
Abstract 

The problem studied in this paper is as follows. ( :onsitI(~r 
a file stored in continuous space OII disk. (liven a list of 
pages to he retrieved from the file, what is t,he fii.strs(, way 
of retrieving them? It is assu~~~ed that adjaceut pagtss OII 

disk can be read with a single read request. The st,raight,- 
forward solution is t,o read the desired pages one hy OII(:. 
However, if two or more pages are located clost~ I,0 each 
other it may be faster to rrad them with a siuglr: read 
request, possibly even reading sorue intrrveuiug “tmpty” 
pages. It is shown that fiuding au optimal rc:ad sc:hc:tl- 
de is equivalent to finding the shortest path iu a ccrtaiu 
graph. A very simple approximate algorithm is theu intm- 
tluced and (experimentally) shown to prutlucc sc:hetl~~lf:s 
that are close to optimal. The expected cost. of sd~rd~rlc~s 
produced by this algorithiu is derived. It, is f0111d that, 

significant speed-up can he achieved hy t,he sinlph: Mach- 
anisni of using additional buffc:r spare* anti issuing “largf* 
reads” whenevc:r il is atlvaibI,;ig~*ous 1.0 tl.~ so. 

1 Introduction 
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Wt* Il;l.Vc~ IIoI. f~~1111~1 ;uly I)il.l1Pl% tleiiling with t,hP t‘x- 
:I(‘(. prcddrtll st.uditd Ilt*rt>. Howt.vcr. sevcd rclat,td 
~~rol~l~~ii~s have I)rt*ii sl.rrtlic~tl prrvioiisly. Srvrrd au- 
I lbors ~~011sid~~r~~~l t,lir prohlt~iii of f~stinratiirg t,Lt* ~IIIII- 
INY d l,;i.rgt+. p;qt*~ givcaii the 11iiiill~c~r of rocc.)rils in 
l.lIf* rcq)0ii*(~ Sc4. [Yi1077] ;tlltl (WWS M] iire l.ll(> lllc~sl. 
iiiipc~rt.iinl~ rcdi~rc~nc’c~s OH this prold(~til. Itt’lil.tf’~l I)roIb 
IPIIIS :Irc tliscussr(l iii sc~vt~ral 0lllf~r tq(~rs, Siirli a.s 
t~rc~fd.chi1i~ [Slrii 781, I~;~bching of ctucric3 [Pal X5] and 
I~lllfi~rirlg [I’;11 XX]. ‘I’hc~ work hy Weikuln [WAX!)] and 
Illll.lll*Sz 14 ill. [HSW XX] is IIIOXta CIOSt?ly Wlill,P~l t.0 

1.11~ work rq)ort.d in this Icrp’r. ItI [WAX!)] rtdiiig 
~.oii~pIex 0l)jc:rl.s usirig “largt7” requrfds wie rxperi- 
111f~111.ally sliown to pay otf in conipsrison l,o the tddi- 
l.ior~d ;q~pr0ach. In ortl~~r to support3 rang qii&3 CT- 
lici~dly. ib iiirilt.i~liluf~n~ional access mrt~licd that. prc- 
SCYV~+S 1.l~ ortlrriug of data on disk w:~q prcq)osrtl in 
[ IISW X8] (sue also) further rrfcrencc5 in that. papf>r). 
I’:rg~s are stored c*losc~ together 011 disk when their 
(1:11.;1. is rlost~ tc.bgrthrr iii ~tli(~ clata spncc* (tlumain). 
‘I’llis proprrty rtdt8 in reducing t,lia posit,ioniiig op- 
cxr;lt.icu~s of :I. range qut’ry. However, only t,;l.rg;rtI paps 
;,rt u~;l,I. 

2 Proldem Definition 

‘I%* (rlapfd) l.i1iic for a read rquesl, consisl,s of 
I)~~sit.irbiiing tiiat~ a1111 tr;msft%r time. l’hr I)osit.itrliiiig 
t.iiiic* iS the t.imcb t,o ii10v1I 1~‘) the> right positJion iii tlic> 

-- ‘------ -. 
II’ l.:i.rqd. 111~ 

- 

N iiillrlhrr of I)ikgt’s in Ihc: tile 

b 
raparit~y of it page (in records) 
l,argc:t, sel, (pages to retrieve) 

b iiurnl~rr of t,argrt, pages 
fy =r, 

N. 
III. maximiim gap size 

I’ 1iuml)er of I~uffer pages 
I’ ratio of positioning time to transfer t,imr 

Table. 1: List, of symbols 

file (seek tilrle at~tl rotational delay). The transfer 
lilrlc~ is simply the time to transfer the rquesteci pages 
frolu secondary storage into main memory. We make 
tlrr simplifying a.qsumption that the positioning t,ime 
is constant. We take the time required to transfer a 
page w the cost, unit and express the cost in terms of 
pap transfers. Let, f’ denote the ratio of positioning 
t.imt> 1.0 transfer t,ime. The cost of a read request 
tritilsferriiig f pages is then F’ + f (transfer units). 

