
Best 
Available 

Copy 

., 



^T- 

AD-760  001 

STORAGE   HIERARCHY   SYSTEMS 

Stuart   Elliot   Madnick 

Massachusetts   Institute   of   Technology 

Prepare d   for: 

Office   of   Naval   Research 
Advanced   Research   Projects   Agency 

April   1973 

DISTRIBUTED BY: 

Knn 
National Technical Information Service 
U. S. DEPARTMENT OF COMMERCE 
5285 Port Royal Road, Springfield Va. 22151 

c« 



-r-r- I   m   iiPBi m i. ,-,..,  .mm,mm-  m -   ■  ™»^»W^W»"^^^P^-■' • I   Mff 

^ 

Q 

^ 

S 
^ 

I 

MAC   TR-107 

STORAGE  HIERARCHY  SYSTEMS 

Stuart  Elliot Madnick 

April   1973 

This research was supported by the Advanced 
Research Projects Agency of the Department of 
Defense under ARPA Order No. 2095, and was 
monitored by ONR under Contract No. N00014- 
70-A-0362-0006. 

Reoroducrd by 

NATIONAL TECHNICAL 
INFORMATION SERVICE 

U S Dtipaflment cf Commtrct 
Springfield VA 22131 

MASSACHUSETTS INSTITUTE OF TECHNOLOGY 

PROJECT MAC 

CAMBRIDGE MASSACHUSETTS 02139 

^ 

4 



Wi 

UNCLASSIFIED 
iw» >ifii> C"l<tiific>lion 

DOCUMENT CONTROL DATA R&D 
>,r '«■-'■■ '..^ o, ,„,..   botfr „> .6.,,., , .nd ind,..ni „.„„„„„ „,u>, br tn„tra mhrn  „„ „,„,„ -        -    - 

I     O»   GIN« tlNC   *C TIVI Ty   fC««»W(« »u>>la> I ^■^^— 
r,o ... «urnor; ^#. mronT  MCWNtM  rLiiiiririt.ON 

MASSACHUSETTS   INSTITUTE  OF TECHNOLOGY 

PROJECT MAC 

)     "l"0«l T    T . TL f 

UNCLASSIFIED 

NONE 

STORAGE HIERARCHY SYSTEMS 

*    Dt»C"i»Tivt NOTIS (Typ* at rmpotl mnd inc/uov. daft) 

INTERIM SCIENTIFIC REPORT  
<    »w TMO«III (Fitu nmm*. middl» inlntl, Ian nmm*) 

STUART  E.   MADNICK 

•    «f^OUT  OAT« 

APRIL,    1973 
• a     CONT«»C T   OH   «»»NT   NO 

N00014-70-A-0362-0006 
6.  »nojcc T NO 

10    DI1TPII«UTI0N  iTATlMlNT 

7«.    TOTAL   NO     OF   PACES 76     NO     Of   O E F $ 

155 90 
S«.   ONIOINATOR'J   «tPORT   NUMBERlSI 

MAC   TR-107 

f°*T.M«po"PORT  NO'" <Ä"y °""r"umb*" ^»t may 6. at.lgntd 

NONE 

DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED 

M  JuPPLEMENTAHy NOTES 

PH.D. THESIS, DEPT. OF 
ELECTRICAL ENGINEERING, 
MAY 15. 1972  

I 3     ABSTMAC T 

U     SPONSORING  MILI TARy    ACTIV(TT 

OFFICE OF NAVAL RESEARCH 

The relationship between the page size, program behavior, and 
page fetch frequency in storage hierarchy systems is formalized and 
analyzed.  It is proven that there exist cyclic program reference 
patterns that can cause page fetch frequency to increase signifi- 
cantly if the page size used is decreased (e.g., reduced by half). 
Furthermore, it is proven in Theorem 3 that the limit to this 
increase is a linear function of primary store size.  Thus, for 
example, on a typical current-day paging system with a large 
primary store, the number of page fetches encountered during the 
execution of a program could increase 200-foJd if the page size 
were reduced by half. 

The concept of temporal locality versus spatial locality is 
postulated to explain the relationship between page size and pro- 
gram behavior in actual systems.  This concept is used to dev. lop 
a technique called the "tuple-coupling" approach. 

Consistent with the results above and by generalizing conven- 
tional two-level storage systems, a design for a general multiple 
level storage hierarchy system is presented.  Particular algorithms 
and implementation technqiues to be used are discussed. 

(PAGE   I) DD ^.,1473 
S'N   0102-014-6600 

Preceding page blank 

UNCLASSIFIED 
Security CIÜUficaUeÄ 



IV 

UNCLASSIFIED 
Security CUtalflcatlon 

HIY wonot 

Storage Hierarchy 

Virtual Memory 

Dynamic Storage Allocation 

Operating Systems 

Paging 

Page Size 

Replacement Algorithms 

Computer Architecture 

Multi-level Memoires 

Spatial Locality 

DD .?o"r..1473 BACK) 
(PAGE   2) 'x UNCLASSIFIED 

Strunly Claitifiralion 



w 

Startge Hierarchy  Systems 

kcKHOäiEQüinam 

This thesis descrihes research aone at M.i.T. m 

=3njuttctioa with Project flAC and the Department of 

filectcical Engiaeering, both of whose support ana 

3ac3arageni3nt are gritefuliy acknowledged. Junny the 

CDursä of this resear-h, I have been fortunate to imve ttdd 

tie cooperation of tia IBM Cambridge Scientific Center and 

the doneyweil Inforaation Sciences Center. 

I have also benatited greatly trcai conversations with 

nuierous colleagues. In particular, special .eotion must be 

■iia of Professor J. H. saltzer, Don Hatfield, Harold 

schwenk, Paul Wood, stave Zilles, Leonard Good.an, and Jerry 

Johnson, who provilej receptive ears and were helpful in 

uaravaling aany of tha inportdnt issues. 

By agreeing to ba Headers, presumably at a weak loaent. 

Professor J. c. |. Licklider and or. ügo Gagliardi were 

iifUctei upon by this thesis and the associated chaos. I 

i?pre:iate their cooparation and understanding and loo» 

forward to their assistance it the continuation of this 

rasearch. 



w^m 

itorije  Hierdcchy  Systeas 

I aa 3bli<jdtea tJ icknowiedije Protessot Jouu Dcncvdn do 

ay superTisor for this thasis. But, duria^ ay atudiei. du d 

^caaujtö studant studaat, ha hdb bean auch nor-} thdu juat a 

taesis suparvisor. Ha hia b»^n my ttacuer, daviaor, 

3>li*ftfil«4 and triand. His cooperation and assistdnce, not 

to aaitioa his enthuaiisa, nave hdd d protound dttect upon 

ay   resedrch  and  I  da   truly  grateful. 

tlost iaportantly, I thdnk ay wite,  tor 

strjjjling through ind surviving the tortures ot being 

aarriad to a graduate student tor countless years (X'l sure 

taat she has counted thea). The same coaaendatioas are 

axtenied to ay sons,  unfortunately, I 

tadr thdt the ddaage to thea ought be aore peraanent. I 

raalized this recently when I learned that in response to a 

first-grade assignaent to write about what you want to be 

when you grow up, üowira had written: "Hnen I grew up i want 

tJ   ba   a   student   IIKS   ay   daddy". 

dock reported aerain wit» supported, in part, oy Project 1AC, 

io StI.T. t 's.Mi -n project sponsored by the Advance Research 

Projects Agency, aeiartaent of Defense, under uttic« ol 

mviL   .lasaarcn  Jontra^t   Nonr-al 32(01). 



""^ 

Storije  Hierarchy Systeas 

CÜNTENTS 

A^smzT  

A:KMJHLBD3BMEJIT   , 

1. IJirdODUCTION   AMU   PLAN   OF   THESIS  a 
1.0 Introauctioa    ••••!!*'** 9 
1.1 Significaace  of   Probleia »••••••••..'**** ^ 
1.2 Specitic  üoiia  and  AccoaplishBents'!!!!*.!! ü .* io 
1.3 General Structure  of   Thesis , M 

2. TUB   STDRAGE   HIBHAKCiY   PRüBLEfl     ^0 
2.0 Introductioa , »•••#!*!!.'   20 
2.1 Storage Uierarcay  objectives  ,##     ^1 
2.2 Storage hierarchy   Approaches  *   JQ 

3. POiMALIZATION   Of   SIDSAGE   HIEfiABCHIES     JQ 

3.0 Introduction    »•••**   39 
3.1 Hajor  Parameters    ••••••!!   39 
3.2 The Storage Hierarchy   flodei    ••••••H«   44 
3.3 Perforaance  Measures    »•!!!,*   49 
3.4 Heiated  Hesürch    »••!!!!   55 

4. A   STOfiAGE   HIERAflCHlf   SlfSTEH     . ^j 
4.0 Introduction    •••••••••*!***!!   o2 
4.1 Continuous  Hierarchy    •••••••••#•!!   o2 
4.2 Snadon Storage  and   Page Splitting   ,',',11111111   64 
4.3 Direct   Transter     '*'   71 

4.4 Head  Throuja    .•••.••••'   73 
4.5 Store  riehinl    iü.'ÜJJ!'**'   77 
4.6 Autonatic  Nanageaent   ...,,,,,,,., .,,!'!.   60 
4.7 Contents  on  Storage  Hierarchy Systei  Design.*   85 

5,    AJIILYSIS   OP   PAiE   iliE   CONSIDE RATIONS     66 
5.0 Introductioa    '.','.'' 6b 
5.1 The  Page  siza  Issue , •"J .',*!!!!!!!!!! 66 
5.2 Anoaalies  
5.3 The Page Siij Anoaaiy  !!*,!!!!!!!!! dS 
5.4 Sigmficinc» of the Page Size  Anonaly* ,*!,*!!!! ^9 
5.5 Hound» 00 tBi Page Petch Piequency Ratio .,., 102 



^ 

Stonge Uieracchy  Systems 

6.    SPATIAL   VS.   TENPOUIL   LOCALITY   MODEL    , 120 
6.0 Intcoductioa    ••.. »•••• 120 
6.1 Types of  PrajcdB  Reference  Locality     1<:0 
6.2 Cooventional  aeiovai   Algocithes    122 
6.3 Locality   ia  Actual  Pcogcais    122 
6.4 Locality  Nixes  123 
6.5 Spatial Locality   Algocithas  124 
6.6 Coanents  oa  tue  Page  Size  Anonaly  12b 

7.. SPATIAL   aEH3VAL   ALSJaiTHMS     12ü 
7.0 lotcoductioa  12b 
7.1 raple-Couplinj   Approach  12b 
7.2 Effectiveness  of  Tuple-Coupling     135 

d.    DISCUSSION   AND  COLLUSIONS     137 
3.0 Introduction  137 
8.1 Sundry     137 
8.2 Further  tforlc  ijg 

REFBBEMCES   AND  BIBLIOStiAPUy        141 

BLOGHAPHICAL  NOIE     154 



■—T- 

Storage Hierarchy Systees 

ILLOSTHATIONS 

1. Stcucture of a Storage Hieratchy Systea   41 

i»   Pocnat ot Logical kidreüs   4b 

J. Exaapla ot Page Trare Siiuiation .,,.  |,j 

1», Paje Splitting and Shadow Storage   59 

5. Bead Through Structure   75 

it Bxaiple of Case 1   ^Q 

7, Exaaple of Case 2  %%   93 

3. Exaaple of Case 3 ,,.  94 

9, Exaaple of Case 3 (for LBÜ Feioval)   98 

13. Cyclic Page Trace with | M» | = 2   103 

11. Cyclic Page Trace with |M»| = 3   lüo 

12. Cyclic Page Trace with FIFO Beaoval ,  na 

13. Exaaple of LBU Heioval with Tuple-Coupling   128 

14. Exaaple of PIP3 Bsnoval with Tuple-Coupling   131 



•*^ 

Stocij« Uiscacchy Systems 

TABLES 

1. aapresaotative Storage Hierarchy   28 

2. Major Parameters of Storage Hierarchy   40 

3. Nargxnal Increase in Page Transter Tiaes  bo 

DAJOR THEOBEHS 

|a Page Size Aaoaaly Existence Theorea (PIFU)   95 

2. Page Size Anoaaly Existence Theorea (LBO)   97 

J. Staady-State Page Patch Batio (LHU), /t/e||t|#1 .... 105 

4. Staady-State Page Patch Ratio (FIFO)  119 

5. "Upie-Joupiiaj" Lints r to 2  •  132 



■»■*■ 

Stonje Uiacarchy Systeis 

CUAPTEB 1. 

IMTIOOUCriOM AND PLAN OF THESIS 

i.o uuadusu&a 

fke priaary goal of this thesis is to proTids insight 

iota and shsd additiami light on savscai ksy pcohlsss ia 

tha dasign and analysis of geDetai storage hierarchy 

systeas. 

1.1 SUAiUsaASS 21 ££2kifil 

The iaportaace of research in storage hierarchy systeas 

has baen pointed out by Prof. p. j. corbat6 recently in the 

Sir Project MAC Prograss Report ?III (July 1971): 

"by now, it has bacoae a 
systea field thit use 
algorithas for aeaory 
several levels with di 
provide a significant s 
effort. ... Unfsrtunat 
acceptance hides a wo 
bahind how to engineer 
with appropriate ilgorit 
load and hardware charac 

ccepted lore in the coaputer 
of autoaatic aanageaent 
systeas,  constructed of 

fferent  access tiaes,  can 
isplification of prograaaing 
ely,  behind  the aask of 
rrisoae  lack of  knowledge 
a aultilevel aeaory systea 

has which ate aatched to the 
teristics." 

On ■ultiple leval storage  hierarchies.  Prof. J. I« 
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Siltiac   was even  aore  eiplicit   (subject  notvb   on 

"Intonetion Systeas", air, 1972, p. 4-5d) : 

"As ioterestiaj pcdbiea arises it one uas tt>cet> oc 
tare tacbaoiogies to deal with. »•« The pcubiea ot 
pcedictiag the pertoraaoce ot a three level, 
aatoaatically aaaiged systea is not at all weil 
andacstood. ... Aitbougli the need foe aore than one 
lavel has already been argued, there is currently no 
kaoND criterion tot introducing three, tout, or M 
levels for a given systea. ... Although there are by 
doe aaay iapleaantations of two level aeaory 
systaas, the dynaaic aanageaent ot a three or aore 
lavel aaaory systia is such an uncharted area that 
there do not yat exist exaaples ot practical 
algocithas vhich one can eiaaine.1* 

The specific joals and  acccaplishaents ot this thesis, 

vai-a are further elaooratei later, are: 

• Analyze the  affect ot  certain paraaatars,  such as 

page size, upon the pertoraance of a storage 

systea. 

• Develop a  concept  of  locality  based  upon  both 

spatial ani teaporal adjacency m address 

reference patterns that explains certain anoaalies 

discovered in actual paging systeas. 

• Propose, forailize,  and aeasure the  pertoraance ot 

new ^spatial-reaoval" storage aanageaent 

algorithas, tu particular Mtuple-couplingH. 

• Design   a   practical   algoritha   for  effective 
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i>ai je.-ot    ot    ■uUif I« ut«i    «tor«)«    ii«lM«Ay 

systttss    «oi  d«ioastr«t«    its •CfMt&fMMM    unl^c 

■oa«  siaui«t»d  syst««  loais. 

••3   ä2ftiUi  Sttl4£lSltS 21 IkSSIS 

The k«y piao of this thesis is to lavestKiate s«.f««l 

scasiU probleis and raquicaaeots ot ■ultiple lefel stocavj« 

hiacicchy systeas. Particular areas are identitied aod 

correapondiaq theories defeioped and pro»en. A new and 

jaaeral dasiqa for storage hierarchy systeas is also 

pcasaated and etaluated. Finally, eapincal aeasureaeats are 

presented to ?aliiate and calibcate the overall desigo and 

specific  theoretical  conjectures. 

This thesis is organizationally ai»ided into 8 

chaptars. The structure can be best introduced by outlining 

the content of  the  following  chapters in  the  sections below. 

1.3.1   Chapter 2:   Motivation  for   storage  hierarchy Systeas 

This chapter prssents a perspective on the storage 

hierarchy proble« and tne activation for such systeas. It 

is priaarily written for the benefit of people knowledgeable 

in tha general coaputar field but who are not especially 

etperianced  in     storaye  hierarchy    systeas.     For     the  expect 

-■  - ■ - .. - -— —  —    ... -   . .. ■  ■      ^-.^     :.-■ ; „.,      ..  ..   
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rttltc» tiii cttptoc «i^os«» tht bi«s«b too ocioatdtioud ot 

ttt «attor «od ttus sots tt« toto tot tko los^xniox oi ttte 

ttottt. Ttis chA^tor ilso britfiy ctvieM^ tne histai/ ot 

ctsstcct   iu  ätor«?«»  systttis aad  citss nuiecous   cetectioces. 

I*).2 Chtptsr  3:   Porsiiization  of  Storage  Hierarchy   Systemu 

I       dascriptioQ       and     foraaiizatioo       of the       bdsic 

Jtarasteristics of  storage  hierarchy   systeos  is presented  in 

ttis chapter.     This  is     followed  by    a sunisary and critical 

analysis of research that directly relates to the specific 

goals of this thesis. 

1*3.3 Chapter 4:   A  Storage  Uiercrchy  System 

la this chapter the key concepts of the proposed 

storage hierarchy syste« are presented and discussed. The 

principle and novel   techniques are briefly  described  below: 

r 

1.3.3.1  Continuous   Hierarchy 

The ratio of parforoance between adjacent levels is 

Kept moderate (e.g., a factor of 100 or less) to nininize 

discontinuities or awtward special-case algorithos. This is 

ii contrast to many current systems with inter-level ratios 

of   1030  or  »ore. 

iir>ii>iniHr »iju ""—    i    ■ i  ■ I   »rfilfamwiiWin'll »m nn^iM-^^HMIn itlj  iifif<.M>f?"-^t-J"-'-*-■■■-I"^-J ■'■■''" ^ ■ ' --"  *■ ■    - - ^■'■»—-^-^■"^'»■ - - : 



• J* 

Stortje  Hierarchy  Syst«as IJ 

1.3.3.2  ShddoM   Stocd^e   and   Pa^e   Splittiug 

laforaation is transferred in decreasiny sBalier; aize 

tolscks as it is pa^sel up fro« low pertormdnce levels ot the 

hierarchy towdrd the "request yenerator" at the uppetmoat 

ievel. Thus, the inforaation that is finally recexveü by the 

raguest generator has left a "shadow" behind in the lower 

levels. The significaa=e and rationale for this technique is 

farther  elaborated  in Chapter  6. 

1.3.3.3  Autoadti-   Hanagenent 

In order to reduce the load on the central processor 

and provide for «ore efficient and parallel operations, the 

storage aanageaent function will be distributed and 

incorporated into tha storage levels (e.g., «»intelligent" 

device controllers [1], etc.). This technique also reduces 

the  coaplexity  of  the operating   systea software. 

1.3.3.4  Direct  TTansfer 

Storage transfers between two adjacent levels need nor, 

have any effect upon aor require the assistance of any ether 

iavals     (e.g.,   there     is   no     need to    move  inforaation     froui 

■        -■ ■■   ■ —    -— ■■ —* 
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iavel a to level 1 ind then frco level 1 to level n-1 it 

oaly level a to level a-1 was needed; tula two step process 

is often required on jonteaporary systeas). Direct tcanstor 

is d^coapiishej by synchronizing non-mechanical storage 

ievi^as  or  by  asing ••rubber-band"  buffers [ J3 ]  between 

electro-aechanical storage devices. 
■.■■■ 

1.3.3.5 Read Through 

Storage transfers, as noted above, are only Bade 

batvean adjacent levels of the hierarchy, such as fro« level 

n to level n-1. But, each level, such as level n-1, can 

connect its input bus (fron lower level n) to its output bus 

(to higher level n-2) so that the data can be y^ad th^oggn 

(i.e., transferred to level n-2 while being stored in level 

a-1). A siailar, though specialized, technique is already 

use! in certain systeas, such as the IBM Systea/370 Bodels 

135 and 165 cache systaas [52]. 

Phis results in  performance  siailar to a direct 

connection fro« each  level to the request generator but it 

proviles auch aore control in the storage levels and a auch 

siapler structure. 

