed in the LRU. In this way, no extra bits or flags. need to be
made part of the cache page structure to support pinning. .

Fig. 6 illustrates the general manner in which the method of the
invention is embodled in a set of. procedures called CACHESYS 1nteracts
with conventlonal ‘programs. and hardware to carry out the method of the
invention. When an application brogram 40 needs to read data from a
disk 18, DOS 42 is 1nvoked and it, by means of a conventional 1nterrupt
13H, call would invoke basic input/output system (BIOS) 44. CACHESYS 50
is 1nterposed between DOS 42 and BIOS 44.and may be constructed as an
interrupt handling routlne for intercepting and carrying out the various
procedures described in deta11 below. It appears to DOS to act as BIOS
44 and relatlve to BIOS 44, CACHESYS system appears like DOS 42. That
is, the operatlon of CACHESYS 50 is transparent to DOS 42 and BIOS 44.



blaced in buffer 21 and nmade available to the application program 1f the
data is not in cache 20, then CACHESYS woul d invoke BICS 44 to have the
data. read fromdisk 18 into buffer 21, fromwhence it will be nade
avai l able to the application program Further, on the instance of first
~usagge of such data, it would al so be placed in cache 20 to be available for
subsgquent §§§ 9t¢&PS Addi ti onal |y, near?¥ consecutive sectors would al so
be prefetch B "9%ad into cache 20. Refefrring now to Fig. 7, when the
procedures 50 are i nvoked as by intercepting the interrupt, step 100

determ nes. Gx'ide‘}al:ﬁé“c@k@:?bﬁ.t Qﬁ 511696454 | H&%}?@&P digR!® 3 Gutld Qénérgﬁ T gf the

desired sector | acdes e caontents t he has e at the
i ndex into ahwshanﬂréwm)m %Psdmuﬁﬁﬂ ahdinsmagp fGQrQF@t andrithen “\ﬁﬁét her or

not PAGE PTROQuBlS téetn: bfpHicdBidny pkbdra@nchrdugR p08Nfid ebndddRidnal If it is,
then a new pa read_in steg 106 and .the n dﬂe I S Iaced in the cache-

by step 108’ 'g‘fefer WhER CFRCEERYS 290ts gPeRationdt D@%‘£ d*¢ske ﬁepﬂ‘l"l cation. |If :
as a result inferseptingOthe tiheeyrage 13ai cdlar, 18 thetdesgued seotarecontdingémg st eps
112 and 114, eg%%{a&ld‘ﬁaki tshghgggfhg,ogp}_‘gr chéheP b nghggdétg &8 RS Hed pagﬁ

This i's done I Tst conpari ng € page pointer drive specification wt
t he desi redP%ﬁrqe@elfc@Hfﬁﬂm Rhgandhwadfy exailahle ttepthe apphingtien jprogram.helf

correct driyge afahsqsh&p ﬁléa&enmr efiedl RACHAsOfod1dC: RARE msnwrtom&a the
RBA ANDed with the RBA nm teps 112 and 114 Br oduc ggtlve

results, thEpe ?FE?) *F28 {f;?&a‘?’é’g‘ f‘?lemﬁﬁglﬁ‘fﬁﬁf rfiler S5 B?”r’i’? B9 age

in the conf bvaillabhaito e applivapi@r pssgnaml. | Furehemueon Uhiei instlaaceleffl fixktpage

S cached WARCUPOLCLNG ROSIY Lerd SFHL 3 bR, LIPITSES phOavklianit™

geger al purpose of steps er or e requested
sect ors ar ef¢n suhgeqvignheopsagions; f Aﬁﬁetywa#blyut nearby penseritiger 8aatorsfrom

step 130 pagsfs hPsd Bk Wrerat&fealdd 204 {6 &R&kOso.data is = BC9- 87- 004.
12 transferred fromits cache page 22 to buffer 21. If they are not, then

-the negative result fromstep 130 returns to step’ 106 for readi ng in the- .
page cont ai ni ngreferrdagidowdts FAGOrs,. whém thécbzrocéwmadm afranthvoked as by |

1ntercept1ng the interrupt, step 100 determines or calculates the 1ndex
into hash table 24 from the RBA of the des1red_seetor. Step 102 then
- "places the contents of the hash table at the index into a variable known
" as PAGE PTR and step 104 determines whether or not PAGE PTR equals zero
* “to signify the end of a conflict chain. If it is, then a new page is
- read in step 106 and the new page is placed in the cache by step 108,
“after which step 110 returns to DOS and the applxcatlon.' If as a result
of step 104, the page pointer is not equal to zero, then steps 112 and ;
W 114 determine if the page p01nter is pointing to the desired page.f This
is done by first comparing the page p01nter drive speclflcatlon with the
.desired drive contalnlng the data, in step 112, and if it is the correct
drive, ‘then step 114 compares the RBA of the page pointer with the RBA
ANDed with the RBA mask. If steps 112 and 114 produce negative results,
then step 116 updates the page p01nter to- point to the next page in the
conflict chain and this process will ‘continue until the desired page is

reached whereupon the positive results'in step'114 passes to 118.