Whenever a sequrnce of pages is read into main 
iiiciriory, a sufficic?ntly large buffer area must be avail- 
ddr. WC asSurue t(hat heifer space for at most, p 
paps, p > 1, is available. The problem t,hen is how 
t,o rrrii~im& t,he ovt~rall cost of reading the required 
papp into 1lldIl memory. An ohvioos way of reducing 
tdlt COSb iS ;h5 fdlOwS: W~lellt?ver there k a cOnt&lOllS 

sqirfxire of target3 pages (at) most p pages), read all of 
I.~ICIII into main memory wit(h a single request. If the 
t,r:ulsft>r t2imr iS signitirar~tly less than the position- 
irig t.iiile, it, i~iiiy 1~~ worthwhile reading some empty 
I)agt’a if t,lris rtductls thr number of read requests. For 
~~xiiiiiple, consitl~~r ii situation where a target page is 
fdlowrtl by an empty page which is followed by a tar- 
gtd. page. Ovc~rall cost, is (almost always) rdocetl if all 
thre’t~ pages are read wit,h a single request, instead of 
rc~iitlirig the t,wo targrt pages using separate requests. 

Iii ll~ilJly operatIing sysleiq iii particular several 
variant2s of IJNIX, there are two suitable operations 
for i11ll)lf’11lritlt.irl~ r4 reqrlests. An ordinnry rrad 
t,r;l.usft~rs a cont$+rs squence of pages from the rlisk 
int,o a rontigious area of main memory. A veclor rrad 
ran IX> iisrrl to transfer the pages into several non- 
contiguous hutfers. The atlvant&r of a vector read is 
that0 ill1 empty pages of a read request can be assignecl 
t,o thr same position in the buffer. Thus, at most one 
page of the hoffer is used for collecting the empty 
paps of a rratl request. We first analyze the case 
of ordinary reads ill sections 2-S. The case of v&or 
reads is analyzed in section 6. 
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Assnrriirig a ldfer with 4 pagc‘s. (( I,:(), (6-Z), (!),I), 
(lY,4)) is an rxarrIple of a.11 orilcrrd rf3.d schrtlul~~. 

This srhrtlule is int,rrpr&d a.< follows: t.ht, lirst. red 
rrqIIest reads paps I ,‘L and 3, t,lIr> srrcmd mtds pig13 

6 anti 7. and 5x3 on. 

i=l 

This cost, function is atlrIrit~tfdly siIrrplist,ic, 1>1Il, I)(+- 
t,er than simply counting t,hp nuIIIl)W of pages rfd. 

A more detaile:d cost, lrrotlrl wor~itl havt> to rcmsitirr 
t,he grorIIet,ry of the disk, the actlual layout of t,hc, lib 
on the disk, t,he srrk tirrm and rot.ation;d tlelitys iI]- 

currd, and the time t,o process t,lIe records 011 a pagt‘. 

3 Optimal Read Schedules 

In this section, we show that an optirIIal read schrtl- 
ulr can be found by computing t,he &orb& lmt~h in 

an appropriately construct,etl graph. The graph is 
acyclic with positive edge weighb and any stmtiartl 
sh[)rt,t’st.-l)at,h alp;orithIIIs can IF used. We first St&~ 

two Ic1111r1as which shnw t,h;it. mly a rest,rirld rlass 
of read schcdulrs nerd IW ronsidrd. Nde, howrvcbr, 
that. t,hP lemrms &J not, Il~W’Ssarily lldcl ilIl(ll’r ;I tlif- 
frrrnt, cost. motlfd. 

2. I,f,t, i clrllot~r i1 IIodcJ ;tIltl j I,llr Ilodf‘ wiLlI t.lIfb 1lt’St. 
higher iioilt* Iitllf’l. For (‘very IIo(l(~ i, t.lltm* is 311 
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Tl~t:twt~n~ 3.3 .7’hr shorl~~sl palh from node 0 lo nodr, 

file ml target set 

(I)) from Ilode i ld) evrry no&~ k SIIA t,ll:h A - 

j .’ p, j < b _< N. 7%~ wc\ight of the tdp 
is I’ + (k - j + I). 

3. ‘I’horc~ are no 0tJ~t:r notlrri ibtid edges. 

1~4 Ad tl~no1~~~ the iriiixinniili nrd~ lal~?l ocrurring 
ill I.110 graph. Evt>ry path from iid~ 0 t,o node M 
rcy)rcwuts a read schetliilc and each rtlgt~ in the path 
rq~rc5c~nl,s n. rciul request. ( !onsitlrr an cdgt‘ froin :L 
110~10 i 1.0 a notlt~ k. If t,here are no no&s hel.wct~li 1: 
i~ii(l 1*, l.li:iQ is, no notl~s with Mels in the range i + I 
1.0 A* - I, then the edgta reprcsenl,s the read request8 
(b, I ). Ot.herwisc~, lhr etlp rrprt~senb tlltt read rrqii~st. 
(j, (/d -j + I )) where j clenotes llie node with tdie ntaxl. 
Iiiglirr Iahel afld:r i. In obher words, f?ar.h edge points 
1.0 t.11~ lad. pagtx of a read requtist. The 811111 of tSht, 
trtlp wtGgh1.s of a path is equal to thr cost. CJT the rtd 
sdl~Yllllc. 