- - — ■ - ■ ■ ■ - - ■ MM^^ta^Mte 
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1.3.3.6 Store üehiud 

By usinj the excess capacity of the inter-i^vei 

=iana3lsf there is a ^oatinuai tlow of altered data fro« tae 

aiguec le.9ls to the lowest level pecrnaneat stcraye. Ihus, 

tie actual updated infornation is stored behind (after) the 

store initiation fro» the request generator. Ihe updated 

Uforiatioü is propagated down, level by level. Whenever 

iafor.ation is aiterel at a particular level, it is tagged 

as  altered and  is schsduied  for   a "store  behind" operation. 

1.3.4  Chapter  5:   Analysis of Page size Considerations 

3ne of the aost inportant parameters of a storage 

hierarchy syste« is the page size chosen as the unit of 

transfer between two levels of the hierarchy. in this 

saaptar, the factors influencing page size are examined from 

the device charactaristxcs viewpoint and the prograa 

oahavior  viewpoint. 

3f  particular  concern,   it  has    been  noticed by Hatfxeld 

L47J  and  Seiigaan L78J  and  formalized  in  Chapter 5  that: 
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rhi?  result  runs    counter   tc the hoped    foe behavicr   ot 

Jaccedsed  page sizes as noted  by  Denning  [25]: 

" ... suali pages permit a great deal oi coinpression 
without loss of afficiency. Small page sizes mil 
yieid significant      improvements in        storage 
utilization  ...   *' 

In this chapter the significance of this prchlem is 

iamonstrated by proving that even ••well-behaved" removal 

algorithms, such as stack algorithms [63], are not immune to 

this adverse performaase behavior. furthermore, the nature 

ot this phenomenon is analyzed and bounds on its behavior 

are developed. 

1.3.3    Chapter  6:     Spatial vs.     Temporal    Locality  rtodei     ot 

Program   Behavior 

K primary rationale tor hierarchical storage systems is 

based upon the "Principle ot Locality". Onfortunately, tnis 

principle is still a poorly understood, or at least 

controversial, pheiiomänon. It is difficult to determine the 

arigiial "disco/erer" of this principle but it Iü 

Litarasting to note ttiat its definition has changed in tim«. 

Par acaaple, Denning [29, p.J], in md loosely Jesccibeu 

iDcaiity   as: 
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"the idea that a coaputation will, during an 
iatervai of tiae, favor a subset of the infOLoation 
available to it," 

Liter, in 1970, Denning [2b, p. 180] uetineu it more 

precisely based upon the concepts of "workiuy set" di^a 

"•reference density", «dich for a page i .at time K: 

a(i,k) = Prfreference r(k)=ij, 

sad that  R(lc) is  tae ranking  of all  n pages based upon 

a (i,Jt) ; thus: 

"PRINCIPLE OF  LJJALITY:   Ihe  ranKinys B(c)  are 
strict and the expected ranking lifetiaes long," 

riiis is a auch aoce  restrictive definition or locality thai 

nis earlier general concept. 

In fact,  aany cuneut storaye aanageaent  systeas were 

devised  first, a  general  aodel  was then constructed  to 

iascribe the  systea, vnd tinally  a "focaal"  definition ui 

lacality was developad to  be consistent  with the  storaye 

ainsgaaent aodel. This  is a  reasonable stiateyy as looy a- 

tae underlying concepts ot "the principle of  locality" aic 

not lost  in the  pro:»ss.  Unfortunately,  this appears  to 

t»jv»  happened on several occasions.   In particular,  aost 

Popular  definitions ot  locality tend  to b«  useless toi 

analyzing or aiplaiuinj either the lelationship ot pay« JU* 

upon prograa  bohavioc or  tue lapact  of y«n«ralizioy  it.a 
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trfo-lsvel  jtora^e systeas  to  nuitiple level  hierdrcmcdi 

storage systeas. 

In this chapter i new view ct locality is presented (or 

do ali-viei« resurrectai smse it most closely resembles soae 

ot   tha ?ery early descriptions of locality).  In particular, 
■ 

it is  shown that  ths yeneral  concept of  locality can  De 

subdivided into two separate  factors, teajjo^ai loc^Ait^ and 

äeäÜii l2£äiitx.  Thäse concepts are defined and justified 

and  then  used  to  explain  soae  peculiar  phencaena 

("anoaaiies") obsertei in actual two-level storage systeas. 

By aeans of address traces and storage systea 

siapiifications, the taaporai and s(.atiax locality behavior 

of ictual pro^raas is eapecically aeasuced. These results 

are used to reioforca aoi calibrate the strrag« hierarchy 

systei design presental in Chapter a. 

I.J.» Chapter  7:  Spatial   Beaoval storage  Haoageaent 

Aigorithas 

Various aierarsh/ stocage aanageaent aigotitaas, aucn 

is fetch ,'.i., deaani-fetcn) and teapocal reaoval (e.g.. 

iicst'iQ ficttt-out (tlfJ), least recently useu (LBU) # etc.) 

live oecn luvelopaj, pnaariiy toe two-level hierarchies, 

rner« appear to bo so spatial reaoval algontass described 
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ii tHa  literature. Based upon Chapter  b, several  spatial 

algorithms are proposed and analyzed. 

It is also shonn that some cf the problems aescri^ed in 

Shaptar 5 can be solved by spatial removal algorithms, in 

particular, Hattield ^8] noted that: 

"is yet we have been unable to prove that there is a 
replacement algorithm usinj only the past history on 
page requests -hicn cannot generate more tnan tiice 
the exceptions with half size pages," 

la this chapter a new  algorithm, named  luple-couoligg. i, 

presentei.   it   is  formally  proven  that 

datfield's requirements above. 

it satisfies 

Furthermore, the operational oehavior of tuple-coui-ling 

is analyzed by measuring the pertormance of actual programs. 

1.3.7 Chapter 8: Discussion and Conclusions 

In addition to a general summary of the significant 

aspects ot the thesis, this chapter also outlines laportant 

areas for future research. 
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CHAPTER   2. 

THE   STJdAGE   HlKßARCU?   PHOBLEK 

2»0  iQtroduction 

The evolution of coaputer systems has beea marked üy a 

33ntiaually increasing demand for taster, larger, and more 

d^onaiical storage fuilities. In addition to the obvious 

concern for better parformance, the organization of a 

computer system»s storage plays a keyf role in program 

development and programmer efficiency. It has often been 

claimed that "any software design blunder can be overcome ny 

adding  more  memory". 

It has become geaerally recognized that the conflicting 

requirements of nijh-j)3rtormance yet low-cost storage may be 

j»st satisfied by i mixture of technologies comning 

3ipea3ive       nigU-partoruidnce       devices with      inexpensive 

iower-perfurjdiice aevices. This strategy has been given 

savenl names, such as "hierarchical storage system", 

"iutoiatu multilevel storage management", "virtual memory", 

ind tue inevitable "virtual memory system tor the automatic 

•Jltilev^l management ot a hierarchy of storage devices", 

io   tais  tnesis     the  soaewttat   shorter   term     sloratje  hj-gidrcju 
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äZstea will be used. 

Investigations into autcmated storage Uieracchy 

techniguea can be traced bacn more than a docade, n we 

J3C3 to include manual techmyuea, we would fi d storage 

ftietacchies at tne vary dawn ot the "coiaputec age". 

Onfoctinately, there are still nany unsolved and poorly 

understood prooleiis. This situation can be partly explained 

by tha fact that thase systems tend to be (1) extremely 

coaplax, (2) ill-suited to most conventional analytical 

tacaiiues, and (3) deeply influenced by tne rapidly evolving 

computer technology which keeps "changing the ground rules" 

at often frightening rates. In spite of these challenging 

stumbling blocks, a successful storage hierarchy system is 

so important  to the future  usefulness of  computer systems 

that we cannot afford to abandon the search. 
> 

2»1 Storage Hier arch^ Jojectives 

deiore delving into details, it is worthwhile to 

bciafly consider the needs and uses for an effective storage 

Hierarchy. 

- - J 
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2.1,1 Syste» Perfocaiciaca anJ Econooics 

As   loyic   tecaaoioyy   and   computer  drcnittctur« 

tacani-jues  have advaaced,  we  have  found it  possifcie  to 

produce systems of inrredibie speed.  Such systems are oiteu 

ritei,  rather  crudely,  in  terms  of  MIPS  (nuiixons  of 

iastructions per  seconl).  Experiioental system of  over IJO 

MIPS aave been developed  (e.^., ILL1AC  IV and CDC STAt<) . 

Even ••conventional" large-scale systems have passed the 5 or 

1) NIPS mark (e.g., CDC 7600  and IBfl 370/195).  It has long 

baen  observed  that the input/output  (I/O)  requirements, 

especially for "seooniiry storage", of a conventional system 

tani to  ba strongly related  to the processor's speed.  In 

fact, based upon sevenl empirical measurements, it has been 

postulated that a computer system averages  1 bit of I/O for 

airery instruction  exscuted (this  is often  referred to as 

Amdahl's Constant  l.ref]).  As  a  result,  many of  these 

high-performance systais have been confronted  with massive 

DjttlänecJt problems in the I/O  area, especially since these 

I/O demands tend  to occur in bursts.   An effective storage 

hierarchy system  couli go a  long way toward  reducing this 

problem. 

At the other end of the spectrua we find that medium- 

iind iow-cost processors, the lattec are usually called 

!!!ifiilS2!S£Sili2£M»  have uade  suostantial  advances in  recent 

.-.^ .      m ■■- -—' ^-.—.-.      ,-.. —^—^—~~,—^.„^^^i 
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fiACl.       TU« ftm    ••ABI» c«a     b«    4uit»  ftlliiliij.       1^^, 

proctsaocs «r« typxc«ily    Hände««« of ti««« t««t«c    t««« t«« 

•irly co«a«cciai 2o«pit«r« «t •    fr«ctio« ot t»« co«t   c«.^.. 

u« üüHfAC I, elect   1951,    could parlor« «tK>«t 20u0 U-di^u 

iidition«    p«c    ««son!  ««tr«««    coot««por«ry    «iai-co«pyt«c« 

operate at     «roaod   1,)OJ#000 S-diqit «ddit&oat    f«c  ««co««). 

AUhoj^h th««0    ■iiii-proc«««oc«  My    b« «id9«t«   cce(«c«d  to 

the caaputatiooal  pro&iaa« attacked    by tbeir -bi« bectbwe«- 

Jaarcibed above,     they  aca «oca     tbaa adaquata foe     tb« vaat 

■ajority of  infoaatioa  pcocesain^  problaa« wbica bava «od««t 

saapatatiooal raquicaaaats.       Qua  to    tacaoolo^ical advaacaa 

lad      acoaoaias      of    scale      ceaultlo^      fcoa      Ucye-acaie 

produstion,   soae     ainicoaputäta  ace available for    lea« tbaa 

J20D0  vith  slightly  ulswer  aicro-coaputaca  beinj offered tor 

as    little as    S66  L 13 ].       iu zyui    of  these    technoloyical 

alvaa=js,   these  processors havs   not    had  auch  xspact  en aoat 

iafociation    systas  naads    due     to    tha continuing    esonoaic 

problaa    of    producing   lar^e    capacity    ineipenaive    atorage 

aevicas    even at    the    aodest    pertoraance required,     h    loo 

processor  is  largely   irrelevant  if     the storage coata are in 

the    J100,000  or     aora   range.        By     developing  an    effective 

storsja    hierarchy  systea,     we       can  go    a     long  way     touard 

bringing     the    storage  costs     lovn     to     the   leval    oi     tlMM 

inexpansive   processors.     As  a  result,  a  treaendous  auaber of 

curreatly       known       tachmcai       solutions       to      inforaation 

procassing       probleas     will       finally    becoee       econoaical*; 
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itMlila ••uu»t«. 

I«     ••t«i   •«€!»«€•      tM     *C*««lftJtAO«     Of   «     Cv*^4««C*« 

•cof»|« •!•«•• M« • eM«i««r«»t« &«p«c« «to« MO^C" 

i«f»lip««at ««4 p«o4Ct«Mr ttfiflUMf« To « Iftlft MtMti 

tt&i pottaii«! itcr«««« i» |«o4«e«i*»tf A« e«t«i»«4 Of 

r*4«ei44 »r •UaiMtuf eoasu«itt« •oiMilf A«fo«#4 4f t*« 

•lorti« titt««. r*««« eoa«tr«&ats ott«» 4A«tr«6i m« 

proirtM«! «* tM ••t«iit tfe«l 4« 4«vot«* « •«••t«at&«i 

••o«ai of    •!• tit« o    •«•rcot&H t4«    syst««*« iAftitAtioa» 

CtUtC     tk«t   «Olfia^     t4«   IMCIftSAC     picbimmm,   44O0M«    («0 J 

■>iti th«tt 

*rk« iah«r«at «croc coaitat ot to«« pco^c«»« is 
3i«it«d to 4o coi«to4 to tko «ccoo» oooocy c«p«cii/ 
•f«iU4lo. T4o tioocy boco is i»«t if t4o oooocy io 
f*cy ecoopod« t4* ooit»«ro «rAtoca «Ali 4««o to 
caaoct ta owoclayA aad otaoc codAa^ "tcicka" to 
a^aoaio t4« 4«aAroi («actioaa Aato t4o aiiocatad 
• •■ocy apaeo« It Aa «aaaaod tiiat taoa« tcActa 
Attcodaeo 9ro«t coat>ioa>.tf ««4 «co tb« aoat of aaay 
•ccoca*. raAa ofcoet t« cttod 4y doaAgaoca oc 
•icaocao eoapatatCf «bora ta* «iiocatAoa of aaotbac 
block oc  «b  of  aoaocy Aa a »aj'isr  doaAfa docAaioa.* 

foe aiaapia*  tao peojeaaaoc oftaa baa to «orcy about: 
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2.1.2.1  Prograaiiag  language code efficiency. 

75 

if a higher-ievai language coipiler tends to {.rcauce 

pcogriis that are at all larger than those prouuced by a 

l^-latrel language translator, it .ay he necessary tc use 

the lo.-lavel languaga to conserve storage, mis constrdint 

is sontrary to the ganerally accepted fact that high-level 

languages enhance prograiaing   productivity. 

2.1.2.2 Prograa size. 

For any specific storage siae, there are prograis that 

cannot be easily „ritten to fit into that size constraint, 

m, prograaaers freguently try - with considerable effort. 

2.1.2.3 Data structures. 

- 

The programer is  often faced with the need to choose 

bamen a data structure reprssenta .ion that is convenient 

to use and  another  representation  that "saves storage", 

rais saving  nay  raguire the  use of an  awkward or 

unnecassarily coaplex data structure representation. 
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2,1.2.4  Spocitic  atjuipneat  charactecistics. 

If the pcogcaaisc «ust get the ,,aost,, out of his 

storage systen in tens of capacity and pettoraance, he aay 

rasoct to technigues that are peculiar to his specific 

storage systea eguipaent. If the equipment is changed, 

thers  aay  be  a  considarable iapact  upon  his software, 

rfe would like to laveiop storage hierarchy technigues 

that eliainate, automate, or at least ainimize the 

prograaaing   problems  described above. 

2.1.3   Integrate  Nev  Tashnologies and  Applications 

Although there has been continual evolution, the basic 

storaje device technologies in conaercxal use have not 

cbaogad dramatically in the past decade. As a result, tnere 

has baen a tendency, activated by actual need, to relate 

applications to the specific available technologies. This 

has caused certain application areas to be abandoned as 

"infeasible** and aany storage nanageaent strategies to be 

discredited as "irralavant" or "iaef£icientM. In the passage 

of tiie we remember the applications and tecnnigues in use 

out freguently forget or ignore the alternatives pcssible 

and  tae  reasons  for  b/passing  these  alternatives. 

■■ «MaMMtaMMiaMtf^HMMMIB --■- - -      --     '■" "--'—r ml mi IIIMII rJiliil 
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After this rather long "rest", it appears that w^ ate 

on the verge of soae aajor "awakenings" in applications dim 

tachaalogy. it is hard to guantify the new application 

naeds other than reguiring aore and faster storage,for less 

■Dnay. Section 1,1,2 presents seme of these aotivations, the 

csvitalized interests in tine-sharing, artificial 

intelligence and autoaatic prograaaing are also "fanning the 

fira". 

Due to the uncertainty of  advanced research in storage 

davica technologies,  it is difficult to lorsee accurately 

which of the  aany  active efforts  «ill succeed (see for 

ataaple, Ayling [7J, Best ^15],  Bobeck [16]#  Caaras [17], 

D9ll :2a].  Fields [35], Gardner [39], Howard £50], HaticK 

LSHatLck.],  Myers  [69],  Hector  [74],  Shahbender (79], 

rtioipson [85]).  Considering the technical advances clearly 

deaoastrated  in the laboratory and the driving "profit" 

aotivation, it is reasonable to expect soae draaatic changes 

in tha next few years.  Even if  we don't know what or when, 

wa would be foolhearty to totally ignore this situation. 

Table 1 below indicates the perforaance and price 

oaarasteristics of typical current-day storage technologies. 

The trfo entries marked by guesticn aarks (?), Bulk Store and 

Giant  Store, indicate  new technologies  that have alceady 

"—'■- —..... ^ .. ..^—^ .-..,  ■- - ■ — ^- ^—***~^~^—„^^.^^—^^^^^^ 
- - ■    ^ — 
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(ttl) 

Davici 

Baaioa 
ACC3SS 
lima 

litssftdsl 

HaxinuB 
Transfer 
Rate Price Capacity 

(b^tes) 

1. Cache Store 
(IBM 3165) 

1.6X10-' 
(163 as) 

1x10« 
(loon b/s) 

8.8x10» 
($8.80) 

1.6x10* 
(16K) 

2. Main Store 
(ISH 3360) 

I.WxIO-» 
(1.144 us) 

1.6x13» 
(lun b/s) 

5x10-» 
(50*) 

5.12x10» 
(512K) 

J. Bulk store? 
(4NS SSU[35]) 

1.3x10-* 
(130 us) 

dxlO» 
(8R b/s) 

8.8x10-« 
(8.8^) 

2x10» 
(2ri) 

4. Large Store 
(IBM 2305-2) 

5x10-* 
(5 18) 

1.5x10* 
(1.5M b/s) 

2.2x10-2 
(2.20 

1.1x10' 
(11H) 

5. Hass store 
(IBH 3330) 

3.8x10-« 
(3d as) 

8x10» 
(800K b/s) 

4.5X10-* 
(.045«) 

2x10» 
(20on) 

6. Slant Store? 
(GruaiiaD 
HiSSIAPE) 

6x130 
(6 sec) 

6x10» 
(600K b/s) 

2.2x10-» 
(.0022«) 

1,6x10»o 
(168) 

Table 1. 
Represeatative Storage Hierarchy 

-^ . - 
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oaea placed in liaited use« Since th&se two 

-Dst/perfornance positions uere net part of ouc 

"traditional** technologies, we are faced with the prcbiuiu ul 

pDssiuie aodifying one applications and developing new 

stratagies to efficiently, efiectively, anJ, nop^iuily 

opttnlly, integrate them into our overall iiierarcaicai 

storage systeo. 

ks the entire spectrun of coaputer arcnitectures, as 

well is storage device technologies, undergoes reshuitlings, 

both evolution as well as revolutions, it xs worthwhile to 

raview and reconsider our current concepts on storage systei 

iasiga. Taole 1, although a siipiified sunaary of current 

storage technologies, illustrates the fact that there eiists 

a spectrua of devices that span about 6 orders of aagnitude 

of price/perforaanca (100,00C,i)00X) * This is guite 

significant in the light of the exciteoent that noraally 

accompanies an iaprovaaent of 1C-20* in perfornance or a 

dacreise of 10-20A ia price in current-day systeas. The 

participants in this nstorage sweepstakes** nay change in 

tine, but with such large price/perforaaiice stages, tbere 

will be continuing benefits to "playing the gaae** better. 

- ■  - - _^ 
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2.1.4  understanding   of   Proyraa and  Syst.e«   Behavior 

Ks  noted  earlxar,   tha     detailed  operational  uehdviur  ot 

-onputer    systeas       is    often       extr«aely     coapiex. Tnus, 

aacisions on hardwara, sottware, and systea design aast 

otten be aade in spita of insufficient Knowledge, A bttter 

aadarstanJing of progna and systea behavior is essontidi to 

tue  intelligent  and  efficient developaent   oi   tuture systeas. 

It is hoped that the research tc be conducted as part 

of ttiis thesis «ill shed considerable lignt en these 

aatters. 

2.2  St^älS lliS£ä££kX &£i>£oac&es 

"Storage nierarcny systea'* and siailar teras have been 

used in aany contexts. Consistent with the objectives 

outlined in the pravious section» cerzain particular 

contexts  are assuaed   in   this research. 