The §enera1 purpose of steps 118-130 is to check whether or not the
a requested sectors are in the cache page. If they are, then a positive.

result from step 130 passes to return step 110 and the sector data is



-happens during steps 118-130, it will now be desirable to consider step 106
and how a new page is read into the cache. Step 106 is-a general step and
.the detailed step involved therein are showy in Figs. 8-12. However,

before descri bi ng in detail these various steps, an explanation W [ be
made of some variables and data structures used therein. ERROR HANDLI NG<,
Tabie 2 Ilsgcg.hh.mon;eanl ng of different- vanabl es used in the process. \=!
Thése variables are initialised in the beginning of the process. Error

list 31 (Fig. 2) includes, as schematically shown in Fig. 13, an error- hash

tabl € 150, tanbiémedchamidd2aand phge@d it6tbuksdr ther erHehay aQ'@ﬁncﬁ:gt EePer
page. The n chain d free ts are constructed and han _
“simlar to 1-{9-% LJA"‘Jfaoccizl‘é’ ux}eesgi‘(:j?sq FoFi 1R ﬁsqséﬂzwst 5° HtgR. 106 Sk reading Pras‘ﬂ‘e |
table is us&?@ebmgelrmvehe tdesdigyl ishetast orin bsder 8o nﬁidatstéﬁaldyww| I, it is
scanned evej d siyrabl e eep the
a&p&hénﬁuth&‘g" StbSs &19@5%' Hgés HJié'gb'ﬁ’Q’ 5{3 éies:ls.r% é to g)?ggftfe nﬁté)

search tine as short as possib Psuch
l ength bei M Oc AR BAY e AR SRaget ’-$ Fead deetherachp. and t he page RBA can be -
‘mani pul ated easily with ShlftS and a mask rather than with a divide. "The
justification f&{ tﬁf .over % me nurher of entries, is that errors on a
di'sk are usual | J5URi9eBPFRY, SEPR (Anfpthee fetaided jifep 1nvolyed thapein ant
since this argbshowni i Higsa@e28sediovserry béftre! duscebiiey Gnamtpiyhess |/ O

ElaCShBJ[?agl)e vh2 o0 is@&fs ' Qn %&Lﬁﬂzoﬁ k@ifgsﬁ r r sl:oxines .tvagfatbrllegsand data

Meani ng RBAtructures used therein.- - <. RBA of the page to ‘be read BUFFER -

PO NTER - © . =--Pointer to where the data will be.read into PAGE .-
- SI'ZE - ' - 7 Nurrber of sectors in.a page (2 4 or 8) RBA I\/ASM
- :NOT(PAGE SIZE—l) (i.e. RROR. HANDLING

_Table 2 lists the meaning of different variables used in the -
- Process.: These varlables are inltialised in the beginning of the
... process. Error list 31 (Fig. 2) includes, as schematically shown in
Fig. 13, an error hash table ;50, conflict chain 152 and free.llst-154
'there_heing one.entry per page. The conflict;chains_ahd free lists are
- _constructed and handled similar to the proeedures described relative to
Figs. 3 and 4. A hash table is used because even though the error llst
~ is relatively small, it is scanned every tlme there is a phy51cal I/0
. and it is desirable to keep the search t1me -as short as possible. Hash
table 150 is 64 indexes long, such length being chosen because it is a.
power of two and the page RBA can be manipulated ea511y with shlfts and | (;j
a mask rather . than with a d;v1de. The justificat;on for thls over a B
_pr1me number of entrles, is that errors on a disk are usually fairly
uniformly dlstrlbuted and speed is most 1mportant ‘since this table will |
be accessed every time the cache does physical I/O._ Hash table 150
-*points,tg conflict cha;ns.of error list entries. -



* OFFFFFFFC) RBA SHIFT [err] "(PAGE SIZE) (i.e. 1, 2 or
'3 for PAGE SI'ZE 2, 4 or 8) SEC COUNT MASK - PAGE SIZE-1 ERROR
MASK - . " - = Nunber of biits = PAGE SIZErlght justified in a
*word- (i.e. 0003, OOOF, QOOCFF for PAGE SI ZE 2, 4 or 8) TABLE 2 VARI ABLES
Tabt® 3 (foll ow ng) deflnes the structure of each entry in the error |ist.

Fi e;‘&d/ : tents 13 Bytes 1 Present Fl ags
2 2 BCo- 87CERP“V_e | D S _ 13 - - Bl ock "Addr ess

4 4 _ Conflict Next 25 L Confli ct

Previ ous +ariable 2 Field Meaning “'Meaning 1

This field contarns a set of'flags or bits that ‘i'ndicate which sectors in a

page have errors. The "BAD' ‘sectors are.indicated with O bits in the
positions Renthe fi el d and sectors mmm vageé ook aepd present, are

| ndi cat ed BC9- 87- 004- Pointer to where the data will 14 2.
This fiel dgcontRal ns t%e drive nunbero':t)xtc e'fheo drive where the page is :
| ocated. 3 This is the RPAXPIUtIEf|rst sector of the page. 4
This fiel dpp@i Beget0_the next error whivsr 6f lsdetolscinra agey in the conflict
chain. 5 . This field p0|n(§ t,0 t previous error list structure
in'the conflict chain TABLE 3 ERROR'E1 &1 UCTURE
RBA MASK - = = NOT (PAGE SIZE-1) (i.e.
_ _ _ o OFFFFFFFC)
RBA SHIFT | - = log, (PAGE SIZE) (i.e. 1, 2
, ' or 3 for PAGE SIZE 2, 4 or 8)
. ' SEC COUNT MASK - PAGE SIZE-1

ERROR MASK - = Number of bits = PAGE SIZE
' | ' - right justified in a word (i.e. 0003,
000F, OOFF for PAGE SIZE 2, 4 or 8)

TABLE 2 VARIABLES

Table 3 (follow1ng) deflnes the structure of each entry in the

'.error list.