An c~xanrple target set4 and s;;rhaclule graph arfx 
sl~t~wn ill Fig. 1. The tile consists of I6 pages and 
l.li(‘rt* iWP 8 tOarget Ib’bgt’s. The buffer is a;rsumed to 
Ii:iVt~ il. Cil~pCit4y of 4 pitges (p = 4). If, for eXampIt?, R 
rts:ltl rqnctsl, eiitls at page 3, therr are three possibil- 
il.ic\s for tlit~ next request,. First,, we can IWtti page 6 
IIIIIY, rqiiiring the transfer of one page. St~rond, w(? 
C;LII reid pqys 6 iUld 7, requiring the transfer of t(wo 
tmJys. Thirtl, we can read pages 6,7,8 and 9, raqnir- 
ing thr transfer of four pages.. Not,e that. this request, 
rt:;rtls page H although it, is an empty page. The sllorb 
td. p:di fnr F’ = 2, and thus the optimal schedule, is 
iritlic.idr(l hy bold edges. 

Prc.)of: To pruvr tlitb I,hrc)reru, we must, tirst. prove 
1.M~ (a) every pat,h from no&~ 0 to rlode M represents 
a regular schtdrilr and (II) every regular schedule is 
rt\presrntt~tl in thr graph. Part, (a> follows dircrtly 
from 1.11~ construction of the graph. Henca, we need 
Olity ShOW thd every regdar red Schedde iS repn=- 

sc’nt,td hy a path in the graph. 

Assumr thitt, t,hRre exists a regular read schedule 
which is not represented hy any path in the graph. 
‘I’heri thr schetliilr must, contain at, lea.4 one read re- 
qn~st, for which thercl is no corresponding edge in the 
graph. Assume that this read request begins with 
pagt’ j and ends with page h, k 2 j. Because the 
sdieclule is regular (propMy 2 of Lemma 3.1), pages 
.j and Iz must, be target, pages and consequently the 
graph also contains a node j and a node k. Let i 
clenote the ntrtlr im~ntdiately preceding node j. An 
eclp frown node i to node k would represent the read 
rqnd and WI‘ I~IUSI, show that, such an edge exists. 
‘I’ht~re arc 1,wr) case to consider: j = ilc and j-< k. For 
C,IIV C:LSC j = k, the existence cJf the edge follows from 
2(a) in 1.h~ tletinit~ion of the graph. For the case j < Ic, 
WV note t,hat k - j < p,must, he true. Otherwise the 
sclltdule woultl he invalid. From this observation and 
INJiIlt, 2(h) C-d tsh e tkf~IlitkJI1 of thr graph, it follows 
that therr rxists an edge from node i to no& k. This 
contradicts t,he assumption that the read request is 
1101, represented in the graph. 

Thr construction of the graph guarantees that 
1htbrr is always an edge between two adjacent nodes. 
H~nct?, at, least one path from node 0 to node M al- 
ways exists. It follows that the shortest path from 
node 0 1,o node M defines an optimal read schedule. 
0 

Once the graph has hen constructed, we can use 
arry shortest-path algorithm to tind an optirnal read 
s~hcttlnle. However, ‘it is questionable whether it is 
wort,hwhilr in practice to compute an optimal sched- 
111r. The rr~otlel ignores many factors, for example, 
queuing &days and time t,o process records. Hence, 
a t,hearet,ically optimal schedule may not in prac- 
t,icr he optimal. Furthermore, we cannot estimate 
thr performance of schxlules produced by this algo- 
rit,hm (without knowing the exact layout of the target 
set.), something which is needed for query optimiza- 
tion purposes. In the next, section, we present a sim- 
ple algorithm which produces read schedules that are 
very close to optimal. 
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4 Simplified Algorithm 

The I&c i&a of t,he algorit~hrn is sirnplr,: dart, rem- 
i11g from dir next, t,arget page. stop rcadiq t,it,hc,r ~1.1, 

the last, target, pap ttlilt. fit,s illt.a t.lic> I111fftxr ;in’:1. or 
at, t,tre last, target, t>ilRf’ Idorc~ it long stm~t~rli of t*llll)l,y 
pg““. ThiS algorit,hrn is lmstd cm t.hc, oI1st~rvat.io11 

t,h<it, it, is OftPI cheaper to IYittl it f?W f~IIIpty t’ilF;“S 

than t,o skip tJ1orn. A srct~~twcc of rmpt,y pages is 

callrtl a gap. Let, 711 tle11ot,e t,tiv ruaxir1111111 SPI~II~ICI~ 

of empty pages tJ1at will t>fa rmtl, lnllitt is, wl1txn a g:ip 

of 7u+ 1 or more empty paps is rnco11rit.f~rcd, l,lit~ rmtl 
request, eI1tlS wit,11 t,hr last, t,iUg?t, ]>ibgP I~t~forc~ t,llc~ gal). 

Algoritlm RedSuhset( F: File; Q: l’argct.Str(,; t3: lIuff,*r; 
p: HfrSize: 111: ( ;apSim*); 

HE(;IN 
end := 0: 
H EF’EAT 

start := NextT;lrgrtf’;lge( F. Q, end): 
prev := start: 
LOOP 

114 := Ncxt’r;trg~tP~g~( F, C& pi); 
IF (next > 111 + I + prrv) OK (ncaxt. 2 1’ + std.) 