2.2.1   Spectrua  of  Approaches 

The probleas ot storage hierarchy aanageaent have ueen 

attacxad by a host of approaches, ye can loosely 

uhara^tcrize  these  effects  into   three categories: 
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2.2.1.* Nanudl Uiaracchy Naoageaent 

Siveo a specific eoseable of atorage advice 

t»can3iogiesf after caasiderable thought the trograiner cau 

3ipU3itly or iipiicitly specify ho« his xntoreaticn (i.e., 

pcograts and data) shouid be organized and distributed 

«ithin the hierarchy and hon and »hen his intornation shouid 

be re-arranged. Having ieteraioed the distribution, he nust 

also specify his access to specify inforaation accordingly. 

ihen a prograaaer is directly operating upon his 

inforaation at the  lowest  level  (e.g.,  using aachine 

language,  direct I/o     requests, etc.),  he  is explicitly 

controlling the storage hierarchy, this is sifiusu laflJIdi 

ilStitSh^ aiaageaent.  In aost conventional systeas,  the 

prograaaer coaaunicates  with the systea  via  prograaaing 

languages and control cards.  Although this can relieve auch 

of tha tedious or intricate details of  storage aanageaent, 

the overall control of the storage nierarchy is still 

priiarily  the responsibility  of the prograaaer.  This is 

iluiUit »inuai SAerdtchx läna je aent. 

lanuai storage aanageaent can be very ecouoaical since 

it usjally requires no special hardware features nor special 

systea software,  i^urtharaore, it places  the control of the 

...-,■. ^* ..- - .        — ■■■ ■ 
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dtonge hierarchy in tha hands of the ptoycaaaoi. MUQ IS 

pcesuiably tha oua aoit faailiar with his needs. rtanaai 

otorije aana^eaent, ia its aany «anxfestations, is the aost 

-w-aaun stocitje hiararsuy approach in use touay, 

Hanual storage aanayeaent has adny Jisauvantayes, 

though. The aaount ot detail that tue projraaaer oust 

understand and use can add significant coapiexity to this 

tasfc. This then introduces additional areas ot error and 

dacreased productivity. Furthetaore, the assuaption that 

the progranaer is the bast judge of optiaal storage 

organization is often wrong. The coaplexities and dynaaics 

caaaoa to aodern systaas are often beyond the understanding 

of aost application prograaaers. 

Nultiprograaaing, an alaost universal technigue in 

current systeas« necessitates strategies for global 

3ptiBizatioa which usually differ substantially froa the 

individual local optiaizations of each prograa. For these 

reasons there has been continual search for "a better wayM. 

2.2.1.2 Seai-Autoaatic Hierarchy Hanageaent 

«any tochnijues iidve been developed to ainiaize the 

iaount of effort ra^uired of the prograaaer and to provide 

feedbacK  to hin.   Tha prograaaer  still  has tne  ultinat« 

.  ... .■„■._.-   .- -,  . -...-        J.— ... ■„ -■     ■.JJJ..... .   .^ L,   -- ..„^ . , ■■.■.J. .     ..  . 
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eo.tt.1    f    such    ,      ssiiiiniojatw   UUUSH   uiuuut 

* 

:erbain of these techniques are basea u^o» tne concept 

ot tfel prograi.er providing -hints" to the syste.. .nese 

aints for. the basis for a partxally automated, partxaii, 

■laMl storage .anaga.ent syste.. Although not eCfecxdily 

widespread, this approach has been used xn several syste-s 

(e.g.,   Jensen  et  al  [53],   O'Nexll et ^ [70J,   etc.j. 

If there is a single applicatxon that is guxte large 

««4 co.plex, technxgues have been developed to analyze the 

actual perfor-ance and provxue feedback to tne prog. 1Mer. 

This approach is pri.arily used xn specialized, dedicated, 

predictable, hiyh-pertor.ance syste.s, such as an axrlxne 

reservations syste«. Nu.erous atte.pts have been reported, 

sach  as  Arora et ü [ 5 J,  Ra.a.oorthy et al ( 72],  etc. 

The varxous se.x-auto.atic hierarchy «anage.ent 

approaches help to raiuce the progra^er-s effort and to 

-tuxa a better locil optxmxzation. Although useful for 

=3rtxxn applications, these strategies do not re.ove th. 

iisadvantayes already noted .xth «anual hie,archy .anagea.. t 

öysteas. 
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._P    2.2.1.3  Autoiatiz  Hierarchy   Hana^ement 

Certain aspects of logical intornation ocjduiidticu ate 

inharint in a proyraanar«s basic aljocithm. In an iutoaatic 

Ik^tiLSkX läääaSSgQt system, all aspects ot tit« phyjicai 

iofomatioD orgaoization and distribution thdt are 

icrelsvant to the unierlying logical structure should be 

caaovad       fro«      the       prograaaer's      respoLsibility. The 

pcograaaec aay wish to, aaybd even be encouraged to, use 

algorithas that are Known to perfora well in conjunction 

with the autoaated hiaracchy aanageaent. But, the central 

raspDasibiiity of tha storage hierarchy aanageaent is 

raaovad  froa the prograaaer. 

Since this approach directly tocuses on the storage 

hierarchy objectives presented earlier, it will be the 

priaacy  approach to be  pursued  in this thesis. 

2.2.2  Spectrua  of Analysis  Efforts 

Bach of the storage hierarchy approaches aenti^aeu 

above, priaarily seai-autoaatic and autoaatic, have oeen 

subjected to various toras of analysis. In this section wu 

briefly  outline the   principal  deficiencies of   tnese  efforts. 

- 
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^#2,2,1 aeneraiizaa Models 

3iie popular form o£ analysis is to assume a generalized 

«aaal for hardware, S3tt*are# and system behavior. It one ia 

-iretil ia cnoosiny tne characteristics cf the model (t.y., 

^oisson arrival aad sarvice tiaes, etc.), it is possible to 

dävelDp precise analytical solutions. Unfortunately, xt is 

usually difficult to validate these models except for ratner 

siapla solutions, furthermore, since there are tew truly 

aatoaatic storage hiararchy systems in general use, it is 

extraiely difficult t^ even determine realistic parameters 

for taase generalized models even if the models were valid. 

Seneralizea modals have teen reported in several 

papers, such as Aho et al [2] and Denning £25] in the 

Bibliography. 

2.2.2.2 Constrained Models 

Another variation on the generalized model scheme is to 

aaaly^e a particular program and then model its relationship 

to the rest of th-j system. There are at least two 

shortcomings in this approacn. First, as in tne generalizoo 

jodei case, it is lifficult to realistically model tne 

ralationsnip between * progrdin and the rest of the system. 

Saconl,  the  analysis  and measurement  of  the  particula; 

  ■ —.—.—.     ....   - .  . .  . ..- I ^ tm 
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pcograa is nomally coaverted into seme form of probability 

matrix or probabalistic reference patterat In eitnet case, 

significant effort is required to accurately measure toe 

program's behavior. Furthermore, the probabaixstxc 

caara^teristics are usually aggregated to reflect the 

overall behavior of the program and, as a result, the 

dynamic nature of the program and its impact on the storage 

hierarchy are often lost. 

Example analyses of constrained models can be found in 

references: Arora and Gallo [5J, Hatfield and Gerald £47], 

Lawis and Yue [60], and Bamamoorthy and Chandy £72]. 

2.2.2.3 Limited Environment 

A common deficiency of most previous research is that 

only a limited environment was considered, in particular 

automatic hierarchy management over only two levels using a 

single page size. Of course, most current-day computers have 

only employed automatic hierarchy management in either Cache 

Systems (cache store - main store) or Paging Systems (main 

store - large store). Unfortunately, there is definite 

rsasons to believe that many of the conclusions and 

täcanlgues demonstratad for a two-level hierarchy do not 

necessarily generalize to handle the spectrum of program 

detail  and device caaracteristics encountered in a  truly 

 , —.       ■ 
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■ ultlpie Lttfei storaga hi«c«rchy, Fuctli«rBor«t ■«•y ot to« 

ptpeci that att«apt«i to mvcttigat« g«o«ral atoca;- 

aierarchies assuaed cachnijuas aod approach«» that «c* 

pciiacily  based   upon t*o-i«v«l  hiocacchy  assaaptiooa. 

This Llaitad aaviconaaat has baaa studied by auaocoua 

peopla, such as Abo ^ ^ (2J#Balady tÄ tl (10,11,12)« 

CdCCsaa aad Variau lU#d6J# Coati fi ji lllfJaj« Laaoxng 

;25J, Pothecingbaa L 3i J, ttuartia (uSJ, Kilbura ti ti l 57 J, 

Nattson gt 4i -63J, iaiigaaa (76], Saith (01 Jt aaa iiia«s 

tö8J. 

2.2.2.« Saaarai Hiacarchy  Eaviroaaaat 

The studies of Uaitad tuo-xatal storey biaracchi«« 

tu vi» beea guite auscessful xn aaay actaal aystaaa. A 

raasoaabla strategy «juid be to aitaad these tacbai^aaa to a 

aora general atorage aierarchy eawiroaaeat.    Thar» bat« b««a 

a  fa«    atteapts along  tneae  iinea.     bat aa a«aUcaed     Aa the 

pretiaus  section,   aost   «ere  baaparei  by: 

(1) atteaptmg ta directly apply teo-i»tai b&«caccfef 

techniques eithout caratu11y coaaideriag thaic 

applicability, 

(2) atteapting to gaaeralis« ttchmguva »bach eei« sot 

aven  tally  understood  in a  teo-levei  eaticoaaeat. 
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CHAPTER 3. 

POflrtALIZATION OF STOHAGlä HldRAECHlES AND RILAIfD BESUriCh 

J»0 latroduct^on 

In this chapter a toraalizatiou ot the Key 

charasteristics of storage hierarchies is preseatea dnd 

parfocaance aeasures are derived. The reported perfcraance 

of actual systeas is reviewed. 

3«1 SiJ2£ SäEaagtars si ä General Storage Svstea 

Pable 2 and Figure 1 illustrate the aajor paraaeters ot 

a storage hierarchy systea. These paraaeters can be grouped 

into four categories: (1) basic technology, (2) 

canfiguration, (3) algoritha, and (U) prograa behavior. 

3, 1. 1 Basic Technolo sjy 

The basic technology paraaeters, cost/byte. C, ana 

älSEäie access tiae, T, are priaariiy dependent upon the 

physical properties ot the storage device technology. At any 

given tiae the state-of-the-art offers only a liaited nuabei 

Jf (:,T) alternatives that the systen designer can select. 
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• C     cost/byte 

• T     average acsäas  time 

{iti) 

• L uumber ot ieveib 

• I interconuejtion ot levels 

• S size (capacity) 

• B transfer rate (baodvidth) 

• N number ot aytes in page (page size) 

• A address trace 

A^igritho 

• F retch 

• . P piaceaent 

• U repiaceuant 

Table   2. 
Major  Parameters  of   a  Storage  Hierarchy  Systea 
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L«f«i   1 

LIV*I   2 

L»fti   J 

L»»»I   L 

••9tt«at 
w«o«c«tor 

(Pcocssscc) 
A-|ait««#..,j 

«• 

I« 

n» 

I        (C,-S,)      | 
tf»i 

|Ctti«| 

JJI     (•«•T»#»«l 

CC»tS»| 

tftf 
• • • . 

im 

(tij) 

Fijuri*   1. 
Structure oi   *  storage Hiorarrtiy sjutmrn 
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i. 1*2 CotCi4«ir«tio« 

fh« «r«t«a 4««i4t«r iocs fe««« Cl«iibility it cctf«««iift* 

ti«M stor«^« d«ticts. ty MCI«! Md/jr p«c«ii«i «tCMCtuc&u^ 

at tk« eoapoi«Bts of « ^if«» l«««l 01 stoc«<|« attic« 

C»ctt>l04|f# it is t/u««ibU to specify, ov«i « «id« i«uj«» ot 

tftia«», tu« iii« (»toc«^« capacity}, I« ««a ta« UAHUf 

Ulllttl Ulf i1«1* ötüd.iiih», 9, cc tfe« ay«i««. Poc 

• ia«pl«t if a particaUc t«cb»oio«y pcotiats a tasic attic«» 

«itk S«« aid B«b, co«««cti«| • cf th«s« d««ic«« i« («call«! 

prodas«« « stora^ l««ii «it« S«M «ad •■«»• (To «OM «itoat 

ti« MCtaaiM a«d cost of th« oc«ia«isatioaai atcuctuc» do«« 

iifiaaoe« to« o««c«U 30«t/oyt« ««d «««c«9« «ce«ss tiM of a 

UMi« tii» «ff«et it iMaaliy «i«i«al for «««il ««I««« of 

«I* 

>« « «or« 9lo»«l basis« tb« d««i9««r «««t d«t«c«i«« tb« 

iitm      at    ifltil*      »•.    10      tb«     «tot«««   syst««,      tb« 

uiuzaiatfiimi si   IU itxtii«   »• «^ th«   •l»#» ■•   ot * 
kiat  Ctb« ««it of i,af>c««tioo «o««a b«t«««o i«t«U). 

J.1.J Pco^r«« b«b«tior 

to« BL8Stii2L» «od«r pro9ca« cootcol, prodac«« « 

a«4«««t&al a«ci«« ot c«f«r««c«« to tb« «tora^« syato«. !««««• 

ftozusot     c«f«c««cos ir«    in tb«    foe«    ot  Ifiiifili    a«dr««fc 
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(llUilStl •kleb Mttl tu aoi^u^iy identity ««c* iB4iWi4d4i 

Mil oc Ator«4 iacir««t4tioB !••§•• «a «i-bit &xi]() 

itdtpsadcat ol Us ioc«tico Cl.«., «», «t, JI, ,tt)# Tuw 

tiat ••jaaac« ot Ufietl «dic«Sk r«ffc«oc«av A» ia cailvJ aa 

lUtill Uftfit or ftll£ita KUutAEt fiiiliU* L* 4ffl9 aaca 

aai|aa pro^caa aai it« iB^at data »ill oaait ia a ux^lwiuut 

tirocaA^or addraaa ktt3«a For parfoaca ot aaaiyiii^ to« 

af£astivaaa«a of taa atoca^a aiaratcby, tu« aodcaaa tcaca ia 

taa pciaary ehtcactacizatioo ot a pcoyraa tbat ia oa«aad 

|t*|«« a« doa*t caca abat taa pcojraa'a pacpoaa ia oc aaat 

liB9ai<)a it ia artttaa in, atct# aa coly cara aoout its 

tldraas traca). raut, taa addraaa tcaca daaccxbaa taa 

rftSJUtll ^lUUU *» obaaraai  by taa atoca^a aiararcby. 

i«1.a Aigontaa 

fbttca ara tbcaa btaic daci»ioo aigocitaaa tbat aaat b« 

aapiayad by aa autoaitic atocaga aaaagaaaot ayataa. liififi, 

f, dastdaa abaa aad «axca laCociatico laouia aa aovad up « 

i«vai (o.g., (roa «« to «»). U4fililll# *■» dacidaa ao«c« 

ibfocaatioo sbouid ba placed in a latal. ln&iAi oc 

KtfiUS9ffBi* '*• dacidas «ban «uU abich ibfocaatico ahculd b« 

traaatacrad down A  iavai   («.g.«   fcoa  «•   to M}a 
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*• J lit a2£tn tuititiüi ftsiii * 

4 coapI«t«iy    4«a»c«l atorag«    htararclty ai^ontba,     .i, 

ajat   :onaii*r all tba paraaatara daaenbad aoova: 

i ■  C (<TacaaoI09f>#<:oo£i4uratico>(<?ro<|raa>t<Aljorxtba>) 

H   ■  f(<C,r>,   <Lt   l,   St   :•,   N>#   CA>a     t.   9,  k>) 

Jlaarly,     attaaptiag    to    optiaizv a    ayataa    with    ac    aaoy 

piraaataca    ia difticalt.    Fortaoataly,     it    ia poaaxbia    to 

ailaiaata    troa      COB;«»    or    at    least      aiapiicy    cact«io 

paraaatara aa aiplaioai balo«. 

1»2*1 Coof iquratioo 

Cooaiataat with th« title ot this thaaia« wa ahaii 

cdnailar ooiy hiaracsmcai loteicooQectioDa ot iavaia as 

illuatratad m Pi9ura 1( waer« T*<T<<TJ< ate. and ■•<■•<■•< 

•tc. fha ratioaaia tit this decisioo ia elaborated 10 tha 

thaaia. 

Fhare ara threi oasic strategies for intoraatiou 

advaaant sizes: (1) select a single page size value, N# 

tfhiSb is dliidys usad throughout the hierarchy - this 

ippcoich is used on lost conteafordty lutoaatic aultilevei 

storage systeas (e.g., auitics), (2) allov an arbitrary 

iAn-je of values tor N to be used - this approach is 

prinacily usel on aanuilly adaaijed  storage systeas, and (3) 
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o«t«««o «ay  two i4v*is ot   th« bi«L«cchy  -  this «p^coacü  «ü.! 

bi pacsu«! «si   juatiu«j in ibis tbttsxs. 

I«2«i Pcogcaa  d^batioc 

gdcb lojicdi aiic«tfs can be cepcesented as a bitj at> 

iftowo in Pi^ur« 2(a). If tftd pa^a sizes, U, ace cbcsen to 

ot poifecs ot 2, tba iat of 2*»a possitie aadtei,b«ü Cdn La 

pkrtitioned ioto 2«*y pa^es ot N=2*«n consecutive loyicdi. 

aidraases eacb as sboMn 111 ?ijure 2(b). [Note: the notation 

^••a'« aeaas 2 raised to the power a]. Since tbe mtoraatioo 

advaatnt betifeeo stsraije levels is accoapiisbed by 

transferring pages, m can analyze this interlevel aoveaent 

ay aecaiy considannj the time sequence ot ioyicai pdyes 

referances,   Ap,   callel   a  gaje   t^ace. 

Since we aiio« the pa>je size to be uifterent between 

aach level and requests are only passed down to a .jiven 

iavel if they cannot ha satisfied by any rnqher level, each 

level will usually expanence a different page trace tnouyh 

all are algonthaically derivable froa the saae address 

tcazi. In fact, if all address cetarences were bcoadcatt, '. u 

ill storage levels, the page traces can be deterained hy a 

siapla mapping troa iDjicai addresses into logical tages: 

pagi   dudrass   =   integer(   logical   addiess/N   ) 
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l<- i    UitS 

AUi)R£SS 

■*l 

(i)    LJjical   Addcess 

14- i   uits 

] PACiE | ÜISPLACEHÜNT 

(<—   p   bits   —*|<- n  bits 
(d=p*n) 

•*\ 

(b)   Loijicdi   Adaress 
(Di?iied   into  Pa<je Address   i rul   DispiacwstiDt) 

figure   2t 
Fucnat   of   Logical  Address 

(t^) 
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m 

itor«j« lli«c«rcby iyst««« «7 

tfi«r« I is tii«  p«^« «it« lot  th«t I«f«i. 

r 

ffc* i*l«c«a«nt a«:iSioo, P, is u«u«ii/ uocoii«tc«xi.t«l oc 

aioia«Ily coaatraiuai «a4f as a laault, aaa r«iacivai/ 

iitti«  iapact  upon  pacfocaaaca. 

* ItlftAl lilSh policy »ill ba uaad. Asuua« tuat at tiaa 

t a ra^uast tor iojic«! iidcaaa a (at, a^uitralaetiy, 

P1"latagar(a/N*)) acrivaa at iatai !•• At taat xuataot tba 

laforaatioo asy cuctaotiy tattida io «», otharaiaa it auat oa 

tsuad ia a ioaar iatai. Uodat J-«aao4 tatch, if p* is IB B1
# 

caa rafacauca procaala, th^ itttctaatioo is paasad back tu 

tb« processor, and oo otbat paya aovasaot occura xu tba 

aiacacchf. It    p*       is      oot    io      ■•«       a    ra«|uast      tor 

^■■iatagsc (A/N<) ia s»at t toa N» to H». It p* is in Ma tna 

P»-je is ttanstartei to n* and pcocassin^ contmuaa as 

Itactibad anova, otbartisa « ca^uast tot px>ist«9«c(a/b4) ia 

i»nt froa H' to l*( ate. Note tbat asdat tb« aaaand late» 

policy, inforaation is only aovad up in tna biatatcay *h*- 

aad it it is eipiicitiy dSliOilfd (i*«** rs^uastsd) by tk« 

processor. 