Field Contents . - Bytes
‘ -1 Present Flags 2
o = _ |

2 Drive ID _ ;
3:_ Block Address 4
4 Conflict Next = 2
5- Conflict Previous 2

Field ° - : Meaning
1 e This f1e1d contalns a set of flags or bits that 1nd1cate

"whlch sectors in a page have errors. The "BAD" sectors
are indicated with 0 b1ts in the p051t10ns in the field
and sectors in whlch valid data is present, are 1nd1cated

by 1 bit.



Referring nowto Fig. 8, the start of the process for reading in a new page
begins with step 132. The general process shown in Fig. 8 deternines _
whet her the cache has previously seen an error in the page to be read in.
In step 132, the RBA of the desired sector is ANDed with the RBA mask and
~the result is used in step 134 to calculate the index into error hash talbte
150.¢ The i g?e:%jﬁ cal cul ated as the remainder from doing a nodul o 64 5—1' :
operation ug ' Sh ‘flng right the result fldom step 132 by the anount .of the
‘RBA shift. Next, variable PTR, in step 136, is set to the contents of the

error hash tapl e | ocated. at %QSEI ndex cal cul ated from134. |If the PTRis ,
not set to zero, then st S rﬁ?ﬂztl‘?é’é‘st@elﬂvvéndunbsgreﬁehmdﬁihe wteidi ti on

where there is an errorthenpage dm ideate@nflict chain. Step 140 then .
determines if the drive IDis the same as that of the drive containing the

page in which an error has occurred. . If it is not, then step 144 indexes
the pointer ahd ther eupdistipshe m&}ugfl ttheef mtt sédtokyod Rhk Hageonf | i Ct
chain. If the result of step 140 is positive, then 142 determnes if the’

. desired RBA g rrespondsr#‘nth that of the error list entry. If not, then
"they go onto the next erltty Ji9l8ReipsRYo the Nest erFoe Yisti struetary aut from:

 step 138 indicates that enhey dnsend abaehfergendias not had an error before and
' therefore an attenpt will be nade to read the full page by sending a single
command to the disk controller to read the nunber of sectors in-a page.
Positive det@&rnination Fhimijedd rbifts noi tind pretitab éhorPpas Bed:R8ré1mor

before and that it wll ¢he croe@g,_étegf,g{n by sector by sending plural commnds
to the disk controller to read only one sector each tinme. - BC9-87-004 ~

15 Referring nowto Fig. 9, by a call to BIOS, step 160 obtalnsthe PAGE

SI ZE, number of sectors per peapreaBckRF0R BB4 Sfrdcigrstarting sector. 1f no
error occurred during the reading, then step 162 branches to 164 which

“thereupon sets the present bits indicating that all sectors are present in
t he page. That Re§er¥j(1‘8ré°‘f $onbidral, sthet staxi of[4heI process for reading in a

new page beg;ns with step 132. The general process shown in Fig. 8
determines whether the cache has previously seen an error in the page to
be read in. 1In step 132, the ‘RBA of the desired sector is ANDed with
the RBA mask. and the result is used in step 134 to calculate the index
into error hash table 150. The 1ndex is calculated as the remalnder
from doing ‘a modulo 64 operation upon sh1ft1ng right the result from
step 132 by the amount of the RBA shift. Next, var;able PTR, 1n step
136, is set. to the contents of the error hash table located at the index
_ calculated from 134. If the PTR is not set to zero, then step 138

branches to 140 and represents the condition where there is an _error - 'kﬁ) '

entry on the conflict chain. Step 140 then determlnes if the drxve D

| is the same as that of the drive containing the page in which an error

" has occurred. If it is not, then step 144 1ndexes the pointer and

- thereupon steps through the next entry 1n the confllct chain. If the
result of step 140 is positive, then- 142 determlnes if the desired RBA
corresponds with that of the'error list entry. If not, then they go
onto the next entry in the confllct list. The p051t1ve output from step
;138 1nd1cates that the assoclated page has not had an error before and -
therefore an attempt will be made to read the full page by sending a
s1ng1e command. to the disk controller to. read the number of sectors in a.

_page. Positive determlnatlon from step ‘142 indlcates that the page had
an error before and that it will be read sector by sector by sending

plural commands to the disk controller to read only one sector each
tlme -



encount ered dyring readi ng such sector and valid data.is present in each
sector. Step 166 sets the variable CURPTR to point.to the address of the
fat a buf fer 21 into which a sector wl | be read. St eps 168-176 then
lnltla|lse various variables as indicated.- Next, a call is nade to BICS
and {n step 178 one sector is read associated W|th the current RBA. . If no
err ofs occurgeg_%bem‘;lso t hereupon brancheslgo step 182. If an error occurs
during such reading, the present flag associated vvp_th such error is set to
zero in step 184 by exclusive-ORing with a bit mask, to indicate that the
error or sector Raferriag.ncwt ep FL§6 9,hep setamauo BIOSQI stapd @60 rbaaiya dhece

wih Lhe IebRGN seade SREITLRGLESM LI LEaduOPer ot Olps 8RN, St OPS

182- 188 upda e ‘current ent t to
poi nt to theeskext SECnOrenkae rangpo¥erd ﬁwmot@gea@lnqepmeatwléz dyang@s -

until the ceyniss shichdbkBdubén 6L the%&ge&@%ﬁb%a@@gei%stﬁmesmrs.e&&?rspage |

that has just been read is ITn the error tab page is not.in the
error tabl %% RSt pn 18 BR%NC B bs'sltéﬂrel% 1(<F|bgd SPGFW(-}\/rﬂrcﬁni?ét s an
el ement fr oanwuheéréd eeriﬂgsfealﬁﬂg guchesddeBy shdNeAliQr d4¥a Piptesént ibt&enlos