OK (next > N) ‘I’KEN 
end := prev; EXIT 

EN t); 
prw := next; 

END; 
KeadhtoHuffer( F, Hz start, end); 
Process records in H; 

UNTIL (next > N); 
EN t) K.eadSnhset.; 

The futic.t,ion N~~~f’7h~gt,1Pngc(~‘. Q,j) is ~SAIIIIIC~I l,o 

c0IIIplIt,P t,tl? position ljf t,llP tikt, t,argrt, IX&g’ ibftd~r 
pap j. If 1i01ie rxistSs, it ret~iirtis a val& grrdrr 1~l1a1i 

N. The procrtlure h’t-ndIntoHuflu~(F, H, slnd, end,) 
rratls page stud, stnd + I, . , rtul from fil,~ F int20 

I111fbr H. The first, and t,hr Ia& pngr of a red rrclucst. 
are always target, pages. Thr algorit,h111 adds paps 
t.0 t.ha rratl requrst. rint,il one of t,tiret> contlil~io11s is 

satistirrl: a gap of (77, + 1) or Inore err~pl,y paps is 
fo1111tl. t,he next. target, page is past. t.tIe ~1111 of t.lIv 
hriff~r, or t,he end of the tile has Im91 rm-tied. 

This simplr aIgorithn1 does not, guaraut,cr ollteilllilI 

read sch~tli1l~s. We liave l~crfm1ml t,xtensivc, siilrii- 

tat.io11 experiment,s which indicate t,tiat thr scl~rtliIlf~ 

produced are close t,o o11t8irnat. Thr rrsulb of ant\ scd 

of exprrirnent,s are list,ed in Table 2. Thr rtd!,s 
iire fnr a file with 100,000 pagf3 and a t,argd st>t, of 

~U,OOO (randomly chc-mn) lxt&. The tigurw are av- 
f9y2p of 20 rxperimtwts. The t&It? lists t,ht> cost, lm 

t.arget. page of schdulrs protlucrd by Rd.Suht, tSIIr 

cost, of opt~i~ml sctird11lrs per target, pap and t,hc rtd- 
at.ivca clifferrnce. The ccat, of SCI~P~IIIPS protlr~ctd I1y 
/ic’fltf.S?10st’l clq~c~11ils 011 Ihr vaII1tx of 1.111‘ maxin111r11 gap 
six,* (711). I’;)r c~;trli Ibiifl;r sixI> (It), t,l1c> v:tlllt’ of 111 Was 

8.UH3 
H.‘LOB 
7.x1x 
i .‘I H 5 . . 
7.4 15 

7.299 
7.209 
7.144 
7.W) 
7.0 I!) 
8.97 t 

NAM 
H. 153 
7.715 
7.4rvl 
7.293 
i.lH4 

7. I05 
7.046 

7.004 
(i.94H 
6.9 I4 

U.lOllH 
l).fi527 
I x172 
I .ih’)” I - 
I .ti(XO 

I .f,!Hii 
I .I(ifi!) 

I .3x47 

I .x17 I 

I .o I!)0 
O.H’L42 -- 

‘I’ill~lt’ 2: ( !osl. (per t.;trgc*b Imp) of rmcl srtic~tllllf~s ‘lm)- 

dumi I)y Kf~iff,Sdm~1 cor11l)arctt wilJ1 cost. of ~l)t~illl:ll 

sdtmlult~s. (I’ = lo, r~ = (I. I, N = 100, 000) 

CIIOSt~II So iCS 1.0 l)rotl11r,~ tilt> hc~sl, schtdlil~~ (It1iiii11i:il 
cost.). As sl1ow11 i1l t.Iir l.al)lf~. Ltlt* (tIt4,) tWItI SClltYl 

1rbs prc)tliicc~tl by dgorilh111 RfdS~d~sf~/ wt’rc* wil Iiiii 
2% of t,hc% opl~ii~rii~11. Sillrilitr rc*siilts wt’rr* c)l~t.;tit1~~(l 
fro111 0lJir~r r~xperinic~irt,n. 

Tli~ Id1:1vior of t,tie algorith11i ctq1t9,ls OII t.lltB 

I3rrifrr sim (1’) aiitl tmximiiu1 gal1 sin’ (m). I”ivcs clil: 
fbrrnle cast’s arc clisciisst~d btdow. Wr iltus1.r;tt.c~ 1.11~ 
discussi using the t’XilIllt>tP file and t,ilr#4 SPt, SlIowIi 

iII Figiirr 4. Ttir value of I’ is ~~~~IIIIIC~O I,0 lw 2. 

I. 1’” I: 
Sdt,iilg 11 z: I piduct sctitVluIcs rc;lctilIg oII(* 

l.ilrgt‘t, tqf: al. a. t.i111ta, that is, tdi(‘ t~ritdit.i0~1d 
;ll)pIWlCIl. The c.oSl, of t,hc? Schc~dlllt~ pro(liiml for 
t.ti(. c~xatr1plt~ fib is 24 (H * 2 + H). 