Althouja ieaand tetcn is only one (osaibia tatci. 

aLgontha, it can bs shown it>J] tbat for aiararcbical 1 r 

structured   stjra<je  systeai»: 
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•... iifa «ay tci:* «aa CMpUe«a«at «xyocitha (not 
aicos4«riiy asia9 i«Moi ^«^inj» «octbvc tcpl4c«««bt 
«l^ocita« «li«! th«t ««•• d«t«nd |»«<|ii>9 «" C«UMS 
ti« •••• or (tf«tc tot«l Bu«i»«K ot i-«^*» tu I«« 
tctatetcr«*   •••■ 

It ot»«r «ocd«, «» /•>•* ■i#M l«t«lUf«i| Ma»p«ctf aoviu^ 

ptj«» ooiy «h«a iMMMfff mMUt« Ll th- tUAMl MBMC Ot 

pi9t sofoatito. Of coacso, it p«y ictoMat lit r^sutoa «IIü 

tfe« itflfctc    U»tl tfc«t     is to    cocoitt tuo    p«9« t»    AlSMif 

tali, tio roaov«! «i|ocitka «ust to oopioyoi 10 ^to»la• 

op«:« tor tdo *•* P«9** 

J. i.«  tfovitfoJ Storno liOCOffOftl  Bod«! 

»•sod apon tho di«cas«ioo «to««, »• CAB «ligotiy 

«ispiify tho p«r««ot»cs c«««ii»ii>9 «" coosUocAtiOB i« tfc« 

OUCOfO biorOMfcf     «Ijotitht.   H,     »o  tliÄt     it  oood    coosidoi 

otiy: 

H ■ C(<tocMolojy>,<:ooti9"«tioo>,<Pro9r4o>,<Al<Jocitho>| 

d ■ f(<c,r>, <L,*,!>,•>, <A>. <»>» 

la tllifl tkisi« Ail of tu«** poiOMtOCI «ill «»• coaoidot^d 

«ad iofo.ti^atod. ipocial «ifhArfia «ill oo placoi o» 

«aaiytiosi «ai aBJar*»taadiaj tkt colatioaaaip bataaaa ta« 

H«00 aitaa, I. *ad ta« roootal «iiontaa, I« co^aitad lot 

•CtiOlOOt  op^catioa  ot   tfca atoca^a biacaccby. 
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i*' tf uatitait itAiMiti 

ffc«c« «r«    ttcio«! p«tf«MHl    ••••»•• UM    li coulu 

«••il«.    roc    M ottc.Il  1*01.1    of  flO*.    Äf.to. .•..Ull,4i# 

• ici M joo tkcoag^pol, job iacn-4ccuod UM« 4na procMMoc 

«tilU4tlo.. «co iuif •ig.ific.i.t. üoloctao«iol/# n 1# 

MMMlf difficult to dicoctli coUt« U«M MMMM to tft« 

HtfMMMt of U« itor^o sysftM, ovo. « appcoiiMtioB 

•MM MfUN MMUMMAM of     MO,  Mt« pUM«MM.     Zhao. 

• • lill ool, cotsidoc MMMM U«t MUM to Ut oftoctito 

ptcfocoooco of  to« storog« feioroccbr. 

J«J. 1 forforoooco floooucoMat lototioo 

Ouo to U« otcict kiocorcoicAl strvctuc« of our MMtf« 

•fstoi «.d tko doaoti totci pclicj, - CM UftifM th« 

ptccorooaeo of tbo .y.tos a, wparatoiy MMtHllM too 

iatoU of tte oiocorsoy «Urtio« -ith «». sine« 091^0 

itfil ooiy rocoit«. 1 p«9. l#tcll c#qa#,t lt th9 tulotMlou 

Ut aot booo foaod it • UtMc lotol, «ocb iotol MMlll 

»••• « diffocoot  pogo tcos«,   Ap«# Apt,  4p«#  #tc# 

fh-to «r« MMttl loi-ortoot pcopoctios of pog« UMM. 

U P 1» 4 pocticuuc pig« tcoc« co.g,. Apt) of A progco«. «« 

ttCUtt 

IPI lO0<|th   Of   tO«   pog«   tCAC«   S«(|M«0C« 
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* J set of distinct pages cefecenced io P 

• IJI    nuioer of pages in j 

Foe «xasple, io the page trace 

P > a, b, a, c, a, a 

»« observe that 

IPI - 6 

tt - («. b# 3» 

Ul - 3 

(LoMec case iettecs  viii be used to represent logical page 

ftldresses instead of page nusoerfi). 

for a specific storage hierarchy, we define ja| to be 

the size of n in units of pages receivable troi the next 

l3»er level.  For exasple, |Ni| = s»/N«# | ll«| =S«/II*, etc. 

For a specific page trace, P, storage level. A, and 

resoval algoriths, H, we define the Cgsu^t p^gg tjttcg or 

(iiSh 211« LC^SS* P'« as the tiae seguenced page references 

of P that were not found in H. He shall call page 

raferances that are found in H successes» The success 

lt&£ki2a« Sf, is the nuaOer of references satisfied by a and 

cm oe cosputed as IVI-IP*!« Dy analogy to the success 

function, toe nueber of references not satisfied by H, IP'I. 

is called the läüüte tuncüon. Ft. In general, we wish to 

aaxiaize th« success function or, eguivalently, nimaize the 

iiilure function,  it is convenient to noraalize the failure 
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function oy defininy  the failure frequency function,   f, 

f =  |P'|/|P| 

riie  saccgsg fEsaaencx function,   s,  can be easily ccBfuteU  as 

1-f;   it is often called   the    hit rate on  a  two-ievei  storage 

syste«.       He    also    define       the    systea     faüu£e    frequency 

iaastion»  f9*   of a level  to  be: 

f0 = IP'I/UI 

where A is the address trace generated by the processor and 

|l| is the length of tup address trare (it is also true that 

IM always equals |p»|, thus they may be used 

interchangeably) . The System success frequency function is 

correspondingly defined as s0=1-f0. 

If we apply tha definitions above to the processor 

generated page trace, P», received by fl», we note that the 

result page trace, P«, is essentially the page trace, P«, 

raceived by H«, There is a minor relabeling required to 

adjust for the diffarence in page size used by H«, 

p2=pt(Ni/N2) , By repeating this process recursively, we can 

iavelap the effective page traces, failure and succesa 

functions, and failure and success frequency functions for 

each level of the hierarcny. Since we assume that ail 

referenced information exists in the storage hierarchy, t :i 

sum of  the system success frequency  functions must   be   1. 

3ne      general      measure     of      a      storage       hierarchj'1 
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parfonaoce  is  its effective access    tiae,  T»,   ana ett«ctive 

C9tt«   C,   wbich  are  defined  as   fellows: 

T«   s  Tiso»*r«s0*»TJsOJ*... 

V and C can be vienai as characterizing the entice storage 

hierarchy according to a corresponding one-ievei systeoi. 

Proa a cost/perforaince point of vie«, cne snoula ue 

indifferent between a sin<jle-levei simjle-technology storage 

lavica with average a==ess tiae, T'« and average cost/byte, 

Z* , and a storage hierarchy systss *ith perfotaance 

paraaeters {T tZ*) » In particular, if the systea designer 

aaeds a storage perforaance (l,C) and no such basic 

tacanology exists, ha aust atteapt to develop a storage 

hierarchy such that   (r«,c«)   =   (T,C). 

3.3.2  Page Trace Siaulation 

One vay to deteraine the success fceguency function ana 

the result page trace for a specific page trace is to 

siaulite the storage aanageaent algocitnas and note the 

contents of fl at ea = n step of the page trace. Clearly, 

these results depenl upon nuaerous pdraaetecs (e.g., 

specific trace, raaovil algontha, size of H, etc.). Pigui«. 

J illustrates this stap by step siaulation assuaing aeaana 

piging, PIPO (first-ia first-out) ceaovai, and |B| = - 

pajas.     Poc     siaplicity,       the     page     tiace.     If,       has    oeet 
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(£3) 

P = a, b# b, c, b, a# d, cf a, a 

IPI = 10 

3 = { a, b, c, d J 

IQI = 4 

m = 2 

FIFO Henoval 

Page rracefP  |a|b|b|c|b|a|d|c|a|aj 
 4. ^ 1 + + f ^ + ^ + ^ 

Fatch !♦!♦,        ,♦,       |   •  j   ♦   |   ♦   |  *  j       | 
--—— ♦---♦ ♦ » + + f ^ + 4. + 

H Cooteats       |a|b|b|c|c|a|d|c|aja|    .-«•new»' 
(after  each    |       la|a|b|b|c|a|d|c|c|   <-»oldM 

reference)     I       I       I       I       1       |       |       )       |       |       | 
—• ♦ ♦ ♦---♦ ♦ + 4 4 «. 4—..«. 
Page Prace#P«|   a|b|        |c|       ja|d|c|a|       | 

ÄSSttitS 

•   Pf s IP'I   =   7 

•     Sf ■ m-ip'i = 3 

•   f = 70» 

•      S a 30% 

•      P« ■ a,   b,   c. a, d, c. a 

Figure 3. 
Example of Page Trace Sinulation 

m m -**** —■- •--- iifcrn^'riar  "     -      -  -   - 
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aaraiiized to be expressed in units of receivdüie payes. In 

particulac, if n is a», then |tt|=s>/N* ana p=integ«t (a/N«) 

wheca a is a lojical address reference and {. m 

corresponding page refarence. Ihe pages in M ace shown as 

ordered to indicate the FIFO ordering, the top page is the 

"last" ("latest") page fetched into H, «hereas tne tottoin 

page is the "first" ("oldest") page in M and is the t-age 

salected for replacenant when necessary. The asterisk (*) 

indicates that a tet=h Mas reguired frcn a lower level of 

the hierarchy, the page reference is thus noted as part of 

the result page trace, P1. 

It is nornally assumed that all levels, except level L, 

are eapty initially, thus there is a transient stage during 

which pages are loaiad into (1 without any replacements 

naeiei. Since there are so few pages in a during this 

start-up stage, thera are aany fetches reguired. He will 

find it useful to separate out this transient phenoaenon. 

This transient consists of the page trace up to the tirst 

|SI unigue page referances, in the exaaple of Figure 3 this 

is tha first 2 page references (i.e., a, b). Consider the 

case if |Q|<|H|, there would be no further fetches into this 

iavel after the initial transient that loaüs the |g| pages 

into M. In this case, IP'^IUI exactly, independent of |P|, 

and s tends toward 1 as |P| increases. 

Lk. -. -, -M'TlMtlllflnWfiiillillfHtilii    i I    i ■•iiiMiliil —ainiMi  r-"   -'■' "- ■   .., . . M     > ... •. - . 
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In  the  particulac     exaapia   iliustratad  in  figure     j,   w« 

aote  that  there  nect  3   «hits'   and    7   •■isse**   out  ot   1C  pa4e 

cafecances,   so that  s-iOh.   Thus,   P«     only consxat« of  7  , . ,. 

rafecances  to the lowar   levels. 

3.4  BäUiSd ää3fii£S& 

As noted above, ve wish, to develop a storage aieiacchy 

with attractive cost/pecfornance, (CM»), chacacteristics. 

It is clear that we ran arbitrarily decrease the cost/byte 

oy ■aicing the size ot each level, s, increasingly larger as 

we go froi the nigh-pertoreanc« high-cost to the 

lon-perfornance low-sost levels (i.e., C»>c«>c»>... and 

S»<S«<S'<.,.|. in fact, tnis approach is tne basic 

■otivation  for storage  nxurarchies. 

Unfortunately, if the processor generated address 

rafarances that wera uniforely distributed in tiae and 

address, each byte would be equally likely to oe referenced 

at  any  instant.     This probability  would be: 

Pr[ ref erance  aj  =   1/(SWs«*S»»,,,) 

Thus,   the    expectad  systei     success   function,     s0,   for     eac^ 

iavel  is  proportional to the  size of   the  level,   for ezaaple, 

s«»   =   SV(S»»s**S«»,..). 

»iut,   since  we    have assumed   that   S»<S«<S3<...,     ue   find  tha • 
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j*i<t**<t«*<... Tkus( ti« syatt«! svccvss tuuctioo iui taw 

Ltb lit«! dosiaat«« (!.••, it» «^(coiiaatcly 1) «inc« M* II«VU 

sssuaaJ that it ia tba largaat iatai. Bafvccxag baca to out 

difiBLtioa af affactiwa accasa tiaa« «a txod that l* would 

o> approiiaataly aqaal to tha ioaaat pacfotaaaca iavwi 

(latal L) aiaca all tha otkac taiaa would ba aagii^iol«. it 

tait inalyaia Mara tcaa, our atccaga hiararcby vouid ra^uit 

10 i parfocaanca juat slightly better than our Ioaaat 

partsraaaca latal at a aodacata mcraaaa tu prxca - oot ao 

dapactdlly axcitiog raault. Fortunately, actual storage 

aiararcbiea do not bahava tms nay. Ha «ill bnatly cavieM 

aoaa related reaaarch on this subject. 

J.«. 1 Locality 

It baa baaa eapirically obsertcd that actual {.rograaa 

cluatar their references ao that, during any interval ot 

tie», only a subset of tha mtocaation available is actually 

ueai. A detailed discussion ot this pheooaanou will be 

preseatad m the thesis. 

It is iaportant to notw taat due to our basic raumnijs 

of pa^e jixes and access tiaes in tba storage hierarchy, 

•ftOI level HseesN a diftereut view of the prograa. The bigh 

Itveli of tbe hierarchy aust fellow the aicrcscopic 

instruction    by  instrurtion     reference     pattern  uhereas    th«. 
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■ idil« i-r«l8 tolloM A aoce «jcoss subroutin« by iaciuutin« 

Cfttttro. m« »try low icvwla at« pcxaacily conceu.tu atout 

tfte pcocasaoc*a c«t«r«ac«s a« it aofas tioa wubsystoa tu 

jubaystaa. 49 do not n.ivo any a priori <juaiant«« that 

uciUty ot rataraoo acids a(]uaiiy tcue for aii ot tnuse 

»iei*i# but w« do toa?« soae rapcrted atidabce to «»ncoara<j« 

'.*>• Hast ot thaaa atadias ha?« been basea upou tMC-ievei 

itoraja syataaa or restricted fons ot three-ievei 

niararchias. 

J.0.2   Pd^inj   Systeis 

fba «ariiest autsaatic storage systeas e«tre based upon 

tao-iatai cora-drua bierarchies (devices 2 and U of Tabia 

1) • This techaiijue aas introduced in the Atlas systea 

L)*,57] luring the early 1960's. It has since bean used 00 

ainy  conteaporary systaas. 

-■ 

The perforaance or paging systeas has been studieu oy 

various researchers, such as Belady (12], Coftaau and Vanan 

[19#d6]# Hattield [40], and Sayre [77J. In Coffaan's 

rasults, for enapl», it was noted that even tnoujh 

S»/(S»*S«)«O.iS, i« otten exceeded ^5». Hatfield studie: 

the parforaance ot systua prograas that had been carefully 

dssigitj and founJ that for SVCS^S«) catios as ion JS 

J.25,   it   was  poiisioie  tor   s*   to  ctten  exceed  99.99». 
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3.u.J CdCb«  Systaas 

:ichn systeas ice basud upon two-level cache-odiit 

biecacchies (devices 1 ana 2 of Table 1). Altbouyb tbey nave 

b*en proposed as early as 1965 |see Uilkes [ü6])f tae aajoc 

coaaaccial use of cizbe systeas did not occur until tbe 

latroluction of tbe IBH Systea/360 Model bS i21fb1]. (lore 

recently, tbis tecanique has been used in several 

cooteaporary systeas, such as the IGH SysteB/i7ü Model 1b5 

*od  Model   165 [52]. 

In these cache systeas, IBM found that it aas possible 

to dnstically reduce SV(S1*S') to as low as 1% and still 

K»ep the hit ratio, **, above 90%. Siailar findings were 

also reported by dell and Casasent [13], Hattson [64], Meade 

[95],   and Seligaan [78]. 

3. 4. it  Three-level  Systeas 

There have been a few three-level systeas reported in 

the literature, unfortunately they have all been soaewhat a^: 

tt2S i-n design and the results are far froa conclusive. 

There have been at least three types of such hierarchies 

studied. 

•»   i 
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3.a.4.1 Main-öulk-rtass Store Hierarchy 

fheri  have been  several  systeas  devised bdstd  u^on 

iavicas 2,  3, and 5  of Table  1.  The BuiK  otore actually 

Uäed, called Large Core Store (LCS) , had a ouct. lower dccess 

tiae (around 8 us) and a auch higher price (about 25«/byt«»). 

la  order to coapensite for  peculiatties in the  hardware 

structure and out of considerable concern for  the extreme 

cost  of LCS, these systeas  tended  to becoae  aucn  aoce 

ainually  aanaged hisrarchies than autoaatically  aanaged. 

Although they were foand to be effective, it is difficult to 

ganeralize the results. The  aost aabitious atteapt reported 

was undertalcea by Carnagie-Mellon University [J6J,  aesults 

have also been reported oy Durae [31J, «illiaas ^89], and 

others. 

3.4,4,2 Hain-Larja-Mass store Hierarchy 

Phere does not ippear to be any autoaatically aanaged 

systeas of this type published in the general literature. 

The Bultics systea at NIT Project MAC nas recently 

introduced a "page-aultilevel" strategy based upon device 

2, 4, and 5 of Taole 1. There has only been liaited finding 

raported to date but it has been stated in the March 1972 

issae of  tne MIT  Inforaation Processing  Services BMiigtn 
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(p.   11)   that  it 

**••. does pay oft since it neets fluctuatinij deaaoub 
oa the systei, reduces the workload tor the disKs to 
da efficient level, is inexpensive, and keeps ^a^us 
on   the dean  for  an  acceptable  length  of   tiae.'* 

As in indication of its effect, the new strategy is related 

to have increased the success frequency function, s2, of the 

icj« tzom 20% to lore than 90ft (i.e., "reduced froa one pa^e 

raal froa the disk for every four reads froa the drua, to 

one page read froa the dis* for every ten to twenty pages 

froa  the drua'*) . 

3.4.4.3 «ain-Larje-Giant  Stcre  Hierarchy 

The work of Consiiine and ueia [20] is difficult to 

citejarize. It is based upon a three-level hierarchy where 

the first level corresponds to device 2 (aain store) of 

Tibia 1, the second level corres^onds to a coabinatiou of 

Javices 4 (druas) and 5 (disks), and the thira level 

consists of reaovabie disks which can best be approxiaated 

oy device 6 of Tablä 1. It is iapossible to coapute any 

siccess frequency functions froa their data, but it appears 

that for S2/(S«*S')»0.5, s« is very high. They note 

(p.44J), in particulir, "aost of the data aoved to the 

archival  storage   (i.e.,   n3)   have  stayed  there." 
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i.a.5   :.'eoi   for AJiitisuil lt«s«4rch 

Aithau^b the  reiuits     of   c«Mwdich    d^ucciu««!  dtov«     i« 

dacoutajin^, tb«    dasign      and       p#cfocaa&ce    ot        ,.-i..t ,. 

ajltxpla-lavai stora^a    bieracchias ace    litill i,occuclu«x¥«, 

Tais  tbesis is iotaDdel  to    provide tj-ecitic ceduic^  10  ttiia 

ire». 
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A ST9i4ttK  HXIfcAICMI   SYSfCu 

In this ca«pt«r « d«si<ja tor « <j«o«c«i «ulti^ic lfv«l 

jtor«j« bi«r«rc»y tfy«t«B# m )««cticui«r litfe tac«« oc soc« 

Uf*is« i* pcutottfi. rois a«»i9n is L«s«a apoa «a cca«ily 

•id jnitora u««ta«nt ot th9 logical Jiractuca ot ton 

tftocai« iataia aad thaxc latacccattactioaa. In addition to 

t*cofiiiB9 a aolution to convamant atcra^« aana^aaaat Ccr 

ta« uaar, tai« dtfaiga is intaodad to prodaca ^ood 

partjraanca (oc tna atoca^a axararciiy as ssasursd fey its 

•tfactits aceaas tisa# T*( and aftactivs cost, C*. Tna 

pciackpia «nl notai taciiBiijaas to ba ussd aca dasccifead 

aapacataly  in tha sactioas baioa. 

•• 1  ;2AWBUS1II tlAtUC2AX 

As nota4 aariiar, autoaatic atocaga macacchy systwa» 

ic« still in toa »injiit,. Ason-fat tbosa systasa tnat a. 

provila aatxitic aton^a niocarcby Baaa^asant« tba Bajocit/ 

liait thaic acopa to tao iavais aitb a taa caca tbraa lava! 