‘'t hen determn the ee | 8 oipter
equal to zero °rl'f P fﬁe% E‘ %}&@@%&%*FB@\TQ %Sdgfesb ‘2%
whi ch r et ur bke tdaga pqvégenmbim@ uhtbhearmtoodell b reqad ‘eftens iﬁ%—d75| §htenj s

not enpty, §Lﬁﬁ§1%s9e6 vZQ:?outsh%l— aﬂﬁéH las ¥V Edd. O nRL Ty dalll Gid dieert[,ohdgash i
i

table. This 1s done ¥ set t|n the error free poi nter to equal the error
free poi nt efnhdRt step & %[5’“28? SEts mepd Hés‘?ﬂé\ﬂ/té? M ED fdienewrrepE e’?ént L)

eglsg’lt t he 0?6 rea»s:aemﬂscgas,prseslen@obmerleﬁ;r&i Bf?ank%s tektépigst he IEeHVl REESH ]

P er .nex I N _accqrdanc val ue 1 1aQ | rror ash
Pabl o, and PREITSCBTrR MR HLER A PTRAES 169 (RE°REAVR PSP FETnEErod
step 202. isB@®-87280d in step 184 by exclusive-ORing wi6h Bhéiprmessdurcee shown in
Fig. 11 chegks Lbe Jh%ﬂué-&t Q%%egwsre%tép wal 534 .OUSt B’ 18Y then YR’ BPrar! 8

are identical to steps 11
code in accordance thh~the return code stemmlng from the read _operation

of step 178. Steps 182-188 update the current RBA, current pointer, b1t
mask and count to p01nt to the next: sector whereupon the process is
repeated_by.step 190 untll the count is reduced to zerd. Step 192 then
decides whether the page that has just been read is in the error table
31.

If the page 1s not in the error table, then step 192 branches to

step 193 (Fig. 10) which gets an element from error free list 154 by

K,/ ' setting a_new error pointer. .Step 194 then determines was the:error'
free list empty i.e., is new error pointer equal to zero. If it is,
then the hranch is made-from-194 to.steptzoﬁ'which returns the present
hits:and error code. If the_error free list is not empty, steps 196-202
then insert'a new error entry into the error hash table. This is done
by setting the error free pointer*to~equa1 the error free pointer next
in step 186, setting the new error pointer present to equal the -
"corresponding present hit in step 198, setting the new error pointer
next in accordance_with the value from thelindeg of the error hash
table, and then setting the error hash index to the new error pointer in

step 202.



according to the entry and exit points. Thus steps 118-130, because of

this variation, check to see if the requested sectors are in the tache page
and prodUCe a positive result fromstep 130 when all of the sectors are i-n
a page. - The negative result indicates that not all of the requested o
sectors are in a page so that the operatlng system nmust be trying to- \gf.
perf or m sopeofer-opof error recovery. On hige other hand, steps.206-218 ar®”
used to check if the requested sectors have had previous errors. The
positive result fromstep 218 indicates the page has-errors but the

request ed sect @hs nhmemirev\/emmmntﬂl@ e &hbyes 'i:ﬁétﬂehuéét.%@ gé&oﬁcgdfo(rat es the -

d A and mask SECCOUNT -are
ANDo and PHeiBaE g1348s O BELR 2bE- A0 Pre dhuntithr T afbe S18p390u Mem cets
the presengcesirding GOeHM%llentne apgi m:&rpq:imesent'rhabl dtiepsd Iﬂsglnxob)beéilfseadpunt

f th hi e e S l. ZE— nus -
'?he nﬁ r’d?) e:’ ag]fé: ggﬁaglifﬁ Qg@éﬁ’ t%lgéep ﬁ dﬁlieg 'Srfague[esgg sec% % arg Airr* the gcac ght -
the error R 2BY BIRUSH GnP°s&é'-68? dieqglt Frem estﬁask%?n When aIlh €% thersectons

present bi a:se dnea AbBed Whelneyatesd raBste iiAasdaels Ahdeansl 'abf'bfetﬁ;% usi ve- ORed
216 whereupon_step 218 tests-the results. This

with the tg SAER
~procedure |s 1 V%A(ntsgﬁ%ocfuss FodBuRPA%E TRUTERT FhEPRATALIRG SYFtamBRet dee errors
in the reqtrngdta perfmm spuchdatm méserﬁqrngedo@ekpopen £ile Bthdr Rhka,deeds ON

h It t t eofthefllowln exanpl e.
Pﬁtw{i| ch |fﬁ?‘2i%§4§ﬁﬁr§j&t Egtéhfehquig z%(&g sgffoi?asv 2 LLPEFVIPISE the