2. IIf = 0, f’ = r-0: 
An unlil1lit,etl amoltnt of I1uffer spare is ass11111ct1. 
Tliis par:ti11c+~r Scd.ting resiilt,s ia Scticdiilr*s wht*rc‘ 
fYtcl1 rtqiitd I’fVt~lS it umt~igu0iis sc~clllcV1rt~ (CIIIS 

t,t>r) of t.:t.rg,c+ papp. ‘lb ;dgc~rit,hltr t,;rktbs ;~v:I,II- 
Icilgt’ of Wtlill.tTc~7 cliisteri11g tJic*rc~ is ill t.lit* lilt% 11111. 
nc’vc’r rt~ads itI1 c‘t11I)ty l,mgt?, ‘I’ht., cost, of t.I~cs re’ 

slilteillg srlrt~tlule is ‘LO (6 * 2 + 8). Tt1iS r;tSt’ was 

i~t1dy~t~tl in [Mel: RO]. 

This vt~rsion illSO ;tSRUl11t~s RI1 imliinit,rd aIIIo11nl, 

of hi1fft.r space. ‘1’0 rtdiirt~ tJit3 i~iud.~~r of posi- 

t3icmii1g f~pf~lYl~t~ic~lls, (short,) gaps of i~lliI1by tli1Rf’S 

mt’ rtxatl il1st,cml of skipld, The valw of IH nf 

fds t,hc‘ cost, of the rcml srtrfdittcs pro~liic~d. 
Sdt8inji )!I = 2 prcducrs il. rend schf~~l1ilt~ wit.11 
rosl. I7 (2 * 2 + 19) for oiir c~x;tirit~lt~ file. 
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I-- ---lH +.--j Ill = 2, 1’ = 7: :+I’ + I:! 

I______ { H Vf. = Q-3, I’= 7: :i/‘+ 1’t ; 1 

) 1 1 ( 71,=%,p=00:2/'+13 

t 1 t--i H H 1-j H 1tl = 0, 1’ = 00: 6f’ + 8 

t-i H t-H H w H 11’1: 8f’+x 

wit.11 proldGlit,y CY. The number of rrad requests per 
tSilrgt4 pap* is tShrn simply 

I -~ 
I + (1’ - I)tu 

A rratl rqiit4 t,ransfers somr nurill)c>r of pap (t.;ir- 
pt paps and empty pages). The number of pagrs 
transferred equals p minus the number of empty papp 
located J thr end of thr bnfl’er. The probability ui 
that therct are exactly i empty papp at the end of t,he 
botfrr is j$veri by 

Idi = { 

rr(l - rr)i for i < p- 1 
( I - ryp-’ for 1: = y - I 

‘I’lit: rxprctrd iiiiiubrr of empty paps at the end of 
thf: hritfer is then 

p- I 
I;, = c illi 

i=Cl 

= (1’ - I)( I - t$-’ + c CV( 1 - t#i 

i=l 

= (II- I)( 1 - q- + 

Qp 1 - ( 1 - q-2 - (p - 2)(Y( 1 - q-2) 

= G(l -(I .- q-‘) 

TLC r~xprctrtl numbt?r of pages actually transferred 
is p - E. (:oml>ininff thr rxpectrd number of read 
rrqiirsts and dir number of pages transferred, we ob- 
t,aill the following formula for the exprctetl cost per 
tdr@d jqe: 

(‘fJSI.(fY,1J, 00) := 
P+f’- +(I -(l -CY)“-‘) (,~) 

I +(p- 1)fr 

I iI Vipirc~ 3 t,llc rxpdetl cost8 is plotted as a funr- 
tiorr of the hiiffrr size. Thr positioning cost and 
I~ritllsftT cost art’ also shown to illustrate the behav- 
ior of I,IIV t,wo romponent,s of the cost, function. As 
f~xp~cI.td, the positioning, cost, decreases (fewer re- 
c~~iwl~s) and t.hf, transfer cost4 increases (reading morr 
t\lllpty paps) with t.hr I)uffer size. The cost fmc- 
Con has a’glold minimum. In particular, very large 
hulfrrs result, in a higher overall cost hcausr the nurn- 
1)t.r of wrlJ1.y pagtx reatl. increases. 

1 II I’igilre 4, tfhe ~Xp?cted CCJst. k ]Jhtte?tl for three 
tliff~rt~nt hutfrr sizes (p = I, 5, 10). The figure clearly 
shows the henrfit of using a larger M-b. For (Y = 0.2, 
increasing the buffer size from one page to 10 pages, 
reduces the rxptdad cost by 50%. 

For tht, case illustrated in Figure 3, the experted 
cost. h:ts a mi~linlurn. Thr optimal buffer size cannot 
IM? &rived analytically hut, can be rompiitetl niimer- 
ically quite: easily. Tal~le 3 shows the optimal buffer 

597 



I 
I 

I 
I 

I 

P n . .
 

c 3 



‘I’he ~~xp~1,~~l Icq$l~ of ib cluster, inclttrlitig tltr 
g;lp sq~;ir;ding it. frottr tli~ ttcxt cltisbers, is IJirn 
I/(tr( I - fry”+ ). ‘I’tiv ttext. step is I.0 coti~puba thr 
4~xlu!&cl h:tigt.li of t,ha gap sc*pbral.iitg two rlitster. 
‘I’lrc~ ~~rcd~irl~ility of 1Jtr gap I>cGtig of ItWgth ?I) + I + j, 
j -< U, is fr( I - fr)J. Thtb c~xperl.cd Ietrgtli c-d the gal) 
IS lJtcq7~forc~ 

L 1\(na + 1 + j)(r( 1 - ~)j = 711 + I/tr 
j 2” 