«yst>as.       h* 4    rasult  ot     tnasa iibitatiocs»     tba  usat     i ■ 
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.till tocc.i to rtly oo .•«utl or Mti^.tOMUC .tct-.o 

MMfMMt toe*.*««, to dH4l .ith tbo «o«^ l^wl. tJJ<ll 

.c ■»! 4uto.4txc4iir ..^.a. ti«., .« Mta«.tw «tur«4t 

....^.•at .„to. .fc,al<l coo.i.t ot 4 CmAJWaj4Ä fcaOAAI 

tiot  ii>coBp40.os Uo tali r«^« cl  •tor4^ lo»4l^ 

•• I.I Cost/Portoroooc« ot Aaj4c«ot Lotol. 

4 M)«c obot*ci4 to 9«MnUiiaf «toc^o .4n4^.«nt 

llfMiUM. I« p4iti:al4c IU tiio-l^ol p4^nj -.yst..*, « 

mo tco.o.Joa. cootroat, oUon o»or J ccaot. 01 .4yoxtaa-, 

i» coot/por«oc.o.co ooto.o H *„<, «.. *« xiiu.ttotod lo 

r»bU I (p4.|o 2«|, 4 iopta.oot4tx»o lUl Stoco, «», hdli au 

«scoot ti.o of 1.«« uo cooporod to o Lorgo stoco, m, -lth 

*. «ccoo. tioo of 5 ... i„ ,UCD , kfc0.i#ftl ,mtt- U€ 

tffostito 4cc«.. tioo« f«, is 

r*  ■ r*oai ♦  i*Bo* 

T* • 1.4«M01 • SOOOo0» 

*td  OIBCO  .•I4.0«.l#   4»  coo   oubotxtuto .»i.i-.a*  t0  y#t 

T*   ■   1,04  -   l.au.ot  *   5C00so« 

r« • 1.44 ♦ 4<f4o.56oet 

10 orlor    to 4tt4in    40 «ttocti», 4cco..    ti.o, x»,     thot  i^ 

C0.p.C4bl0 tO thO  «410 StOC« 4CCOSO ti...  I«.   M .«St te.p 

tio lystM aoccooo tr.^uoocy tunctioo. a«', »or, oioM to 0 

«# sorroopooii.^i,. K^.y ••! very clc.o to 1. i«« -lu 

**» »t !*v.d4.  JU iiprof^aont to «»v.vi «ouiu cut tk* 
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tCfMtif* access tiae, T», la halt. With SUCH prsssuc« to 

ittiin very hiijh s01 viiues, the systeas designer iä otteu 

ClCeti to seat out racy specialized techniques in contiast 

to JJC jodli of orderly and uuiicru algorithas. 

4.1.2 Moderate wOst/Pirlormauce Fatics 

In order to naka the storage hierarchy design rocust 

iad flexible, the csst/percoroance characteristics should 

dift'ec by less than two orders of nagnitude between aujaceut 

Lavels. fnus, succass trecjuency functions in the range 90* 

to 991 are adequate t3 insure reasonable perforaance. If 

ttia differaacas ara aush greater, it will be difficult to 

ti.nl sufficiently efficient general algorithms. Since ainor 

stiangaa in production techniques and technology evciutiou 

can result in a variation of a factor of two or three in the 

cast/perforaance for a given technology, it is not desirable 

ta decrease auch oelow one order of aagnitude difterence 

hatwaan adjacent stonge levels. 

4.2 äfcld2£ ilaLäiS aaj Päiie Splitting 

The  tiae, Ta,  reguired to move  a  page between two 

xavals of tne  hierarchy usually consists or suaaing two 

csaponents:  (1) tue average access  tiae, T,  and (2) the 

tcanscer tiae, BxN. 
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If all page sizss were set to provide exactly the 

aiount of information, N», reyuested by the processor, the 

piye  laovenent   time  would be 

Tm = T + ExN» 

-here T and d wouil iepend upon the particular storage 

levels. By examining the representative uevice^ shown in 

Tible 1 (page 28) r we see that access time varies much m-ore 

than transfer rate (i.e., access time spans 6 orders ot 

«»gnitude whereas transfer rate varies by only 3 orders of 

magnitude). 

1.2.1  Marginal  Increase in  Mge    Transfer   Time and Reference 

Probability 

Let us assume tint m is guite small, such as d bytes. 

■la can ask the question: What is the marginal increase in Ta 

if we transfer the aijacent NI bytes in addition to tue Hi 

bytes requested by tha processor? Table J on the next page 

inswecs this guestiou. Notice that the marginal increase in 

ri decreases from a high oi 5.5* (level 2 to level 1) to a 

law of .002« (level 6 to level 5) . Tins fact is only 

iaterasting if we alsa consider the concept of locality (see 

Jaaptars 5 and o tot additional discussion) and the 

question:   -hat     is  tha   probability,     Fr,   tnat    the  processor 

J.—-.. —^   .— ...-^--.^...-.»--^^^ — _.^-.^.*_  .      .     .-.-.    .    --■.     ,.    .^„w.^-  j-.:--—    ■„.. ^c^^.m..-^^^.^^ ^"■■^ -......*_—-^ 
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(£t>) 

rcdnät'er 

^  to 1 (•) 

i  to i. 

i*  to 3 

5  to 4 

h  to 5 

(1   unit) 

1.4U US 

131 113 

3006 us 

36010 Ui 

600013 us 

Tn 
(2   anits) 

1.52   us 

132   us 

5011   us 

3d02C   us 

o0 0J27   us 

IU     'llL 

. 8% 

.U 

.03% 

.002* 

Tauie   3. 
Narjinal  In^cease  in   Paje Icansttii   Times 

• Tha figures tor iscess time dnd tianster rate for the 
Din Stor? listed in raOle 1 are approximations that are 
oai/ o^aninjfal cor very Idrge p.ijc sizes. Pur the page 
sLzaa under consideration in this chapter, the figures usea 
id  tna  table  aoove  are  mote  apprcptiate. 

..' .,.,—..-«.»»*,^.-..-,-.-.—..»-- MAMi^dAMHHHMIiMi " . _  
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-ill cefecence the adjacent N* bytes with a sacrt interval 

of tine, such as !■ aecoüds? Due tc locality of pccgram 

rafeL-ance, we would exptct Pr to be auch larger than meroij 

tu« reciprocal of the ioyical address sj;ace s^ze. 

Partheraore, Pr should increase as Tm increases, inus. Lot 

a yivan level, if Pr is laryer than the Bdrgitiai inccbdä^ in 

ri, it is beneficial to transfer the additional M oytes anu 

taecaby avoid the necessity of expending To. aeconds to 

transfer these N» bytas later separately. 

These saae aryamaats can be applied to tne yuesticn or 

transterriny the adjacent nxN i bytes, etc. Since the 

.airjiaal increase in Tm decreases monotonxcaliy as a 

function or storage lavai, the number of N» byte pacxets to 

Da transferred as a single paye shoula increase 

■onotonically. Phis contirms cur earlier decision that 

y»<N2<N3< etc. 

4.2.2 Choice of Page Size 

In order to simplity the i nplenentation of the system 

nid to De consistent with the uappiny from logical aodress 

to page address illustrated in Figure 2 (page 46), we will " 

raqjice that all p^ga sizes be a power of two. Tnus, each 

page size (e.g., N-») is some power of two larger titan the 

pij'  siza  of  the  naxt  higher level  (e.g.,  N3»h«»»i) . 

  - 
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Jiearly, the speciiic values of Pr and thus the choice tor 

aach page size depenis upon the characteristics ot thy 

pcogriins to be run and the effectiveness oi the cveiail 

-Jtoraje systei. Preliminary measurements, indicate that a 

ratio of 4:1 between levels is reasonable. Head« Lb5J has 

rapocted sinilar findings. other important tactora 

affecting page size are discussed in Chapters 5 and t,. 

<i.2,3  Page Splitting 

Mow let us consiiar tin  actual moveaent of infotiiation 

in  the  storage hierarchy.   At  tine  t,  tne processor 

^anarates a  referenca tor Logical address a.   Assume that 

the corresponding information is not currently stored in M» 

or H« but is found in M»,  For simplicity  assume that page 

sizes are doibled as va go (;own the hierar :hy (e,g.# N*=2iM# 

N«=2N2=UN»,  etc.;  saa  Figure  U). The  )age of size N» 

containing a  is copiad iron n'     to ft«, M« uow  contains ihe 

naeded information, so  ue i epeat the proc-ss.  The page ot 

size N2 containing a is cop.ed ftcm n« to J».  Now, finaliy, 

the  paye of  size N»  containing a  is copied  from H»  tua 

forwarded to  the processor.   In this  process the  page ot 

information is split (i.e., £aäe ^iittinjD repeatedly as it 

moves up tha hierarchy. 
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Figure a. 
Page Splitting and Shadow Storage 
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4.2.4  Shadow  Stocaga 

is a result ot titis spiittin<j# tbw pa^e ot size ;.' that 

ii caoeived by tha processor has lett a '•shadowM cousistioj 

of itself aad its aioacent pa>jes bebiod in ail tae lo««C 

lafeij (i.e., SfeiäSl ät^iüS) • Pcesuaaoly, if th« {.rcjr<ie 

eihxbits locality of reference^ aany of these shddoM (.4<j«ä 

Mill be referenced shortly attemard aad be aoved futthec up 

io  tha  hierarchy  also. 

4.2. S Copyiaij  of  Payes 

In the strategy presented, (ages are actually copied as 

they aove up the hierarchy; a page at level a has one copy 

of itself in each of the lower levels. Since processor 

"fetch** requests substantially outnuaber "store" reguests 

(a.g.f by aore tnan 5:1 in soae aeasured prograas), the 

contents of pages are seldoa changed. Thus, if a page has 

not baen changed and is selected to be reaoved free one 

Ltftl to a lower level, it need not be actually transcerred 

since a valid copy alceaiy exists in the lower level. The 

contents of any level of the tiierarcby is always a subset ot 

the iaforaation contiined in the next Ijwer level. Itus. 

tie total inforaation cipacity ot the systea is eguai to the 

size ot the level L store rather than the sua cf the 

capacities  of  all  the  levels.     Since  the  capacity  ot   level   1 
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U issuaed to b« auch iiryar than the capacity ot L-1, ttc, 

tfca Jiffarence in total systaa capacity aue to .JIMO« 

storaj«   ia aiaiaal. 

••3 OiUCi lUASXfiL 

in   the  dascription  above   it   is   xaplied  that  iDtoi.«<ition 

actually     aoves    betiiean adjacent     levels.       This    approich, 

callal  iUisi j£lÄit8£»   is    indeed  intended,     dy ccafanson, 

taoiigb,     aaoy     propose!    and       eipenaentil    auitipie     livel 

storage  systeas ace    Dised   upon   an iÄÜiiSSt    t£inStS£   (e.y., 

tba  Baltics     "page aultilevei"     systea aentionad    in Chauter 

H.     In     these systeas,    ail  inforaation    is routed     through 

l»»al   1.     roc  eiaaple,   to  aove   a     page  troa  level  n  to  l«vel 

n-1,   the  page is aovei  froa  level o  tc level  1 and  then uroa 

level   1     to.level n-1.       Clearly,  this indirect    apptoacn  is 

uadasirabla    since    it    requires    eatra    page    aoveaent    and 

consuaes     a     portion    of     the  liaited    Ri     capacity     in     the 

process. 

There have been t^o aajor obstacles to direct tränktet 

in pravious systeas: (1) interccnnecticn structure and (j) 

synchronization. 
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**> J. 1 Inteccoonection structure 

for aany reasons, soiie techuical and sone histoiical, 

most conteaporary systeas are physically structured in a 

lidial aanner. That is, there is a central eieaent to tne 

s/stea, eitner the processor itself cr tae {.naaty ttore, 

and all other storage devices and/or processors are directly 

connected to this central eleaent. Eicept tor soae possible 

ontrol signals, thare are no direct data transfer 

connections between the non-central eleaents. This 

structure is, of course, quite consistent with a 

aon-aierarcaical storage aanageaent systea. k logical 

stocaje hierarchy systaa should be based upon a physically 

hierarchical interconaaction structure. 

4.3.2 Synchronization 

Is indicated in Table 1, storage devices often have 

different tiaing and transfer rate characteristics. In order 

ta accoaplish a direct data transfer between levels, 

synchronization is necessary. It aay be obvious that a 

storage device can not transfer data faster than its rated 

,)3rf oraance, but for aany storage devices, especially 

eLectroaechamcal devices, it is not possible to transfer 

data slower than its nted speed. 
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Based  oa curreot  töchaoiogy,  this  proble« ca..  be 

«Ivel.    naay   of  the  storage  devices   arc   ..ow 

uon-elactro.echaaical (i.e.,  strictly electrics) #  «uc« as 

tae Ciche,  Main, and Buiii stores ot Taole 1.  it  xs Hui^ 

faasiole to  provide direct  transfer between dny 01  tba«« 

aevicas and any other storaje device; thii is one reason tot 

tue radial  interconnections described above «here  the Main 

itore  acted   as  the  coi.on  .eans   ot   providing 

synchronization.  Using a  si.ilar  approach,  we cao  aiiow 

direct transfer betten electroiechanical devices if  this 

transfer   is  routed  through  a  s.all  and  reasonably 

inexpensive  electrical storage  buffer.  Peiling  [Jij 

discusses such a devira, «hich he calls a iubbei^jnd jsjo^ 

pcesuiably  because   it   -stretches"  to   aatch  the 

characteristics of tha source and destination devices. 

4.U ge^d liirouah 

In the descriptian above, it is iaplied that a transt^r 

up the hierarchy tro« level 2 to the processor (level 0) 

consists ot two segueatial steps: (1) transfer page ot size 

N* tco. level 2 to level 1, and then (2) extract -.he 

dpprapriate page subset of aize N» and transfer it t. . 

level 1 to the processor (level 0). In general, a trans/..>r 

fcoa Level n to the pco^essoc would consist ot a secj.es ot n 



Stor»j9  Hierarchy Syateas j4 

«.pS.     Thus tk.    „ste. „.,. ttl„sf„  tlm    ,8,u es|u4l  ^ 

••■     of     „      uur-l.,,!    m.      tr.„.f.r      U.9S      (.w.# 
ri".r.«j»riJ>. ■ •••). rurthsc.or», lor M,J 

•l«tcMMk..te.l   .».„,.     «„ie...    u.     „„„,   |ce,M 

"qatrea tofo».,« u, ^ £ubsetj ,., „„„^ ^ 

•UI1.U< «c.ss toi,, r.td« tu*, tk« >.t«n,.< U.... 

•tt.. stori», the Irt^MU«. into tk, i.,el, , e01fU^ 

Mek..i,.l   C.M.U.. .ay  te te,ul„d    to rt,oslUcn  tü ,,.„ 

rbxs     Urt«ci«o,     ,u   b,     ,foM^     b>     tUotlM 

iofaraation  to  ba  stored   i«*« 
stored  into  all  upper  levels 

si.ultaneously.  FiguC8  5 uiustrates thxs eechaoi«.  if 

i-for.ation is to ba transferred fro. „. to the processor, 

«' turns on its output data ,ate, Oout, .nen xt is ready to 

start and transfers H' bytes and their corresponding logical 

addresses up the data bus. M turns on its input data gate, 

-«ia, to receive these M bytes; further.ore, .hen the 

appropriate M bytes needed by R. are detected by M. xt 

turns on its output dita ,.t., G»out, and these M bytes .re 

fomarded to «» «hxie bexag stored in H«, etc. 

for exaaple, dssaae a reference tc logical address a U 

generated by the processor and the corresponding infora.txon 

xs current stored at level n (and all lower levels, of 

course). At the  instiat that the N« bytes  contai^xng a are 
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Figure   b. 
Heü   Through   Structuie 



pltttl oo tb« d«t« bi- by Uf«! •# U«M *• b|t«» »ill b« 

•tor«! lato »11 lovtU tiot itwoi o-1 to iovoi 0 (tu«« 

licosaicor) »i«alt«o*ju«l/. Uk««iM# tb« »* b/t«« 

:jut«iaiftj » aro aiauitaa^ouaXy itor«4 into all iaval* CtM 

Lctai a-1 to Lawoi 1. fiia atcataqy tbai aaaas it tyfit 

ttat ta« ■» byt« paja ca^uaatad by tba pcocajaoc i* mi 

UL2iUl directly  to tba  pcocaaaor «itbout  aoy  aaiaya* 

«•«.1  Paija Tcaaafar  Tiaa 

Jaioj tba caad tbroujb atratagy, tba ^aga tr«aa£ar tiaa 

to tbi pcocaaaac ia actually laaa tbaa tba paga tcaoatac 

tiaa to tba adjacaat atocaga laval. For aiaapla, it tba 

rtqaaatad ioeocaation ia atocad io n», tba paga traoaCac 

tiaa to tba  procaaaor*   vi« read  tkrougb,   ia 

faio  •  x*   ♦ H'B* 

«karjta,   tha paga tcaaitur   tiaa  trca R*  to a*  is 

ra't  -  T*   ♦   H'B». 

SUs» MUM«,   thao  Ta'0<ra«». 

4.it.2  Availability   anl   Sarvicability 

::.. raid througb ucbaaisa aescrited abova ettasa HOM 

iiiortint advantages to tha availability ina servicwdbüity 

at tha ston^a systea. Note thdt all storage Iwvels are 

:jn;iHJt •!   to  the  gatei   ddtd   buu     not  directly   to each  otaei. 
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II    • «tocM«    l«f*l IM    b.    r«MfM fro.    u« sy^tf.    loi 

atC#A5lB,#    It   i.     Mrtif   MMMtCI   tc   .••U4Uy     Mt   tot«   ui« 

i»d      iOUt   -00-. lu   tfciM      BAM,    th«      IDtOC.^tiOI.    13      to^ily 

-rotJ tbtouih- tbi«    Uf«i M if it «i«a*t    «iist.     üO ctb« 

UM^M «co  BM««i   to  m  of   tb« otboc «tor*^  Uvti«  ot  tk* 

«tOCHO ■i04^..at     *Horitbi« •Itnou^b   M   .OU1J     «.^ct   tlM 

H»r£or«4nc« to d-ct^««». 

ündoc oora«! »toUy-st.to oFor«tioii#    «u  tbo low.is ot 

"• itor^e    bloctrcb/   gUl  b*     tull   (««copt    fo.sioly l.tel 

L).     IbM.   «booovoc  4     pa.j,,  ld  tc b«  aovad   into    •   Uf«i«   it 

it ■«••MtCf  to MMM  a  cuccoüt   p4J«.     ||   tbo  pa,« s.lectod 

f>c  caaofti    baa oot    o««o cbau^td by    aaaaa ot    a  procaaaor 

■•toct-,   tb«    n«V  p.,«    cao b*     laiadlataly atorad    ioto tue 

lit.l  aloca a copy  ot  tba caaotrad pa?« alraady «nata 10 toe 

otit    lo.ar    latal    ot     to«    biatatcby.       it     U«    ptoceaaor 

ftMCBUt a  -atora-   r^u-st,   all     lavals  tOat  cootaio  a  copy 

31   to»  lotjtaitioo boioj  aodified oust  L...  updatad.     Tbis ca.. 

01  accoapiisbad   10  tbroe  basic     nays:   (1)   store  tbcougb,   |2) 

itor3  replaceoeut,   oc   (J)   stoco  fcebiod. 
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4.5.1   Store Througb 

Judar i Si2tS tÄ£2iÜi!l policy, dii ieveia dte 

siauitaneousiy upidtui wbunever the pcoc«880C yeuoratejs <i 

"itote" request. This is the obvious inverse ot the ceau 

tarsajli policy, out, there is d crucial distinction. Jadei. 

iid\ throujh, only storage levels 1 tarough n are used, 

-at'i ? n i> the bigbast level containing tne requested 

inforaation. Store tnrougn nust update the contents ot 

lavels n through L. fuus, read through speed is imited by 

its slowest level acfacted, level n; store through is always 

lintad by tba speed on level L, the slowest level or then 

all. If 2)% ot ail processor reguests are "stores", the 

systei success freguancy function of level L will be at 

laast 20ft. Due to its large average access tiae, level L 

will be the doiinata portion of the system's effective 

accesa  tiie,   T'. 

Store through can h<i used efficiently only if the 

access tiae of level L is coiparable to the access tiae of 

LlVtl 1, such as in i two-level cache systen* In fact, it 

is used in soae cache systens, such as the IBM SysteB/370 

■Odtls   155 and   165  [52 J. 