- page (the®S%Eh JTheRasitive rapuksy £oem tSI#ePIZi@t imdin'steme:hpagsevm eefsksand -
SO its corkas ﬂﬁﬂ@e&@eﬁe&sﬁé&tobstdd %06 Whet@ad hO-nebabPlve $e ARV EHSS ng'

exanpl e of W rocedur.e - wor k en a requested sector 1s 1n page U
'tha{rphas er'lrbgfg ?ﬁ?q}‘%ﬁﬁf&f*‘e‘ﬁ% 2y $F"8t one of the errors. The
exanpl e ‘W | | read tvvo sectors starting at sector 3 of the page. Table 5

shows an exanpige by tdyeS. %LO cEAULS M'sqpsﬁcé este %ftagé tgl?zlf%%ﬁ agterr'lo.r.

during a previous rea exanpl e W
sector 4 FrorRd- ﬁ%aﬁ%ﬁ vari§§§§ glrifyggunt. Step 208 then sets the présént bits -

to equal the pointer present shifted right by the amount of the shift -
._count. Step 210 sets maskshift equal to the PAGE SIZE. minus the number
of sectors.. Step 212 produces a test mask by shifting right the error
" mask by an amount according to the maskshift.- Thereupon, the present
bits are ANDed with a test mask in step 214 and then exclusive-ORed with
the test mask in step 216 whereupon step 218 tests:the results. .This
procedure is advantageous because it quickly determines if there are
errors in the requested sectors w1thout resorting to loops or multiple ' _
dec1sion paths.: It might also- be“better understood with use of the _ - .\_)
.'follow1ng example in which it is assumed ‘that ‘the” §hGE -SIZE is 8 '

B il S N

sectors, sector 5 ‘of the page. (the sifth sectorf had“gnwerror the last

. time the page was read and so its correspondxng'present bit is set to
zero. Table 4 provides an example of how the procedure works when a’
requested sector is in a page that has errors- but the“reqnested sector 'T:
is not one of ‘the errors. ‘The example will read two sectors starting até
sector 3 of the page. Table 5 shows an examﬁlemof this procedure when a {
requested sector has had an error during a prev1ous read. The example

will read two sectors starting at sector 4 of the ‘page.



0000 0000 111.1 1111 error mask 0000 000
O 0000 -'0011 . - test nask0000 0000 1101 ‘111
1 ~ .present flags 00 0.0 0000 00012 :+¥011 step 212 0O
000 0000 0000 0011 step 214 0000 0000 0 -
000 .0000O step 216 TABLE 4 NO ERRORS |'N REQUESTED SECTORS
o000 0000 1111 1111 error mask 000 0 000
0 L0 0 0 BE9-8760Q# 1. test mask 0 0 03 00 0 0 1101 1111
present flags 0000 0-00°0 0000 1101 - step 212 0 0 0
0 0000 0 Q ) : step 214 00 0000 000
0 001009000 0 t%é’zikgrieLE 2 EfrRS | ﬂEt%E%tED SECTORS Referring

now to Figo d2 0step02@® regul psofron®d rlegat itest deskrmi nation in step 218
(Fig. 11) gnd f£gus esent objt 40; tielset PeSntOEfiRface W th the PTR
present. gt gzze‘ief%nt he count equal to PAEE SI ZE, step 224 sets the
CURRBA t 0 éq@.rél Ot hed® REMO st@P 925 sétQ IOURPTRSEERIAL2t 0 pointer into the
data buffep gnfost &P o282 seb o ohe biotomrak tosegparsone. Step 230 then
det er mi nes whet her the current sgct @r- hqa an error,before by ANDi ng the
present bi @ 3rfi%i ® Re®i@ 90 Ohl r&sUY Cdoes AR %2Gual zero, step 232 then
reads, by means of a BIOS call, one sector at the CURRBA. The step 234
then deternines if there W??E r Gb lcpafiged. | f there was,
step 236 sets the present ags oékl(&{r? catgﬂﬁ?gt there was an error and

al so saves the error:-code in step 238. St ep 240, "and fol | ow ng, noves to

t he next sgc%qr oby d @cbejrenilpg 1heCURRBA in e&;_-ep mdd4Q. The CURPTR i s then |
i ncrement e t he nunber- of bytes per sector in 242 and the bit mask is

ski fted Ie1°t°0918 ih0sPeh 2840 0 FheO%Buhd i s FEEF ISRt ed in step 246. Vhen
it reachesozerwo a dmaoch is ede i step 204 p@:Esgzt fh3gs Ot herw se, step

248 t hen d§t r({ngnes %hgt alb 6I6e secltﬁré have &8{: ﬂgen read and therefore

branches b ste to Tepeat ‘the pro ess
' 0000 0000 O0OO0CO0OO0 0001 step 214

0000 0000 0000 0010  step 216
TAELE 5. ERRORS IN REQUESTED SECTORS

- Referring now to Fig. 12, step 220 results from a negatlve '
‘determination in step 218 (Flg. 11) and causes a present bit to be set
in accordance with the PTR present. - Step 222 sets the count equal to -
PAGE SIZE, step 224 sets the CURRBA to equal the RBA, step 226 sets
CURPTR equal to p01nter ‘into the data buffer and step 228 sets the b1t

A . l mask to equal one. Step 230 then determlnes whether the current ‘sector
| had an error before by ANDing the present bit and bit mask. If the
result does not equal zero, step 232 then reads, by means of a BIOS
'call, one ‘sector at the CURRBA. The step 234 then determlnes if there
was an error during such reeding._ If there was, step 236 sets the
present flags to indicate that there was an error and also saves the .
| error code in step 238. Step 240, and following, moves to the next
sector by 1ncrement1ng the CURRBA in step 240. The CURPTR is then
. 1ncremented by the number of bytes per sector in 242 and the bit mask is
sh1fted left one, in step 244. The count ls decremented 1n step 246.
When it reaches zero, a branch is made in step 204 (F1g 10).
Otherw1se, step 248 ‘then determines that all the sectors have not been

read and therefore branches back to step 230 to repeat the process.