(I( I - ,Y)“‘+l( I’ i- 
1 

,r( I - u)“‘+t 
- It1 - 

3 

wlridi C~LII he sitttgW0 1.0 

,“I’( 1 - IV)“‘+’ + I - ( I - ,r)“‘+’ ( I + W) 

I”ittdly, I)y dividing I)y f~, we ubt&t dir cxpect.f~il coat 
Ipc’r tSarget page 

cosl(cr, 00, m) = I’( 1 - ,r)“‘+’ + (4) 

A( I - (I - w)“‘+‘( I + mrr)) 

111 I”igurr 5, kht~ t%l)wt@d cost, lt;~ IW~II pldl,ed ihq a 

I’lttlc*t,iott of nt. I’osibioning ad t,ratisf(%r coats are also 
I~lotSt.cd 1.0 show their cottt,rihutiott to thcb total cost,. 
‘1%~ (*est. fitttcbiott Ilits 3 ttiittitttittti at, ahout ttt. = 9 for 
1.b c‘~Ls(* sltr~wn in 1.h~ tigttrr. 

For t.hr purpose of finding dir ttlittittttttti of lb 
f~tnrl.ioti coxt(rr, ryj, tu), (for a givcti valuc~ of cr), we 
(‘211 t.WiLt, 111 iW Ibegin tlrtittad over the Id nittrrl~ers. 
‘1’11~ value of tn thitt tttitiittiizes the httrcbion, can t.hrn 
111. tlrl,c~rtttittrci hy taking t,hr? tlrrivatSe of the fttttct,iott 
with rcsprct~ 1~) tn. If m* denotes the real value tttini- 
tilizittg the* ftmct~ion, t4he optimal inbgrr value is then 
c4bher [tu*] or [rn*J. 

1 
111* = F - - - 

I 
1” In( I - f~) 
1 1 

= p----fl 
2 12 

- O(l-2) 

0 
0 5 10 15 20 25 30 35 40 

Maxinlnnl gap size (TIL) 

Figure 5: r~.d(O. 1, Wir, nt) as a fun&on of rn, (P = IO) 

Figure 6 shc~ws the expert, cost, as a function of 
W, for fnttr different. values of nt. For F’ = IO, the 
integer minimum for rn is either 9 or 10. The graph 
correspottding to cost(,tr, ;x). 20) is clearly above the 
one for co.d(cr, cx3,9). 

5.3 Limited Gaps, Limited Buffer 

IO this section we analyze the general case of the algo- 
ritJittt, that is; the c:~se 111 < co and p < 00. Consider 
a read rrqttrst~ tilling some number of pages in the 
Idfer. Let, Q(i, j), I 5 i, j 5 p, denote the probabil- 
ity that0 l)ilge j in tIhc buffer receives the i-th target 
page read by this request,. Since page j in the battier 
cim receive ab most the j-t411 t,arget, page, it, follows 
Q(i, j) = 0 for i > j. Furthermore, the first page is 
always a targt4 page’. Hence, for i = I we have 

CJ(l,l)= I fUld Q(l,j)=O for ;!Lj<p 

NOW consider the case i > I and j < i. Assume that 
Ihe (i - I)-01 t.argrt page is iti position j - k (k r I, 
I <j- k < 111 + I). The conditional probabtlity 
that, t,he ttext, target. page is in position j is then ( 1 - 
tr) . k-lty (.:c.)ttseqtte?“t.ly, the probability that the i- 
t,h t,arget page is in pcjsitiott j can be comptted by 
sutttttting over all possible positions for the (i - 1)-th 
target I>itge. The (i - I)-th target page c.annot be 
1.0 the left, of page j - (111 + I) and j - k > 0 must 
always hold. It, follows that for j 2 i Q(i,j) can be 
compttt4etl by the recurrence relation 

min(j-l,m+t) 

O(i,j) = c O(i - 1,j - h)cu(l - Cr)k-’ 
k=l 
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Let, QSl,,p(j), 1 2 j < f~ denote t,hr prol~al~ilit~y 
that exactly j pages are t.ransffWed by ;1 rracl rc,ctllM. 
Therr are t,wo cilscs to co1lsitlcr. If p - j > ?u, ;I. 
gal) of length 711 + 1 (or iuorfl) foll0Ws I)itfft' j. ‘I’llis 
occurs with prohahility (1 - CY)‘“+ . (Micrwist~, l.l~at. 
is y - j 2 m, y - j etnpt,y pages follow and 1he cu(i 
of the buffer is reached. This &curs with prol4)ilit.y 
(1 - fi)P-j. ( :otnbining the two cases, we ol)t.aitl 

ost’T(‘) = 1 
(1 - ,)1)-j if p - j 5 rn 
(1 _ (l)rn+l ifp _ j > t,t 

The prohabilit~y of a page I41ig a titrgf‘t l)i~gc is 
independent3 of it,s position -in the file. For j > I, the 
probability Q(i, j) is independent of the l~rohiil~ilit~y 
QStOr,(j). Therefore, t#hr probability that. rxady i 
target, pages arc= contained in a I)rdfer is givcii by 

The expect,ed number of target, pages per read rqucst, 
can then be computed as 

and die expected number of paps t,raiisfrrrrtl as 

E total = 2 Q(~,AY.?to,mi 
i,j> I 

Figure> 7: cr~st(O. I, 1~~ ut*) as a func:t,ion of pI (I’ -: IO) 