— 
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4.5.2 Store  Repldceoeat 

Jndoc a store reßiacement policy, the proce^sci: only 

Jtorea into N1. It d chdiivjjd fdije in later seiectea tor 

ramoval, it is theu moved to the next lower level, M2, 

Limediately prior to bainy replaced. Ihi£ pLcce^s occuts at 

every level and, eveataaily, level L irfill he apdatea but 

only after the pa^je has been selected tor reiuovdi trom all 

the higher levels. Due to the extra delays causea by 

updatincj changed payes Detorö leplaceutat, the effective 

giscass tine for fetebäs is increased. Various versions of 

store replaceaent are used in nest tuo-level paging systems 

sines it offers substantially better pertorinance than store 

tncaugh for slow second level storage devices (e.g., drums 

and  disks). 

4.5.3 Store Behind 

§i2£§ SSÖisä is * comproinise strategy that bridges the 

jap batweeu store through and store replacement and ottetü 

sibstantiall/ better partormance. In both strategies above, 

the storage system rfas required tc perform the update 

operation at some specific time (e.g., at the instant of the 

"store" request for ötore through or at tne instant ot 

removal for store replacement). Once the information to be 

stored   has  be-an    accepted   by   the  storage     management  system. 

■ • -'-^ 
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tie processor doesnU ceally care how or when the copies in 

the  storaye hierarchy are updated.   Store  behind  takes 

ilvaatavje of this  dajree  of treedcoi.   üue  to tue  large 

iisparity between average access time and transtet rate tor 

most levels,  the naximum data  transter capacity  is rarely 

raachsd (i.e., at  any instant of time, a  storage level may 

not have any  outstanding requests for service or  it may be 

waiting for  proper  positioning  to secvice  a  pending 

rsguast).   During  these  "idle"  periods,  data   can  be 

transferred down to ths next  level of the storage hierarchy 

without affecting or delaying  any fetch operation.  Since 

taesa "idle"  periods are usually very friyuent  under aost 

actual  circinstances, theru  can be a continual  flow of 

cnaagad infojraation down through the hierarchy towards level 

L. 

4.6 Aatonatic Manajiemant 

Although an effective storage management system should 

attempt to minimize page movement and its associated 

"housekeeping", tnere will still be a substantial amount of 

worii required to manage the hierarchy. It is desirable to 

ramova as much as possible of the storage management fLom 

trie concern of the processor and the programs running on the 

procissor, including the operating system, mere are two 

t^riaacy  motivations for  this  objective:  (1) the  storage 

 *    ..^.^.. -amniiniiiai      ..    .-—^^...^  -...-,    ■^■■■t-. i-^...,.!.—,-, .^^^■^-.■.^■t-^ —^i^ i illllMfi'i'-------'-^  l^..iA>,J-.^.LM* 
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hlecdrchy saouid function aa aa independent coifonent ot the 

^yste. to elimmata uy added complexity to tne processoc OL 

pcoiirAia«    and      (2)     ,3  want     to    conserve     tne    processor «a 

--aiputationai powers for solving tne user's proüieu.s lutner 

taaa for "syste. overhead". m actuality, of course, the 

storaje hierarchy can not be divorcea entirely fro« the rest 

ot tne syst-i, but tha remaining iiiterdepenüeucies shoulu ce 

niniiial. 

^.ö. 1   Distributed  Control 

In the hierarchijU storage system described above, all 

stocaje aanagement oparations can be determined local to a 

sinjla level or, at most, m consideration of information 

ccoi neighboring levels. Thus, it is possible to distribute 

tue control of the maraichy into the levels, this also 

facilitates parallel and asynchronous operation in tne 

hierarchy. 

In  a comprehensive  multiple  level storage  hierarchy,   as 

illustrated    in    Tabla     1,   this    automatic     and    distributed 

control ran    be  accoaplisfaed    by   using     two  mecnamsms:     (1) 

processor tunctions,   and   (2)   "intelligent"  controllers. 

-  - ■■■        ■   ■ ■ ■-    ■ - —■ - 



1 " »«V1 
1 

Stonge  Hierarchy   Systems it 

'4.o,l.l Processor Functions 

The manajeaent of tön tust storage level must ctetdta 

at speeds coaiparabiä to the prucesoor. As a reuuit, it iä 

usuiiiy necessary to incorporate the first level store ana 

its associated nanajaiaent operations into-the processor 

haranare itself. This approach is used in the iuM 

Systei/370 cache systeas [b2j. 

It is often desirable to incorporate the mauayeaent of 

the second storage level also into the processor, Tms 

lavel requires substantial perfotmance to handle the deaands 

for service froa the first storage level. Since its 

raguireinents are not guite as demanding as the first level, 

it is an ideal candidate tor firaware control, assuaing that 

tne processor is aicropro^ramaed. This approach has not been 

used in any current coaaiercial systeas, although the 

iategcated (i.e., aicroprograaued) channels of certain 

models of the IBM Systeiii/J7C are based upon siailar 

concepts. There have oeen i tew experiaental systeas, suca 

as the VSNU5 System at niTfiJS, which provides processor 

functions t:> essentually manage the paying systea via 

aiccoprograjming. 

<- 

-  -   ■ -  .■■,..J.-iJ..-  -■-- ■■■—-*■>----^ >•- 
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"♦.6,1.2  "Inteiiijent"  Controllers 

For the third storage level and beyond, the storage 

manageaent pertormansa reyuirenients are uach more modest 

since most of the storage activity should occur at the iirst 

aad sacond levels. Far these lower levels, it is pcssiüle 

to develop independent storage aanagement ccntrol facilities 

Cor each level. This can be accomplished by extending the 

functionality of conventional device controllers. Some 

recent sophisticated device controllers are microprogrammed 

and are already capable of performing the storage management 

function [1 ]. 

4.6.2   Multiprogramming 

Jp to now tie have tacitly assumed that the processor 

bacoaes idle whenever it is necessary to fetch information 

froa the storage hierarchy. This may be a reasonable policy 

for t#o-level cache systems since the processor is never 

idle for more than pne or two microseconds at a time. But, 

for paging systems and general aultiple level storage 

hierarchies, the processor may be idled for periods of 

uundreds or thousands of microseconds at a time. It Li 

wortnuhile to try to rind useful work for the processor 

while the storage hierarchy is retrieving tne requested 

inforaation. 

1 -^—■■ "j - -   -"■ - tmmttiamMmäiW MMA* -—•- -*   ^- 
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In Host conventional coaputet systems,  processct laie 

time is  utilized by  iUltiprogtaMing.  This  revues chat 

taera be  «ultipla projraas available to be  ran.  Hhenevei 

one progra. .ust be delayed  due to a tin.e-consun.ing storage 

raguest,  the processor is switched to  anotner  ptogcaa. 

Under reasonable circumstances (e.g.,  many programs  ceady 

for execution and «oderate load on the  storage syste«), it 

is possible to  keep the processor ccntinuaily  busy.  Thus, 

the affective system  storage access time,  r«, win  very 

closely approximate T». 

Unfortunately, the process cf switching execution from 

one program to anothsr can result in a considerable amount 

of processor overhead.  For example, an early version of tne 

aulfcics operating  system  was reported  to  reguire  10 

milliseconds to switca programs; typical  operating systems 

reguire up to  1  millisecond.  The  time   required  to 

accomplish this  multiprogram  switch can  be drastically 

reduced  if  the  multiprogramming  management is  also 

incorporated into tha processor along with  the tirst and 

seconl storage level management.   Although the  particular 

purposes nere different, hardware supported multiprogramming 

nas baen available on several computing systems, such as tne 

Honeywell 800  series [46J and  more recently in  the Singer 

■   

 _  
■ -  -   -- ■ — -  - -    
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iystej» TantJOJ. fha less tiequentiy executeJ o^etMtinj 

systaii functions, such as job scheduling aii.J tiiu-shdcii^ 

aanajauent alyoiritUis, can be supported by the sott-n... 

Dperatinj systeu as ju coiiVeatlOdl systems -itnout auvtij^iy 

atfectinj   ^^cforaiance. 

^.7  Caminents on  the  Stordge Üieratchjt S^stejü  DöSIüII 

This chapter has presented the Hey concept- ot a 

janeral «ultiple level storage hierarchy system «any or 

the particular details ot the systeo. «ill reyuire 

consilerabie investiyation and experinientation to deterarne 

an jptiaal lipieaentition. Three iaportant tactors are 

aitansively studied ia the following chapters: (1) other 

page äize consiaerations, (2) removal aljontnns, ana (J) 

ralavant  models  for  program   reference  behavior. 

E-l...   .     ,    ■J^.       ......   ,^.-...^—J    .„t—  -^■. [    I       i  umi   -   - - - -   ■--   - ■■ - -   - -   ■   - ■      ■--■■■ ■-■-■— ■ ^—.-—. 
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CHAPTER 5. 

ANALlfSIS OF PAGÜ SIZE CUNSIDEfaATIUNS 

Dae of the nost mportant parameters or a storage 

arecacchy systea is the page size, the unit ot information 

transfer between two levels of the hierarchy. In this 

chapter, the factors influencing page size are examined from 

the levies charactaristics viewpoint ana the program 

oahavior viewpoint. 

5. 1 Jjje Pa^e Size issue 

Du contemporary two-level paging systems (based upon 

two devices similar to devices 2 and 4 of Table 1), the page 

iiza is usually guite large (typically U09ti bytes for paging 

systems) to take advantage of M^'s large transfer rate to 

compensate for its slow access time. Such a large page size 

is justified by reliance on the Principle ot Locality. 

Jonsiienng the devices of Table 1 for example, a single 

oyta can be accessed and transferred between (I1 and M^ in 

about 5 nilliseconds whereas U096 contiguous oytes can be 

tatchad in 7.8 miliisa^onds, only 56% more time. 

in iwlf Hi !■   -^    
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a.1.I   Pdye Size  lavestiyations 

Aithoagh pajiny syste.s have fceen useu successfully, 

the effect of page si« aas becoie the subject or incre^im, 

investigation. This iuterest nas been aroused due to several 

considerations: 

1. It has bean noted by Denning [2b] that the 

utilization of Hi is .aximized and "page breaxage" .xnr.ized 

oy using rather soall pages, such as 200 bytes. In 

particular,   ne eaphasizes: 

•These    results    are    significant • ••  snail  pages 

JmcLac?resLlidaal 0£ COBPr— -itholt^los^: etticiency. Snail page sizes  «ill yield significant 
nprovetients in storage utilization ..." S19nitiCaDt 

2. The success of cacne systeas indicates that the 

Principle of Locality applies on the aicroscopic scale as 

-all as the aacros.opic scale of conventional pagiuj 

systeas, 

3. The recent introduction of several ne* device 

tächnalogies, such as the "seaiccnductor drua" [35] with da 

average access time of about 100 aicroseconds, drastically 

raducas the  benefits of very large  page sizes in  a paging 

systea, 

4 Although  most current  multilevel systems  employ 

only  t«o levels,  this thesis  is concerned with  «ultipl« 

-■-■•- ^•^MMMMabAdfeMIMMaiteMHMIMflM^^M^ ■■■     i i i    ^i 
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id?ei storage hierdrcaies (i.e., three cf »iore ieveis). Xo 

cict, storage systens wita six or note ieveis ate ^jite 

plausible. A Jeep uniacstanding ot the efiects of vdLious 

tjage sizes is esseutiii to the devtlopmcnt ut saci» systems. 

Thus, although tnere are many reasona icr ccnsiueriay 

new page sizes, there is not a ccm^lete understauainy 01 the 

iipact ot" such a change. Denning [2ö] sums up our current 

Knowledge as follows: 

•Two factors prinarily influence the choice of page 
size: fragaentation and efticiency of page-transpcrt 
operation." 

In this chapter some other  factors of  potentially crucial 

iaportance will be discussed. 

5.2 Aaoaaiies 

3ne of the aore intriguing and frustrating aspects of 

coaplax systems, such as paging systeas, is the occurrence 

of anoaalies (i.e., phenoaena that are contrary to "ccaaon 

sansa"). For exaaple, Belady [10J has shown that certain 

storaje aanageaent raioval algoiithas, in particular FIFO 

(tirst-in first-out), aay actually cause performance to 

aacraase as tne capacity of M* is increased. Tnis result is 

contrary to the general belief that "more main memory aaiies 

things   work  out   batter".   Thus,   one  must   exercise 
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»■•ILrabl« care -hen considecxny »tiAk.ci.gi. .ith th« 

^araaatecs, such a3 p.g« ai2e, ot a „uu,^^, stcI.d^ 

systei. 

The objective o£ this chapter is to present and analyz« 

SOU anomalies encountered «hen the paye size parameter is 

chaa^ad  in  a  paying  system. 

5' 3 US £aäe gije Aa28iil 

?or simplicity, let us start by conaidecing the eftect 

ot decreasing the paje size used in a tüo-level system, S, 

tcom M to N. where H« = */2 in this „. systefflf g| In 

particular, we wish to investigate the effects upon r.he 

failure freuendes which are f and f, respectively. tf. 

define the ratio f/t to be r. The possible results can m* 

partitioned   into three  interesting  regions: 

1.       r  <  1. 

^.        1   c- r  < ^. 

-*.        r   >  2. 

ij. 3. 1   Case   1 •       r  <   1       (  r«   <  f   ) , 

This would be a highly desirable result since the 

uumbac of page fetchas is actually decreased. Furthermore, 

Ue time required to access and transfer a page of size N« 

ould   be     expected  to    be  less     than   that     required  for     the 

- — -     -     - 
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|X4J 

As sean   by  3: 

P        -   i,   o,   z,   d,   b,   c 
|P|     ■  6 
j       »   I a#   o#   c ) 

iQ\     ■  3 
|N»I   ■  2 
FIFO   Reaovdi 

As sean by S': 

P   = a», b*,   c*,   a*, h*,   c* 
|P|  ■ 6 
Q  = { a+, bS c* j 

iUI ■ 3 
|N>| = 4 
FIFO Reuovai 

Skiiiätisa 
Paga  Trace: a* b* c* a* b* c* 
-5_ 
Patch: « « * * * « 
II1   Contents: a b c a b c 

a b c a b 

Patch: * * * 
n1   Contents: a* b* c» c* c« c* 

a* b* h* b* b* 
a* a* a* a* 

^asu^ts 

F 
P« 
r 

= 6 
= 3 
=   3/6 G.5 

Figure  6. 
Example   cf  Case   1 

J 
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i»rg*r pa,« size I. F^ure 6 xllustcates au xastance c£ Ul. 

^sa. m concerting an address trac* to a page trac. tct *>, 

tki logical page addc^es p. and p- are used to Wff-nt 

Ue t.o hal.es ot the page p ol size U. Not. tnat -nen usxa, 

• Page size of N/2 xnstead of K M« actUdily ^.^ ^ ^ 

■«HI  pages  though eaca   page  is only  half   as  la.ge. 

In  the  exaBple    of  Figure   6,   r   =  0.5,     .hich  MnM  that 

the „a.ber     of  page    tetches  .as    cat in     half  ny     uslIlq  the 

s.allar  page size  N«.   rhis  type    of   result  .xght  be  expecteo 

tco.    a       pcojc.    thlt    exhxhxted       a    rather      sparse    and 

aon-localized    reference behavxot.     Recall     that in    typical 

t-o-lavel     paging systeas,     a    page of    si.e    4096  bytes    is 

fetched    even  though    a    sinyle   Terence     uses    only a    f«H 

b/tas.     unless    the    progra«    i..ediately    »akes    .any    .ore 

c.f.canc«.  to this    page,   .uch of it «ill    have been fetched 

but not  used,   under  these    circu.stances,   i»  tlgJlt  b<,  bettei. 

atilxzed  by   noldxng  a  larger  and  .ore diversxfxed collection 

of   pages,   even   if each  page  ««re  s.aller. 

5. 3. 2 Case 2:        1 S r S 2 ( f it*   S 2f ) 

This is a  transxtxonal regxon.  For  r =  l, s«  wxil 

parfocm better  than s 
since the nuaber ot page  fetches xs 

Che sao.e and the tiae required for each fetcn xs less. For r 

= 2, 3. will retire twxce as aany page fetches. This «Hi 

usually swamp any page transfer benefit  derived fro. the 
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Jiaiiar ^agi} size, thus S would {.eitom better. The specific 

psint o£ trauaitiou, C'I depends iargeiy upon the tiam 

ri^uic-.'d to access inu transfer a puge, T ana I* 

caspectiveiy in S and i1, sucn That c1 = T/l•. 

Figure 7 illustrates an extreme example ot Case 2 waece 

c ■ 2.C. This means that the number of page fetches was 

iaublad by using tue smaiiei page size N'. This type ot 

CBtllt might be expected tuom a program that exhibited a 

dansa, localized, and sdguentxal reference behavior. 

Intuitively, the r ■ 2.0 result is the "worst" case 

sinca we are being forced to always load both the p* and p- 

ualves of each original page p, thereby losing all the 

banafits of the smallsr N1 page size and incurring twice as 

many actual page fiults. This intuitive observation is 

filse; r = 2.0 is not the "worst" case. 

5. 3. 3 Case 3:   r > 2   ( t' > 2t ) 

This third räjion, besides being intuitively 

iipossible, is clearl/ undesirable. Since ae number ot page 

fetshas required wouli be more than doubled, the performance 

jt S' would be undoubtedly worse than S. Depending u{.on the 

ictail value of r, tue perforaance could be much worse. 

FLgur3 Ö illustrates a reference pattern that produces a 

result of  r = 2.7b,  This region  ot operation will  be the 

■ mmmmmt~tl^mtiam*mi^tmmmm 
■   -     -       - mmmmam^^tmmtm 
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PiraaateEs 

As  seen  by   .j: 

(f6) 

=   6 
p 

IPI 
Ö =   t  ar   b,   c:  } 

IJI =   3 
IMM =   2 
FIFO tJeaovai 

As sean  by  s* 

P       ■   a*,   a-f   b*,   b-r   c*,  c- 
|P|     =  6 

Idl 
in»!   = 4 
FIFO  fieaovai 

■   {a»,   a-,   b*-,   b-,   c+,   c-  } =   6 

Page Trace:     a*   a-   D*  b- c^ c- 
-S_ 
Fätch: ♦ • * 
!1l   Contents:   a     a     b     ü c c 

a    a b b 
-21- 
Fatch: «     »    «     « w « 
I1   3oatents:   a*   a-   b*  b- c+ c- 

a* a- b* b- c* 
a*  a- b« b- 

a* a- b* 

Rasuits 

• F 
• pt 

• r 

-   3 
=   6 
=   6/3   =   2,1 

Figure   7. 
Exanpie   of   Case   2 

_^___^_______ ■   ■  -■  

 "  MMMMMMM« M^MMMittaaiMMMM^ 
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(10) 

?araa3ters 

Aä sean by S: 

P = a, D# a, b,  c,  c,   b, a, a# c, c 
m = 11 
Q = { a, b, c ) 
Nl = 3 
M» | = 2 
FIFO Keaovai 

As seen by S': 

if = a*# b*r a-r b-# c*, c-, b+, a*r a-, c*, c 
|P| = 11 
a = ( a«-, a-r b*, b-r c*,  c- ) 

IÜI = 6 
IMM = 4 
FIFO Reaoval 

ikliiätion       '^^ 

Page  Trace:     a*   b*   a-  b- c*  c- b* af a- c* c- 
_§_ 
Fstcli: ♦     * * 
a1   Conteots:   a     b     b    b    c    c c 

a     a     a    b     b b 

Fstcli: **»♦♦♦*♦♦»* 
A1   Coutents:   a*   b*  a-  b- c* c- b* a*  a-  c*  c- 

a*  b*  a- b- c* c- b* a*  a-   c* 
a* o* a- b- c* c-  b+  a*  a- 

a+ b*  a- b- c* c-  b*  a* 

* 
d 

C 
a     a     a 
c    c     c 

dssyiiS 

F 
F« 
r = 

=   4 
=    1 1 

11/4 =   2.73 

Figure   8. 
SxMiplä or   Case  3 

■ . i«. Mhm.^iü—taiMininiteinir-' »i 
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«t aubjast of iiscussion tor the renainder or taid chapter, 

narnaiize this situation by the tollowinj existence thecrem. 

IHBOBBB 1: {ttl]i 

There exists  d  page trace,  p,   and  aeoaad-idtch 

PIFO-reaoval two-ievei storaye systems,  i and S«, uith 

paye sizes N anl N«=N/2,  respectiveiy, such  that tne 

ratio, r, of fetch frequency f« to f exceeds 2. 