BC9- 87- 004- - 18 The fol I owi ng sumar i ses operation
of the procedures. Media defects are-managed with the present flags in t he
.cache.pages structure. Wien an attenpt - is made to read in a page fromithe
disk, if an error is returned the cache recovers in the fol | owi ng manner:

1. . It "backs up" to the first sector of the page. 2. It starts read|@:-
t he sect or s BOt+®7+4094 - page buffer one at a jgme. Each tinme it read_s_ I N axme
sector. successfully, it sets a corresponding present flag. 3. 1f an error -

I's encountered while reading a sector, the present flag for that sector is
cleared (set to TP &pblouprs @pmneztlsepmpwetﬁonabe thedptadaased.! hd sector.

d n.the e have been read. (one
2 5 time). “Ef*;g} et potd Wich MR BRlsah? {105} PFRE Gaphe megetietiBrzeet

the sectors r%‘& SERYFTPEOH] fRAe e Kead dnnd paeghrom. the dible, Gorireepandiiag
present bit retuged tle Qachd revdrieid ask £911061 L hiinegd Whil e reading from
the device is returned to the requestor. The proce ure is slightly
different. if the page that corresponds to the request is already in the

cache. It is hdndl e "hackscup'bitborhe§iPRNBEEEOr of the page. - L
The present flags are scanned to deternmine if one or nore of the requested
'sectors is missing. _If none is mssing, then the cache operates in a

normal manner afd tH& 8EARES Seadinarthedsectorheinteqties bage baffer lohe OE 2O .
more sectors are m :9n8g, Eath %ikBOSE rs58d QhSs H%QTE %gc?sﬁggf*fe d Trom the

te
disk are read. If ng_errors, are. encountered e rea e ‘épﬁﬁ"&pﬁl a
sectors are marked pPéﬁ%ﬁ{P"?’rP% ﬁéeieé‘éhﬁlaﬁage and processing contl nues.

BC9- 87- 004 _ ' 19 :

3. If an error ls-encountered whlle reading a sector,.the pPresent -
' flag for that sector is cleared (set to 0) -and appropriate
_p01nters are updated as if the sector were read in.

4. -- Once aiI“oftthe:sectors An thewpageihave been'read (one at a’

" time), the present bits are scanned to determ1ne if one, or
more, of the sectors requested from the cache is missing,
i. €., the correspondlng present b1t 1s set to 0 If so the

last error received while readlng from the dev1ce is returned
to the requestor.

The procedure is sllghtly dlfferent 1f the page that corresponds to

the request is already in the cache. It is handled in the followang \_)
manner: . - g e e . ~

v
-

1. The present flags -are scanned to determlne if one or more of .
' the requested sectors isg mlssing. CIf _none _ is missing, then -

the cache operates 1n a normal manner and the data is returned

e

. to the requestor.
2. - If one" or more sectors are mlssing, only those sectors that
need t6 be read from the disk are read.' If no .errors are'
encountered wh11e readlng, the approprlate sectors are marked

present 1n the cache page and’ processlng contlnues._



“This scheme allows the cache to have "hol es" that correspond to the errors
in the nmedia wi thout |oss of data or by significantly adding to the

sconpl eX|ty of the cache. It also allows the operating systemto attenpt to
retry. operatlons and recover data in an error situation w thout the cache
meki ng:the operating systenmls task nore difficult. Wen the cache

.ence ters an error it determ nes which sector(s) of the page are in error
and | eaves BRoPEP04in the page that corréshond to the sectors in error.
Al'so produced. by the error recovery process is a 16 bit value that is

f dt t h t fl th bi t th
[ ags, then ¢ heMBagRHEE Theve itorechs, Poeve) holfts SRt SORFRFRYI P it
page, the caches dat eliermadsa iwhthduits 1gegef histahad byr signd £eioly addibg does
t hi by h | . t t that
Lhis by astm ngoﬂpri%g%ﬁp ?rai!h%r céch% V!t Q%%J'%Il tﬁe %?’Sb‘réaigléxgg étem é@ page

isin the li € I's not on o the list.
| f the pagextfaupth&d eemrarspdsef-mr@ am]ereetﬂvetrhéamlmm egremAiteatdene: 1.

Keep the pra¢homs tRECSRAL rﬁél&&i -thé: operggﬂlgaﬁﬁsééﬂﬁ sPEkedrel BBES Mt h the
ones just produced. This is at the software -cache inplenented. 3.