6 A cost model for vector reads 
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,, L-.--1-..-- 1 
II II. I 0.2 Il.:! 0.1 Il.5 O.li 

,I 

8:IIlI~~ I~illkr j)ilffP, ‘l’ll~‘tl. ate I~iont~ oiic I)iilfw pi~ge is 

sitc*rilic7(l for rraceiving cttlrpt,y p;lgt*S. III t,l~r fidlow- 
i11g,, WI’ :ultlrrSs t.lics prcd)lrn~ of fintliug ot)t,iiil;il rt>;lcI 
S~~ll~~~llilt~S uircl(~r t,lIt* a.*suiupt.iot1 t.li;tt. :I rt?ltl rqli(~St, is 

ii11t’l,‘l11,‘llt,ecI ils ib vect,or rrbiul. First,, we IGlly int.ro- 
tlucf~ t.hr tuc~~lilictl prc.~hl~~~l~ dt4ii1it4ic.m antI a ildififd 
dg~~it.lii11. 

( ‘(h) = C( I’ + Iii + ry). t(j) 
i=l 

Siii1il;l.r 1.0 oiir t)rt=diolln cost riiodt4 prc:Ssc\ut.c~(l iu st+ 
t.ituI 2, t.IIt* S~dt1t,icm of c’cmrpiit~i11~ ill1 trt)t~ill1d V-rc’id 
sc~l11~1l1ilr~ c‘il.11 IIt* rcdiirrtl 1.0 solviiig a sl1ort.c~st.-t);rl.h 
t1r~11~14~111 iii ;I.II ;kcyclic gritph. 7%. graph C~CII I)c r011- 
:.t.riict~f*(l ii1 il Siillilibr Way 1.0 t,li(~ ppqdl tl~~scril~t~d iii 
S4*ct.itlii 2. II0wt,vcr, wt’ arc’ pribrarily iut.rrcAtd ii1 

;I siliipb itl)l)rc-)xii1lat,ive dgoritAm which protlures v- 
rc,illl scl1rdlll~~S close to t,lle optimirll and whose cost, 
c;bii IW msily ccmrpiitc~tl. Iii order to support, VPC- 
t.or rm(ls, algcbrithm Ktmi,Sdm~l requires only a fpw 

lll(.~~lifCilt.ic~ll~. ‘I%~ ir1oclifirtl algorit,hln V&nd.S?l~.sf~l 

l;JllOWS. 

Algorit,llm VReadSuhset( F: File: Q: TargetSet; 
II: HllffW 

p: HfrSize; ni: (;apSize); 
.I3 I?( ; I N 

cd := 0: 
I( El’t!AT 

irclr[l] := Nt!xtTargetI’age( F’, Q, end); 
OII~*S := 1; ztiro-flag := II; 
LOOP 

;ulr[mt:s+l] := Nt:xt.TargetF’age( F, Q, ndr[onrs]); 
I I: (adr[unes+l] > 111 + 1 + adr[ones]) OK. 

(cmes > p - zero-flag) OK (adr[ones+l] > N) 
THEN 

rrd := atlr[ouc+]: EXIT 
I’N I); 
IF atlr[oncs+l] > atlr[onrs] + 1 THEN 

zc:roAag := 1: 
I:N 1); 
011t:s := ones+ 1 

ENI); 
\‘Rcad( I:, H. atlr, ones); 
F’roct5s recur& in H; 

IINTIL (atlr[ones+l].> N); 
ENI) VRt:aclSuImt.; 

‘l’lit~ procmliire Vf~rnd(F, H,ndr,oncs) reads pages 
wit.11 mldrt~ss(~s dr[l], tdr[l] + 1, .., n&$2] - I, tdr[2], 

u&*[2] + I, .., trrlr[fmf’s] frolr1 file F int,o the Imffer H. 
Not.v t.lr;d t.lrc t.arpt, p:tg~s trtlr[ I], trrfr[2], .., dr[om.s] 
arcs assipu~~l t,o t.l1tA lirst, mrs pages in t,he I)uffer. 

All t*iiipt.y pip3 are red illto t~he~yth buffer page. 

‘1’111~ ;dgorit.l1l1l ;~tltls pages t.0 t,lie read rquest unt,il 
OIII’ of t,l1rt+B condit~ions is satisfkl: a gap of (7n + 1) 

IJr iIi(w vliipt,y I)ilF;“S is foilnd, tdle next. target pip 
ciiiisw ;I.II ovt~rllow of the I)riffer, or the end of t,hr 

lilt IIW lmm rcd1td. Let, 11s mention t31iat, the algo- 
rit.lrt11 VlltdY~~bsc~1 in&4 produces schc~lul~s which 
iLrC clOStb t.(J Ol)~,illlal. 