Proof: 

By enaapie (Figara d) , 

3.3.4 Other aeaoval Aigorithas 

Theorem 1 states the anomaly that decreasing page size 

by a  factor of two  can cause  the page fetch  freguency to 

increase by  more  than a factor of  two.  The two-level 

damani-fetch conditions  of Theorem  1 are  typical cf  most 

contauiporary paging systems. But, to put this situation into 

parspactive, other  ranovai aigoritnas  must be considered. 

Jue to  its simplicity, tne FIFO removal  algorithm was usea 

in many of the early paging  systems. In recent times it has 

oaea  found tnat  FIFJ has  certain disturbing  peculantioo 

(e.g., the system^ success freguency, s, is not a iDonotonic 

function  of primary  store size,  |H»| [10J).  Furthermore, 

Jthar reaoval algorituas  have been tcund to  be eapiricaliy 
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closac approxinations to the "optiBdl" reiovai ai^oiithm, 

N1N [11]. HIN itself is not physically redlizatie since it 

raquires future knowlelye, but it can be used as a basis tor 

parfocnunca conparisou with practical algoritnms. 

Variouj foras of the "least receutiy used" (LRU) 

renoval algorithiu ha?e becoae popular in contemporary 

systais. Under LHU, ths page selected tor removal troni the 

priaacy store is the one that has net been reiereuced for 

the longest time (i.e., the least recently used page). 

Eipirically, LRU has been found to closely approximate the 

parformance of the "optiaai" algorithm tor many actual 

projrams. Furthermore, Mattson et al [63] have studied LHU 

aad found that it is a member of a general class of removal 

aigoritams called "stack algorithms". The class of stacx 

algorithms, as noted by Denning [25], "contains all the 

•ceasDnable« algorithas". In particular, stacx algorithms 

all satisfy an inclusion property that results in well 

oahavBd characteristics. For example, it has been proven 

taat all stack algorithms, including LHU, have a success 

fceguancy that is a monotonic function of primary store size 

and iamune to the FIFO peculariarity observed by belady. 

Paus, one might be taapted to assume that the page nix« 

anomaly is also a pneiumenom uuigue to FIFO removal dnu 

43U11 not occur if a "well )<>havedN removal algorithm, such 

ts LfiJ, were used. This expectdtioa can be rabidly destioyeu 
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uy observuw Figure 9, «nich is the same syst^a. as fiyure d 

uut «ith an LRU reaovii algorithm, in this example, the paye 

tatsh fraquency ratio, rr is 2.2 which still exceeas 2. This 

rssult  leacis  us  to  Theorem  2  and Corollary   2d. 

THEDdErt  2: ^"^ 

Ihera    exists       a     page    trace,     P,       and     deaidüd-tetch 

Li<U-removal  two-level    storage  systems,   s  and    s«,   with 

page sizas     N  and   N'=N/2,     respectively,   sucn     that the 

ratio,  r,   of  fet:tt  frequency f   to f  exceeds  2. 

Proof: 

By example   (figure 9), 

C3S3LLASY   2a: 

iiven a page trace, p, and demand-fetch two-level 

storage systems, s and S«, with page sizes N and 

N^N/2, respectively, the use of a "stacJc" removal 

algorithm (i.e., an algorithm with the "inclusion 

proparty") is not sufficient to guarantee tnat the 

catio, r, of tet-a treguency t' to f will be boundea ny 

2. 
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(t7) 

Picaaitecs 

As sean by S: 

P  = a, b, a, b, cf c, b, a, a, c. c 
|P|  =11 
U  = { a# b, c ] 

läi = 3 
|M>| = 2 
LRU Removal 

iean by s«: 

ipi - V\'b*' a'' b'' c*' c~'b+'a*'d"' C+' c~ 
Q  = I a*r a-, b*f ü-,   c*.   c- } 

IQI  = 6 
|M»| = 4 
LRU Renoval 

Siaalation 

•♦    n- b* a*  a-  c*  c- 

c 
b 

c 
b 

b 
c 

* * 
a    a     c    c 

a     a b     b 

Paya  Trace:     a*  b*-  a-  b- 
-S_ 
Patsh: *    ♦ 
a»   Cootants:   a     b    a     b 

aba 
-§1. 
Fetch: o*«*****««« 
1»   Coatents:   a*  b*  a-  o- c*  c-  b* a*  a- c*1 c- 

a*  b*  a-  b-  c»  c- b*  a*  a- c* 
a* o* a-  b- c»c-  b*  a* «- 

a*  b*  a-  b- c* c-  b* a* 

iisuüä 
• K 

• r 

»  5 
«   11 
■   11/5  •   2.2 

Pitjur« 9. 
Hfyl* ut  Can«  I 
(Cor LMU i«aoff«i| 
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J- 4  iiUaiUcaace or  the   Page  size Ancfidli 

y^ 

rue     previous     thaorems     prove   that     there    exr.t 
Pdvj. 

traSa3    that resait    ia  significantly    increased pa,,    retch 

tre,ueacies U  the     piJa  siza  is  decred,ed.     it   ^   ^^ 

to  consider the    likelihood  of  encountering sue.    page  trace 

pattaens  in actual    program,   .or exam,le,   it    can  De   proven 

that,   as  you  .re  reading   this  sentence,   all the   .olecuies  or 

^r     in  tue    rooo.    .ay   suaaeniy     .ove    towards  tne    opposite 

corner  and  cause  you  to  suffocate.     u   you  survrvea  the  last 

sante.ce,   you  have    probably   aeduced   that  the     UKelxnoca   ot 

t»«t  avent  is ejetreaeiy   siali,   tcitunattiy. 

3.4.1   Siinuiition  itudias 

«ttfUW    [adJ      lad    ,eU,idn      [7d]    UM      p„tor.ed 

^pan.ants tUt   mdrc.te  that   the page .4M  aoo.aiy   U  very 

««on.   tt  not  m^xt.ou,   xU actual  program.   x0 bdta caa-. 

i-nuii  pcogcata MC« .„axtor.a     ana  taaic corta.fooaxa,  p-,• 

tcac. M«r«te«    -tnag. ..„. racorao.  «.a*ilf    o« .ago.tic 

fpa.     rtan    ai.aUtoc-    .al# aat^l^^    t.ut    ax.xc^a    taa 

^tt.xra aal a.ii.«,, ot  til#    t.c.1#t#1 .tpi^ ^^ t^ 

i. «. or .au^ coa.n.raj.    a,  .^pHxa, ua .ua»t^     .    . 

»COM  a. i.nt. to ».,    •xMiate,*.  u. HffittaMM cl   .-C|| 

• «f^ ..  VM    ^ acc«at#|r ••«••wa, n*m    aioalatai» -.. 

«wrauaair acca..,,. m***%*m*.  n* MUUU 
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la other „ords, the ano.aly is uost prevalent ln ^^ 

"opti.ized" for perfor.ance in a t.o-levei stoca.e systea 

whea  runaing  under  neatly  "optical"  conditions! 

at^.3  Seligaan Studies 

ühoreas    Hatfieli  was     cone. 

with     page sizes    in the    rang« 
erned with a paging systea 

je froi 2C4« to 16384 bytes, 

Salig.an[7«J analyzed a proposed cache systea with auch 

saaller page sizes in the range of 8 to 256 bytes. He 

obsar?ed  that: 

"interestingly, 
this    data)     is 
increases slowly 
the associatiTe i 
equals one word, 
froa  econoaics, 
words  fxtched in 
displacod". 

the ussing page probability (for 
ainiaized for a page size which 

with total aeaocy size. Note that 
»aory organization, where page size 
is not. optiaua; tc borrow a phrase 
tae aarginal utility of the extra 
i   pag«  is  higher than  that  of   those 

rau.,  cootinual  d.cret.iog    of   page aize ^peara    to  tot« an 

mefitabU tifWM .ff.ct  »^ ,Mt„ p#clorMac## 

&•••« OtMr a««atioa« tais^ 

••• »iat it tea MM •«••• uat u« HM .At# ..oMi, 

». UMMUMUl M»«iiU M llftOl to oce.s ». r»4«ue«. 

«•... |M MMMI MM PIIHIM •! MMf-t. u*C* |i iM 

•M     9MMI  MM     IM    MM  IMM     ItM-M,     CMM  M    Mt 



' wry i>Niif»«-wv!>n«w~Tr'"w »»•* >mw*r*mmwm*im**im*&*'** •wn^TCVPH^pmimwm^m^ptipmipnfnin^m^uwp Mia ■mvQmwnwm'^*mmmimnmpm*w*^f^m 

Storige Hierarchy Systems 102 

bauaded by r = 2r «hit bounds, if any, do exist? Hatfieid 

iaplicitly raised another question by the stateaent: 

"as yet we have baan unable to prove that there is a 
raplaceient algorithi using cnly the past history of 
page requests Mhi?h cannot generate »ore than twice 
the exceptions with half size pages.*' 

Tae  answers to thesa  questions are the suüjects of  the 

following sections and chapters. 

5.5 Bounds on the Eaqe Fetch Frequency fcatio 

It has been shown that the page fetch frequency ratio 

can exceed r - 2, but just now bad can it get? Of equal 

iiportance, what fiStocJ influence this bound? These 

questions will be discussed in this section. 

S.S.I Cyclic Page Traces 

Figuren 10 and 11 represent page trace siaulaticns tor 

two ««t,« of deaaud-tetch LBU-reaoval twu-iatai atocaga 

arataaa «itii priaacr »toca niaa |M*iai aad (■'isi* 

caapastitaif. la bota caaaa# it caa ta obaecwad that ta« 

r»4a tcaea aiaaiaiad ia cyci&c aiti a tapaatad Htiaca, »c. 

ii Pi^ata 10« taa *>««• traca coauata of iba ca^aatad 

ptttarai 

99 • %•    »• c» e- *r    a- 
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Eä£ä!gters 

As sean  by S: 

(£8) 

P  = a, b, 3, c# 
|P|  = 12 
ö  = ( a, b, c } 

IUI  = 3 
|M»| = 2 
LEO Beaoval 

a» b» cr c, br a 

As seen by s*: 

|P|  = 12' b*, C*' C~'  b", a", a*' ,D*' C+' c~' b"' a' 
Q  = { a*» a-, b*, b-, c*# c- ) 

|M»| = n 
LBU Beaoval 

steady-state transient 
l<—— cycle    >|<- cycle — 

Page Trace:  a» b*  c* c- b- a- a* b* c*  c- h- 
-S- 
Patch:       *  • «       «       , 

H*   roatents:   abccbaabcc 
abbcbbabb 

P»t=h: **•«**«*««« 
B»   :oateats:   »♦   b»  c»  3- b-  a-  a* b*  c»  c-  b- 

a* b* c* c- b- a- a» b* c* c- 
a* b» c* c- b- a- a*  b* c* 

a* b* c* c- b-  a-  a» b* 

b 
c 

a- 

* 
a 
b 

» 
a- 
b- 
c- 
c* 

saae J 
äfftfUi 

• r 

• c 

b 

12 
12/*  - 2.3 

for the steady-state cycle; 
F    •  2 

• r* • b 
• /c/ ■  6/2 •  3.0 

f&^ere   10. 
Cyclic Paj« Trace aith  ||t|   «2 
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Mhereas Figure 11 repaats the siailar pattern: 

Pc = a* b* c* d*  d-  c-  b- a- 

5.5.2 Steady State Cyclic Page Traces 

104 

Let us consider Figure 10 first, übe page fetcb ratio, 

C« is 2.0 in this casa. As noted earlier, tbe page trace can 

ba suodivided into aa initial transient stage, pt, with a 

high page fetcb frequency followed by a steady-state stage, 

Ps, with usually a lo^er page fetch frequency. In Figure 10, 

the first Pc cycle contains the entire start-up transient 

stage and coapietely fills all the available space in a1, 

rbus, the second Pc cycle represents tbe start of the 

steady-state stage. Furtbernore, since tbe content and page 

ocdaring of B* is exactly tbe sane at tbe end of the second 

cycle as they were at tbe beginning of that cycle for both S 

and S*, tbe page trace cycle, Pc, can be repeated 

cantinuously witt exactly the sane results each tine for 

page fetch request» aoi H* contents. If /r/ is defined to be 

tae page fetcb fregjeacy ratio for the first steady-state 

parioä, Pc, of a cyclic page trace, (Pc)♦, /r/ is also the 

page fetch frequency ratio for tbe entire steady-state 

partion of tbe page trace defined by the regular expression: 

P = Pt«Ps = Pt»(Pc)* 

As  tbe leagth  ot tbe  page  trace, |P|,  becones large  in 

rpaparison witb the length of tbe transient «tage, |Pti, the 
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overall page fetch freguency ratio, r, asymptotically 

approaches the ?alue of the steady-state cycle page fetch 

frequency ratio, /r/. in Figure 10, /r/ = 3.0, thus r will 

increase from 2.0 tonards 3.0 as the page trace is 

lengthened by continually repeating the pattern Pc. ihus, 

the page fetch fregueacy ratio, r, fcr the page trace 

P = ( a* b* c* c- b- a- )* 

is bounded by 3,0 when |l!i| = 2. 

k siiilar situation in illustrated in Figure 11. in 

this exaipla, r = 2.23 and /r/ = 4.0. Thus, the page fetch 

freguancy ratio, r, for the page trace 

P » (a* b* c* d*  d- c- b- a- ) * 

is bounded by H,0  whan  |M»|  = 3.  By generalizing  these 

exaiples, we arrive at Iheorea 3 and Corollary 3a. 

THEOaEB 3: ^"^ 

For any two deaand-fetch LBU-reaoval two-level storage 

systeas, S and 3«, with page sizes tl and N,=N/2 and 

priaary store sizes |H>| and |M»|,=2|fl»|* respectively, 

there exists a cyclic page trace, P = (Pc)♦, where |Pc| 

= 2(1(1*1^1), su=h that the steady-state page fetcn 

freguency ratio, /r/, equals IM>|*1, 

Proof: 

(See below) . 
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£ä£UUe£s 

As seen by S: 

!P|     =  *6b'C'i'd'c'b'a'a'b»c'd'd'c'bra 

ü      =   ( a,   b,   c,  d } 
iai    = 4 
MM  = 3 
LEU  BäBovai 

(f^) 

As  seen   by  s* 

=  a*»b*»=*,d*,d-#c-/b-#a-fa*,b*,c*#d*,d-rc-#b-la- IPI 

|Q1     =  8  a*'   i''   b+'   *''  C*'   C"'   d+'   d"  ) 

IBM   =   6 
LRU   Beaoral 

^ilHiliion 

Page Trace: 
-§_ 
Patch: 
»»   Contents; 

-S» 
Fetch: 
H1   -ontents: 

i<r 
transient 

cycle >|«- 
steady-state 

cycle •»J 

desalts 

a*  b* c* d* d- c-  b- a-  a*  b* c*  d* d- c- b- a- 

*     *    ♦    ♦ 
abccidcbaabcddcba 

abccdcbbabccdcb 
abbbdcccabbbdc 

****♦*****»*♦♦♦♦ 
a*   b*  c*  i* d- c-  b-  a-  a*  b* c* d* d- c-  fc-  a- 

a* b* c* d* d- c- b- a- a*  b* c* d* d- c- b- 
a* b* c* d*  d- c-  b- a- a* b* c* d* d- c- 

a*  b* c*  d* d-  c-  b-  a-  a* b* c* d*  d- 
a*  b*  c* d*  d- c-  b- a- a* b* c*  d* 

a* b* c*  d* d-  c-  b- a- a*  b*  c* 

1 samt» j 

• P 
• F» 
• r 

7 
16 
16/7   =   2.2b 

——— saae   ■ 

For the steady-state cycle; 
• F     =   2 
• F«   =   8 
• /r/  =  8/2  =4.0 

Figure 11. 
Cyclic Pige Trace with |n»| =3 

V 

^ , ,  I 
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:3iOLLAir J«: 

Poc «07 tvo J«.4Di-ietch LIU-r«aov«i t«o-ie»«l «toca^ 

dfBtm**, s aod S«, vita pa^e siz«s fi anJ ti'-N/^ ma 

pritary atoc« sisas IHf dad |MI|««2|i*|fl res^ctively, 

there exists a cyclic page trace, E « (Pc) •, wt^ce |Pc| 

2(|l!»l*l}, suca that the overall paye tetcn treyuency 

ratia, r, asysptatically approaches the bound |fl»j*l as 

|P|   approaches  iafioity. 

5.5. J Proof or  Theorea   i 

5.5.3.1   Notation and  Propertlö^ 

Assuaa a  fixed  page  sire N  and  prvh^y store  c£  size S>,  let 

n  = tae    nuaber of  pages  in (M      $*«,,  n  =   |fl»|     =  S»/M) .  It 

his baen    shonnby    (littson et     1    [63]  that    a deiand-fetch 

Laü-reao»al algorith«  has  the  tallowing  properties: 

PI.     If  N»   is  initially «fpty,     it fills  «ith  the first 

n  distinct   pages referenced  by  the  trace. 

92,     At  any    tiaa   t,     8»  contains    the  n    aost recently 

referencai  distinct  pages. 

P3.     a)   LflO satisfies  the  inc^js^Qn  property 

H» (1)   c HM2)   C ...  c MM") 

where  M»(1)      aeaus  the contents    of  H»     if  a=1f 

etc. 

■ -•  . 
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b)   At  any   tue   t  aft«c  n»   has becoae  filled,   tnuce 

is a strict   ceaoval  ordecin«j  ceCetced   to ab the 

Lay std- 

I   ■     (   S(1}«    S(2) ,    ttti    3(11)     } 

tfbera 

s (i)   =  H> (i)   " Nl (i-1)       Sot i =   1,   2,   ...»  n 

aad      S(D)   is  the   fage tc be  ceaoved   next. 

5.5.3.2  Defvnitiau   3-a: 

For any    integer n,   let  us    consider a page    trace, P0, 

consisting of the    repeated  pattern,  Pc»,  of    length   IPc«!  = 

2(n*1> 

po  =  pc«»[n]* 

where 

Ps^in]  =   {  Pc«»(1),   P=<»(2),   ...,  Pc<»(2n*1)f  Be9 (2n*2)   j. 

The  P30(i)s are defined  as  follows: 

Pc0 
12(i-l) tor  i  =  l,   ...»  n*i 

4n*5-2i tor  i  = n*2,   ...f   2n+ 

Ibus,   for n  =  2  — 

Pc0[2] =    {0,2,   U,   5,   3,   1  ) 

and 

pO[2]  =   {  0,   2,   4,   5,   3,    1,   0,   2,   U,   5,   3,   1,    ...   ) 

rae  cyclic    page trace     pattern,   Pc<»[n],     is  used     tc define 

-   
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Pc 
S(iut»g8r[PcO(i)/2])*        if reatPc* (i)/2 j=0 

(int«ger[Pc« (i)/2])-        if reif Pc« (i)/2 ]=1 

jarcespoading cyclic page  trace     patterns.  Pet n ] and   PC'LUJ, 

far  S   and  S»,   respectively.   These  are defined  as  tollcws -- 

For a  given  value  of  n  and  i =   1f   2,   ...f   2n*2 

Pc(i)     = integer'Pc0 (i)/2] 

' ^ ]=0 

i[PcO{i)/2]= 

Thus,   for  n  = 2  — 

P[2]  =   { 0.   1,   1,   2,   1,   0,   0,   1,  2,   2,   1,   0,   ...   ] 

P'tZJ   =   {  OS   I*,   2S   2-,    1-,   0-,   OS   IS   2S   2",   I",   0-, 

...   ) 

Ma can see that these page traces are identical to the page 

traces of Figure 8 with appropriate relabeling (i.e., a»0, 

b=1, c=2). 

5.5.3.3  Leuna     3-b: 

The  page  references of  the   set 

(  Pc(1) ,   .. ,,   Pc(n*1)   J 

are  distinct. 

Proof: 

tnat 

Based upon  the iafinitionr   of     Pc0[ n ] and Pc[n],   ve see 

For i =  1,   ...,   n»1 

Pc(i)   = iotegerLPc<»(i)/2J 

= integerl2(i-l)/2 J 

■ iBtegec[i-1 J 
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= i-1. 

Pius,   each value of p3(i)   for i  =  1,   ...f  n+1  is distinct. 

U.E.Ü. 

5.5.3,4  Lenaa     3-c: 

The  page references of  the  set 

(  P=(n*2) ,   .. .,   Pc(2n*2)   ) 

are distinct. 