Logi cally AND the two sets of the present flags and save the result. Thi s
i mplies that | fwifenS €Kd @achd) efcPREEre LAY et At detefminek wﬂch swiobts)r efid

unless it ecificall reay ed. 4, qoically
pr.esent flags g T Save t 1emrre ‘ftleavelan gollel-s in %'F t%agq %ﬂﬁ Eéé‘%é?&é % page
was ever rethe serhowssinieryor.t hﬂmet@wﬂlbmtbaﬁmx yeroveryaprqaess | is all of -

the bits imd Be: Raagninatl A0 :8868YoK: bl uibRoschbormiB! Y HrS FQDURL ahor al
| east not placed) - in the error 1ist. his.is done for several reasons.

The f i rst - iZe¥PnRits) in aﬂhleﬁﬁvsﬂlaﬁé' é'-thBrthlel B19% BahEnfuth "SRRISTEPTS And since
the operating systemtends to de-allocate entire '~ BC9-87-004

20 tracks when € e_are manufact uring _nedi de def gcts t he opegatthlgggars?\éstem
. et
wi'll. in generali %'E"efer frfoerrré’ﬁﬁ jtnhéf's'ee%gi1 east ¢ Gec ecgn n}eeﬁason 'S
' "has had errors before. It does this by hashing into an error list with

the page's RBA to see if that page is in the list. If the page is not

on the list, it is added to the list. If the page had had errors

“before, one of the follow1ng can be done:
" 1. Keep the previous present flaqs. '.. S _';-

2. " Replace the present flags with ﬁheroﬁes just pfoduced. This

- is what the software cache igplehented.

N - 3. ngically AND the two sets of tﬁe present flags and.seve.the
' result. . This implies that if a sector in a page ever had an

error it will not be read unless it is specifically fequested.

4. LOgically'OR the two seﬁs of present flags and save the .
result. This implies that if a sector in a page was ever read

successfully, the cache will always try to ;ead it.

If all of the bits in the'present flag are ever all zero, the entry
is removed (or at least not placed) in the error list. This is done for
several reasons. The first is that it allows the error list to be much

smaller. And since the operating system tends to de—-allocate entlrel



if a page has no good sectors in it, then the operating systemis in a .
general error recovery state and performance is not critical. There is
~also tittle that the cache could do with the page anyway so the cache-does
not waste space by keeping track of that error. Wen a request is nmade to
the cache-that results in a cache nmiss, the systemfirst determines if tfie

_pagé t hat igcd-p7absyit to read has ever hadgserrors before... If the page “r&s
had previous errors, the systemsees if one of-the sectors requested was
flagged as an error. |If none of the sectors requested had an error then

the sect or stofckshehgpaghe aré aadutdbtAPendinedid IR S, PRLNY VSN éheys
sector(s) t Aty \Jz_\greénie%frr?r; Thus, the error(s) have been avou':] YSEFP or
retries by tHe initrator "oF &Y &qkeeE HheseafTeified Teneecantl reasonuis tthalt
sector has ha@d prgohgsine gbdd seetormadnhit,! BRert 268 Coperdting! bpdtehhss GhF Q7

avoi dance dg&srk ent. the e frompre-fetching sector(s) that i1t has |
experienced er-f%?sé}gﬁili - '?%10. eggg%t gp%sgerg?zémaﬁng *’(5([5‘8?‘0‘?‘?‘?‘ C3lequBharegis

BCO- 87- 004 &lso little that the cache could b @L¥Y WBe lpage dnyvevhes thé @pheati ng

a personal EEEPHSEwaBed ispEce B¥RkiegTREO MR S ikfLPL,2,PASD cache for storing
pages of sectors of data read consecutively one sector at a tine froma

-di sk having storage nedia.defects.therein, and wherein-an operating system
nmanages the trawisrer odqudat aist fadedof €HENcatnaRRLE GRLLHDYL Eﬁoagrca@wmss{ :
buffering augeg as. 1l LS. heing transferred, characterised by the steps: -

of: dinr esponsegr%ma?lrig%u%% l}s"?'lné%all-f?‘gc}'f'-"? PRIRITRET 4t 8 AROBE i &Erd detor from
sai'd di sk, FVeadIYerrREgbefanem St Ghelipge hdd bhd pageimenefidts, Sehd system

pr edet er mi radssmbﬁé.-ﬁj@h@@ckggl%q@&ggtwglgﬁgﬁogé anS&Ld, 0T e‘&et-er m ned.
0

sector and Itg prefetched sectors being |ocated 1n consecutve 10838 ons \J
on.said di sK; “BRIEEEPRFGISTEr dtachan Arrer Wiennthes sepkarsvef thetmayet srare .
made to reasadaim che b actime Sk{gPihgi sUeROthE deedtqEP Ot were in error

Thus, the error(s) have been avoided. - . S '

Error #etries by the initiator of a request are allowed.sihce_if a
requested sector has had errors it will be read by the cache. all that
the error avoidance does is'prevént.the qachg_ffom pﬁe-fetéhing
sector(s) that iﬁ has experienéed griprs,on.if those sector(s) are not
explicitly requested.. -