Most, intc~rc4ng is t(l1r al1alysis of the algorithru 
VKcntf,Sub.st~/ and a comparison of VRtmfLSub.wt wit,h 

Il~~u:l,S~~h.sr/. Nob that. I)ot,h algorithms produce t,hr 
S;~IIII’ sd~f~d~~Ic if t.lir buffer is iiniimitetl. In the follow- 
ing, we rcdrict, our rmsitlrrations to the most, general 

case, id,. we ~SSIIIIIP liiuittttl gaps and limited buffer, 

‘1’11~ f0llowiiq analysis is siiuiiar to the one presented 
iii scdioii 5.3. (~onsitlr~r a rratl request that reads 
t’;Lg”s I:1l,,4,d I, 2, 3, ~ . . into the hr1tfer with p paps. 
I,(4 /C(i, j), 1 2 i 5 p, j 2 I tlrriok the prohal~ility 
t.1l;l.t. t’il#’ j is il t,itrgX’t, ll;lgf’ aiitl is assigned to the 
i-t.11 I)11lfi~r II;I~I’. Not,,, t,l1d K.(i, j) = 0 for i < j. 

601 



rqi, j) = c H(i- l,j-k)rr(l --#-’ 
k= I 

l,fd fzs~“I’( i. j), I i i < p, j 2 i tlrvi0t.c~ 1.h prol)il- 
bi1it.y t.hiLt t>Xact,ly j-p;@4 itrr t.rilllsforrc~d by ;i. rc3tl 
rrcturS.‘t and tallat, i of t.lif. j paps ;ir(’ tztrgd, lag,+. 
Ttirre are four ca.ses 1.0 consitlrr. If i = p, t.lic. I)iitff>r 
is coriipl~t,~~y fillrd and t,hrlS, Ilo Iiiort~ Ijiips cali I)(> 
read. If i = p - 1 :tl>tl i < j, p -- I tsitrgf>tr j"lRl'S 

are tmiisferred and at, lea.S;t OIIC of t,hr I)ilflihr pips 
is resend for tllr e11-Iply I"lReS. 'I'llcn, t,lI(> I,iifft>r is 
;tlWitdy fllll. If i = j = p- 1, it, is lmssilbl~~ t,o rc5ltl t.lttx 
pth page itit, t,lre I)iilft~r. Howt~vc~r. t,liis pq.p‘ is Iiot. 
rpatl, if t,he p-t,11 ~m.gr is itii cxlupt,y I);L~P. ‘I’llis occurs 
with prolml~ilit,y (1 - CY). Ot.herwiSc~, that8 is i < p - I, 
a gap of lengt,h m + I (or more) follows afbr ~,IIv j- 
th pap’. This occlIrs wit.11 l~rold~ilit~y ( 1 - CV)“‘~’ 
( !otr~l~ini1~g t,hc~ four CitSPS, Wf‘ ol~t~aiii 

( 1 if i = p 

kt,,,,(i, j) = 

i 
t1 - 0) 

if i =I,,-- I,i .< j 
if;=j=p-I 

( I - <r)“‘+’ ot,li(~rwisc~ 

Iii aualogy wit,li srct,ioll 5.3, t,lie exl)ect8tacI t111111l~t~r ot 
t,argrt pages per read requtd Citll t,llta11 I)ts col~il)ltt,t’~l 
iL< 

i=l jti 

II -‘T---- l-- I-I--‘---T----T--’ 

IO 
7JfYls/(u.‘L,p, !I) - 

fws1(0.2, 1’. !I) -x-- i 

!I - 

Vigiirc~ !I: ru~d(O.2, p, !I) ;bti(l rosl(O.2, I’, !I) ;LS ;i fii1i(.- 
l~i0lt 0I’ I’, (I’ 7 IO) 

I“illillly, 1,111, c~x~~c~c~t.c~~l ubst, I)(%r t,;irget, I);i,p is ~iv,~li I)y 

602 



( )Ilr cost, ~1mb1 disregartls tJlt> part~itiming of clisks 
illt,o c.ylirltlers ancl tracks a11t1 tAe t~xist.em! of multi- 
1110 rcml/writr Ilc~ails. WC simply charge a tixetl casts 
for (~iI(*h Imiticm operation. Although the posit.ion 
CIIS~. varies grA,ly, this amunptioii is Wry commo11 
itt l)riLrl,iU?, r.g. I/O-bilnc> of iL query is llsll~llly IIltVL- 

sllrc*cl in t.1~ illmher of raqtiirctl tlisk acc~ss~~s. It is 
clt6;lrl-y $1 I~lat.all~ riir~~lplificat~ion, Howevrr, rttlaxing 
t,llis a.ssllttlp(,icm luakes tJ1t* analysis Irrurh harder and 
is IVfl. ils ill1 Opt’” problcni. 

‘I‘lit? re:itlt~r IIlily IlilVf? tioticrtl oiir implirit~ iLSSUUlI~- 
l,ioil [.IliIts tlir c&r iii which pagW itIT WiltI (it~ltl pro- 
~sst~l) is iininrporbaiit. ( !hanging t,lliti nssunlption 
lt’iuls t,o a11 int,tm4ng (ant1 open) problem. Even if 
l.;rrgt+ k)ilRW have? t,o be procfmf4 in a certain order, 
wt’ may still read them in a different order providetl 
I.llilt, ~1101ip;l~ huffbr spacr is availalile t*o store a page 
iiiil.il it is process4. Tllis provicles sotnt~ freetlorn that 
l’;~l~ Iba ~~xploit,r~l to tintl a brttm read schedtA~ than 
t,l~(a 011, dirt,atrd hy t,tlr prncrssing ortler. 
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