‘and, in response to said error signals, storing in said cache indications
‘of which sectors correspond to such error signals. 2.. A '

ito claim1, in which said reading step conprises storing gﬂlwmnﬂn“ﬂmgm
sectar for which an error signal is absent, in said cache ahd Settimg an »
i ndi cation corresponding to such-sector to signify that valid data from
suchic€ector is present in said cache. 3. A nmet hod according. to claim1l or
cl ai_{m 2, iredos87+094t he al l ocating to each2mpage in said cache a '

pr edet er mi ned nunber of consecutive storage. |l ocations for storing sectors
of data fromsaid disk and in which said reading step conprises reading
said data fromsaid sectors into storagéAIMications all ocated thereto,
whereby in response to said error signals said reading step is skipped so
that said indications corresponding to said sectors for which error signals
are gener at®ed, 3iGHPPY ofnePeIBELic e PATSPART FoBBRLET RREaR (R MAR MPFOFYCat i ons
al | ocat ed tpgrovidingS&WASDScache PO s8drilddpages of sectors of data read 22 4. '

A net hod ding. | ai | aj.m 3 ri sipg .providing in.said
cache Tor - carepadeePnEnd; fetofar art s trou sk FRPE TPPR g ng 1

nunber to tdefeptmitbereain, @l gherdin an ppgestisgcsysten worges sbadinagsiar af
di fferent FHaQ:Qe{:@rAF(H%O i 2B hi?e%‘t@or?%%&faﬁu by ﬁ%@@:ﬂ@g?sel%:ﬂgr (stt ting each

bit to alternatively signi é e preséncé or absence of va ata in said
cor r espondikfgne eespigrefathatadiegdseh bethe ebeeofs. A net hod according
to claim4 conprising providing a second request signal for a sector of
data stored in'said.-cache, and, in response.to saj.d second request signal,
accessing the offe Z8FPREFIEDAERTHSh; T’s?%&ﬁ%ﬁ%%df‘ﬂga PEe%%rﬂb'lﬁfeﬁ%tg’r
ségior to aboBréxidndidle veddidgty pefe dxba ddidr &isk, ehich pagenetdiednacsedddi ng
to any of t dp{%“ : ' j S JFe L SEBPS.. £ regting and storing
In said Caclﬂ'g a iSl?%?;;‘é%?&ﬁggga%ggg%ogxa%{:%g@%ngeﬁoﬁg, \%%trlg stored in _
sai.d cache Rredetfrmdned £eLCK R Hafd Prefetehes sectors being located in

_consecutive locations on said disk;

selectively generating error signals whenever attempts are made to

read data from sectors'containing media defects;

and, ih'réspéﬁse“td said error signals, storing in said cache

‘indications of which sectors correspond - to such error signals.

2.: A method according to claim 1, in which said reading step comprises
stéring:data read from a sector for which an error signal is absent,-in
-/ ' said cache and setting an indication corresponding to such sector to

signify ﬁhgtﬁﬁélid data.from such.sector is present in said cache.

3. A method aééé;diﬁg gd claim 1 or ciaimkz,.includigg the allocéting'
to each page in Eaid-caéhe a pfedété;mihed'nﬁmbe%.ofﬂéonsgcﬁtive storage
locations for storihg'éectorS'of data from said disk an§ in which said
réading step compriééé"E3331ﬁ6m3333$33£é“ffaﬁ“§éid seéto;s into storage
1océtions allocated thereto, whereby in response té Saidlerror signals
said reading step is skipped so that said.indications corresponding to
said sectors for which error signéls ére generafed;'éignify'tﬁe absence

of valid data in said storage locations allocated to such sectors.



nethod acco

“there is an entry, such status including an indication of each sector i it

ne sector in con t|On with the reading of which-an error signal was

u ﬂ' sponse to said request signal, accessing said-*history

ﬂﬂﬂlﬁﬁﬂ!“a“ for the page containing the requested sector. 7. - A
rding to claim®6, conprising the step of: providing in said.

history | mabcgiopps of the status of alj),sectors in each page for mhlch

conﬁectlon with the reading thereof an error signal was generated. 8. A
met hod according to claim 7, conprising the step of: updating said history

i ndi cati oss ea@hméihod &cdda@énd %ol €RfAmi Pidk Shish 87 ot 8 1ndhiey 1 RARF shher @
I's afn eXi %&i&‘ '%a?:ﬂé I’f¥>r eac%aﬁggeh Itgerein a plurality of present bits
' -corresponding in number to the number of sectors 1n a page, ‘each bit
corresponding to a different predetermined one of said sectors in each
page, and setting each bit to alternatively signify the presence or
absence of valid data in said corresponding sector of data stored in

said cache.

5. A method according to claim 4 compr1s1ng prov1ding a second request
signal for a sector of data stored in said cache and, in response to
:"said second request signal, ‘accessing the one of said present bits ' \~)
corresponding to the requested sector to ascertain the validity of data -
therein.

6. A method according to any of the previous-claims, comprising the
steps of :

' creating and storing in'said'cache a historj'of.tHOSE'ﬁaées'which
"at one time were stored in said cache and which pages contained at _least
one sector in connection w1th the reading of which ‘an error 31gnal was

generated; and S

“in response to said request signal access1ng said history for
entries therein for the page containing the requested sector. o : N

e, e o -

7. . A method according to claim 6, comprising the step of:
prov1d1ng in said history 1ndications of the status of all sectors

_1n each page for which there is an entry, such status 1nclud1ng an

1nd1cation of each sector 1n connection Wlth the reading thereof an

error s1gna1 was generated
8. .A'method according to:claim 7,'comprising the step of:

updating said history indications each time a page is read into

said cache for which page there is an'existing entry in said history.