Proof: 

Based  upon  the definitions  of    Pc«(nJ and Pcfn],  M« see 

that 

For i « n*2#   ...,  2n»2 

Pc(i)   » i«t«g«r[Pc<»(i)/2] 

= iategert ('♦n*5-2i)/2 J 

3 lot«g«r[2n*2» (1/2)-i] 

■ 2n»2-i 

Thus,    each    value of     Pc(i)     for    i    -    n»i#   ...,     2**2    is 

distinct. 

U*I.O. 

S*5»3«S LMM    J-lt 

it  th«    onj of    t«jh Cfcl«,   Pc(oJ#    of  tli«    p«go tcaco, 

PC a)«   >«   COBU10S  Uo   p«9OS0   in   LtO   nlact   oi Ui. 

»• ■  i ••CD»  •••• ••|i» J 
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where 

s0 (3)   =   j-1 for   j  =   1,   ...,   n 

Proof: 

Since each cycle, Pc[nJ, cf P[n] is of ieugth 2n^ 

«ich is greater that n, the so LHU stack consists or the 

last a paje references of Pc[a ] in re?erse order by property 

P2#  PJf   and  Leuna 3-c.   Thus, 

s0(J)   =  Pc(2n*3-j) 

such  that 

s»(1>   =  Pc(2nt2)f  sOi2)   = Pc(2nO)#   ...,  so (0,   = Pc(n*J). 

rfhen  j  takes on values   (  1,  ...,   n ),  2nO-j takes on  values 

{ 2n#2,   ...»  n*3    j.   Thus,   for  j  =  1,   ..,,    n and based  upon 

Laua  3-c: 

«•(j)   » Pc(2n»3-j) 

■  2n»2-(2nO-j) 

Q.I.O. 

S«S*J«6  Lens«     3-«} 

2im « d«i«od-l«tcb Lio-reao«.ii t«o-l«f«l «tor««« 

tftmrn, s, with p«9« «It« ■« pritary ator« an« s» 

SMUUiaf a-s«/l pa«««« tha paga (atcfc faactioa, r. 

raaait&ag Croa aasli ataady-atata cycia, Pe(a), et tia 

paqa traea P aaa Ua talaa 2 ci.a., f(»c(a]J«2 aana^ 

ataady atatai. 
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Proof: 

Let  us    sub{ii?id3  the  Pc[ n ]    cycle,   «hich  is     of   length 

2a*2,   into  four  regions as  follows: 

fiegion  1: Pc»  «   { Pc(1),  ...,  Pc(n)   j 

Begion 2: Pc«  =   {  Pc{n*l)   J 

Region  3: Pc»  =   {  Pc(n»2)f   ...,   Pc(2n*1)   ) 

Begion 1: Pc*   =   (  PC(2D*2)   J. 

and coapute the nuabac of page fetches in each region, P», 

P*, F', p«, respectively. Since the page trace regions are 

concatenated, the page fetches are cunulative, so we Know 

Uat 

P ■  F»   ♦   F«   ♦   P»   ♦ F*. 

Btgioa 1:     pc« » ( Pc(1) # ..., pc(o) J 

Fro« Leaaa J-o, »a know that 

Pc(i» -i-l    i . l# ..,, no 

and fcoa Laaa« 3-d, at moit  that at tb« bagianiag of Mcb 

of el« 

••C3I   •  j-1 J • 1, .•..  a. 

raa piga rataraoca» ( Pcci). •••, »cfa) ) «ra actually tu. 

s»quaaca ( 0. ,,.# ■•! j wkiek is idaatical to tha coai«or . 

af ■• at tha start of tb« eycl«, a*. Tli«c«ton# to M .« 

tCM«C«cs act ra^utral aitboagb LBO atack raordaciag a«r 

«sear» fCi*fl). 

d«|ioa it re« ■ i tc(a*1)  | 

Pag« cataraaea fs|a«l)   i« p««« « «blci &• act e««t«ia«tf 

it !•    tor lottfad tftr&ag    c«gkoa  1    |it fact« ao   M9«* MC« 
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fetchad  during region  1) ;   thus. 

(££=!) .   using  si^lar techniques  as  in  le.na  S-d.   since  each 

raferance  of Pci  is distinct, 

point  is 

a page transfer ia required 

ce 

the    LBU renovai stacx at  this 

s   ■   {   s(1> ,   ,. .,   S(nj   j 

rfüere 

s(j)   « Pc(n*1-i) 1=1 

»•»..I.»     U-Ueui    tor».»,.!.    this is    .«„^ „„ 

f=(..i-B,.Pc(i,.o. m „, ,,,,, 3taclt oca,ciii9 bv!oiM 

s(J)  • Pe(a.2-i) j •  I  
««lo. 3: pc, .  , ,eU42J pe(iiM)  j 

""    '•^ "'«"="    If»0*2|     »c(J.»„  ,    .„ 

*"""' "• •*»— I •    ' )  " "... i. tt. „..ot ,t 
i....   3-b. T..   w   «„»   „,,,„,„, i,,,^,,,^   K4oi   t<> 

c«C«caac« Pc(o*2)  is 

s0* '   ( «H), ...# •(»   | 
«feick is Actually 

( a* •••,  1 | 
•It« it h«, b... .»p., „tix.t tMt tt wfmt0i ^^^ 

MMUMU    «. and    u.f.t.    .op.,.    u...fW. c^-u#d 

i»^ot it re« - ( ^(.o..,   | 

fifi MteMMt i9|ai2|    U MttOll p«9« o.    tu. H9, 
ii. iit «««^..4    U ,..,  Ui, , H9#    Uoi£tc u ^^^ 
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(Elfi) • 

Therefore,   we  can  coaclule 

P[Pc[a]J =  P»(.Pc«]   ♦  F2[Pc*] ♦   PJ[PcJ] ♦  F«[Pc*] 

=  0  ♦   1  ♦  0  ♦   1 

=   2. 

W.t.D. 

S.5.3.7  Lena     3-t: 

Siveo a deaaad-fetch LBU-reaoval two-level stoca^e 

systea, S*t with page size V*U/2$ pciaary stoc« size 

[■»] cootiioio^ 2M[Mt)/CI/2| pagas, the page fatcb 

function, P*# casultlag fcoa aacb staad'-atata cycla« 

Pc*[a], of the paga tcaca P* has the value 1**2 U*««« 

P«(Pc*(a]]>2a*2 lacing staady atata). 

Proof: 

fh« proof Coiiova    diractiy froa tba doflaitioa    of P*# 

taa LIU  proparuaa,  aai tha previous Laaaaa. 

• Sack p««jo cafaraasa la tka cyclic pattara Pe*(aJ la 

Uaiiaet. (Tkia eaa a« aaaily aaaa Ccoa tha dafiaitioa or 

protaa la a aia&lar ataaar to Laaaaa l-a aad l*o|« 

• fach cycla la 2a*i cafaraacaa Icag. 

• At aay Uaa t, pa^a catacaaca P* (t)   ■ P*Ct-2a-2)« 

• fha pciatry    atora. H»,  :•• hold    2B pa^aa ha    !• aiaca 
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Since the cyclic pattern only repeats after 2n*2 steps 

and fli is only 2n pages large. Hi always holds the last 2n 

page references (since they are distinct). 

• Thus,  at any tine t,  page reference B'(tj   via    not 

correspond  to any page currently in H»  (i.e., M»  üolds 

raferances ( P'Ct-l), ..., P« (t-2n) j  and P« (t)=i?'(t-2n-2) 

is not in that set). As a result, a page fetch is reguirea 

far every page reference. 

• Since there are 2n*2 page references per cycle, thure 

ace 2n»2 page fetches required per cycle. Thus, P,»2n*2. 

Q.B.O. 

S.S.J.8 rheorea J: 

Por «ay two deaani-fetch LlO-raaoval t»o-lafal atocaga 

«yataaa, S aad ••, with paga aiaas M aad ■••1/2 aad 

pciaacy atoca aitaa |a»|««2||t|« caapactitaly, thara 

aiiata a cyclic paga tcaca« P-(Pc)ef «haca 

|Pc|>2CiaM»1}* tach that tb« staady-stata paga iatck 

Craguaacy ratio« /r/, agaala ||t|4l« 

VCMfl 

fhia proof folio«• trivially Csoa Laaaaa i-o aad J-t. 

•• kao« tfeat for oaci atoady-atAto cycle of s, t»2 (Laaaa 

i-«l« Alao# tit oacb «iaady-atatt cycl« of ..•. r-.o.. (Uaoa 

J-fl. Siaeo taa paga fatci fcagaaacy ratio« c, is dafiaod aa 

c*/t  n  irVlfll/Cff/ltll  «feict agaala    f/9§  «a fiad Uat ia 
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steady-state 

/r/ =  F'/F =   (2n*2)/2 =   a*1. 

C.E.u. 

5.5.4  Counents  on  Theorea  3 

The above results expose another facet ot the page size 

anoaaly. As the size it the priiary store« tt*, is increased, 

the sferali page fatch Creguency ratio as stated in 

Corollary 3a also inccaases. This neans that tue larger the 

priiary store that you hate, the aoie "dangerous" the page 

size noidiy bacoies. For eiaafle, in a tMo-level paging 

s/stea based on devijas 2 and U frei Table I, |H»| ■ 128 

pages and M ■ 4096 bytes, if the page size is decreased by 

half to 204d bytes, it is possible that tne page fetcn 

fce^uancy would incraase 12y-fold (a 12,0001 increase in 

paging actitityi). Jf course, on« nould assua«, or at least 

hspa, that such pathological p^ge trace patterns MOUIO b« 

ttcf race, but »e KQOM that they can enst. It is 

utacastin) to not« that tha pathological pattern shown 

ioov« («»g*« a* tt* c* 8~ b- a') cocccspondb to tb« •ip«ct«d 

c«C«raoc«« of o«4t«d suoroutio« calls (!•••, subcoutio« a 

cill« subcoutio« b «hxci calls subroutio« c, «tc., and «acn 

iiibco«tin«t of coats«, c«turos to its c«ll«c). Tms is also 

tea« of oth«c stack-ilk« proves« ccnstcucts. Sue« high!/ 

•dduiar proiras «{«sign is <juit« typical sod«  Cuctb«cacc«, 1* 
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oftao  explicitly     encouraged,   m  view of     Hatfield's  finding 

-Here  the    overall  r     exceeded  2.0 in    „any   program,    it  is 

reaso.able  to    assu.e  that     there .ere    probably regions    in 

"ich    r was    guite  s-all,     possibly  below     1.0,   which    were 

«uatarbalanced  by     regions  with  very    high   values  of    i.   At 

prese.t    we       do    not       have    this       particular    intoraaUon 

available,   but if  it  were  true,   perfor.ance could  be greatly 

i.proved    by eli.iaating     the    high    r  value    regions.     This 

probla.  will be discussed  in  the next section. 

5.5.5 Bounds for  FIFO aenoval  Algorith« 

Theorei  3     applies  to  LRU     te.oval  algorithms    and aany 

other re.oval    algorithm,   although    these other    cases will 

not b» explicitly    proven in  this thesis,     it is interesting 

to consider   whether     the  result  of Theore.   3    applies to the 

PIF3      re.oval      algorith«.     Unfortunately,       due      to      the 

p.culiarities of     FIFO,   a    si.ple generalizable    cyclic page 

trace  pattern     has  not     been  tound.     But,   isolated    exa.ples 

have aeen found,   as  illustrated   in Figure   M,   that show that 

it  is possible for  r  to exceed   JHMO.  This result  is stated 

in   Thaore. 4.     Based  upon other  exa.ples,     it  l, conjectured 

tnat  the    c,   when FIFD     reaoval   is used,     .ay  be as    high aa 
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Piraaate^s 

As seen  by  S: 

• P    =a,crarb#b#c#cfara,b#b,c,c,a,a#b,b,c,c 
• |P|   =19 
• a    =[  a,   bt   c  ) 
• 131   =3 
• |N»|=2 
• PIFO aeaoval 

U10) 

As sean by S*: 

• P =a+rc-,a-,b*-,b-,c + ,c-,a*,a-#b*fb-#c*,c-#a*,a-,b+,b-,c+,c- 
• |P| =19 
• Q ={ a*r a-# b*# b-r c*r c- J 
• IQI =6 
• |a»|='* 
• PIFO Reioval 

süaaiitiaa 

i«- tcansient •I«- 
steady-state 

cycle ■*! 

Trace:   a* c- a-  b*  b- c* c-  a* a- b* b- c* c- a* a- b* b- c* c- 

-§- 
Patch:   ♦    » * * « * 
M1: accbbbbaaaaccccbbbb 

aaccccbbbbaaaacccc 
AL. 
Fatchi   ******************    * 
H*: a*  c-  a-   b*  b- c*  c-  a*  a- b* b- c* c-  a* a~  b+  b- c* c- 

a* c-  a-  b* b- c* c-  a* a- b*  b- c* c- a* a- b* b- c* 
a*  c-  a- b*  b- c* c- a+ a-  b* b- c* c- a* a- b* b- 

a*  c-  a-  b*  b-  c* c- a*  a- b+  b- c* c~ a* a- b+ 

sane 

HäSUitS 

• F     =   6 
• P»   =   19 
• r     =   19/6   =   3. lb 

For  the steady-state cycle; 
• F     =  3 
• F«   =   12 
• /r/  =   12/3  =4,0 

Fiyure   12, 
Cyclic  Paja   Trace  with  FIFO   Hemoval 

 -  -   —   ■ 
___^^MMAfa üMMHl 



Stortj« Ui«r«tchy S^st«a« II» 

^l«1!. 

Por any two detaaJ-fetch flPO-c.^oval 't«o-Ut»*l „tcca^ 

syste.s, S and S«, „itk paye siz.s N and «-11/2 ««a 

sertaio    pci.ary     store    sizes    |n*t     «0d     |i«|««i||l|a 

respectively,   thare    exists a    cyclic pag«    trace,   P    - 

Pt. (PC)»  «here     lPc|=     2 (| fl»|MM|ii»n ,   s«Cil     that  the 

page fetch frequaacy ratio,  r,   exceeds   |ni|4l. 

Proof: 

By  exaaple   (Piyute   12). 

 .  
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tfirzAi ti. Titrotii ueiUSI ■ucn of tuotBä» »uAfig« 

lATlf      i»   tfcl»      tMS&S   it      ••»  «iplAiB««      CUt   «      M30C 

rttioa«!« Cor ««Ätii«?«! «Coc«9« «r»**** *• f«*»»1 «f0ft tl>w 

fciacipl« of Loc«iit|. Oitact«i««t«i|9 ioc«iity is st&ii « 

pjoriy uai»r«too49 or tt iooot cootrowor«&«»i# pfeoooaoooa* In 

tkU ch«ptor sooo ootoi fioopouto «oi looi^lito «ill b« 

proooatcd. 

o- ^  CISSI  91  K9i£il IllliUSI kfifilllil 

Lot an coaoiioc tto oitrooo    cocoo of  pro9C«o coforooc« 

i>c«iity »hieb will bo collod    llfj^iii IfifiAÜil *nJ ABAUil 

6.1.1 Toopoc«! Locality 

If tbo logical addevosas  {  a*, a«v  •••   )   aro cafacaüsad 

luting  tn«     tia«  iatartai     t-T to    t,   tboco    is a    ai^i> 

probibility  tast    thvM  aaoa logical  «ddrossai»    «ill  b<k 

ratarancad dariaj  tb« tia«  intarval  t  to t*T. 

::.i .  bahsvioc c«a  ba  cationalizad by pcogcao couatcuct.. 
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• •cfc    «st       loop«,    fcoq««atiy      aaod    f«ri«l>las#      t«d 

cro^itttly «««4 ««»roati«««. 

••I«i Sp«ti«l  Lac«iity 

If tM logical odlcoos « i« r«foc«ftc«j «t tiM t, ti>«r(i 

4« « kki* prooooility mat « logical aa<U*rad iu tb« 

ratf« a-« to a*t fUl a« cataraacad at tiao tat, 

rtta baktftoc caa aa rauaaalisad fcy protjraa conatruct* 

• «cfc aat MfMtttUI iaatcactica aa^uaacia^, «ad iio«i«r 

lata atraetaraa  fa.9.«  arr«ya). 

t.l.j Oaaatai Locality 

fka datiaitioaa o(  taapor«!    aad apatlal  locality «oov« 

•ca    jalta aitcaaa.    (Uaally «a    coaaldar    only  tha    gaaacal 

•pati>taapocal propartiaa aad daClaa locality as: 

Locality 

I« taa logical adieaaaaa | •». a«. ... | ara cat«r«ncad 

iarla« tka tiaa iatarval t-T to t, taaca la a kigJi 

probability tbat    taa  logical    addraaa«« la    th« t*wa 

t»-* to    a«»a#  a«-A    to a«*A »in    aa c«f«r«ocfd 

Jartai  taa Ciaa latartal t  to t*T. 

It    ta laportaat    to racotfait»    tbat    taaporal  locality    «n- 

spatial  locality    «ca  iaavao    taa aadarlytag    pbaaoaaaoo and 

ttat tb« "gaaacal luc.lity-  ia    aacaly a  alaplityio* MC^O^ 

aad alarria«! of  taaaa aasac coscaptj. 
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b. 2  ijaXSOiiaati ESÄ2£ii. Alqorithas 

rfe can begin to understand the factors causing the pa^e 

nisi aaoaaiy by stjlying how the various conventional 

reaovil algorithas handle tenporal and spatial locality. In 

particular, ne see, that whereas tenporal locality policies 

are jiren explicit attention, spatial locality policies are 

usually handled iipiisitiy and subtlely. The "least recently 

used". Lau, renoval ilgorithn, for exaaple, is very ouch 

concerned about the tenporal aspects of the pccgran's 

reference pattern. The spatial aspects are nandled as a 

by-praduct of the fact that the denand fetch algorithn nust 

laad an entire page (i.e., a spatial region) at a tine and 

LBU rsnoval decisions are based upon these pages. With these 

thoughts in nind, W3 can see that decreasing page size 

ciusas the conventional storage nanagenent algorithns to 

increase their sensitivity to tenporal locality and decrease 

their sensitivity to spatial locality. Increasing page size, 

of   course,   results  in  the  reverse effect. 

b.3  L2£äiitl iü Actual   Prograns 

lany of the tacnniguas for inproving the locality 

bihdvior     of     prograns,      suca  as     the     nethod     or     autonatic 

i  
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pcogra. restructuring by sectcr (subroutine) reordering 

i3S=ribed by Hatfield and üerald [47], result in both 

iicreased temporal and spatial locality. But, it seeiis that 

the raordering technigue does, in fact, signiticantly favor 

spatial  locality since  it  was noted  [47]  that: 

"the       better       oclerings       not       only      concentrate 

naP
t

PuraPirir6
c?

eC.t0rSint0 *****' but tüese pages also naturally cluster into larger units that satisfy 
nearness    reguireaants    on     the    page    level     -     and 

Okarinas etteC
f.,

th;a d0 the pa'e' ot the ^ 
rfn!fi g '•• ciustering sectors into pages also 
clusters  pages into  larger   units." 

6.4  Locaiitx Mixes 

&n effective aultilevel storage manaye.ent systei «ust 

take both teiporal and spatial locality into consideration. 

As we have seen fro. both Hatfield«s and Selig.an's results, 

neglecting spatial locality can have disasterous results. 

Any given progra», or portion of a progra.'s operation, can 

äave its reference locality characterized by the two-by-two 

natrix: 

waadcant 

S 
P 
A     Low 
T 
I    Hign 
A 
L 

TEHPOSAL 

Low        Sigh 

1 2 

3 4 

1,     low-temporal     and        low-spatial     locality,     is 

-■-^^■•'-■' ■■ ■■- — - -—-—^■-■-    jui 
- -■ - -■•■ij-v— -■——"■- 
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Jafiaitely undesirable for operation in a nultilevel storaye 

systea. There have baan nuaerous algorithms and programmer 

training technigues developed, as mentioned anove, to 

minimize the number ot programs with these poor locality 

characteristics. Quadrant 4, high-temporal and high-spatial 

iDcality, has traditionaly been the region of nest 

performance and is usually the objective of good program 

dasiga. Unfortunately, it is not always possible or 

convenient to design programs which attain both high 

temporal and high spatial locality; thus, we find many 

programs operating in guadrants 2 or 3. 

6,5 Spatiji ls2SäliiI iiä2EÜfel§ 

Storage management technigues axe needed which provide 

far more flexibility and robustness for balancing the 

system's sensitivity to temporal and spatial locality. These 

algorithms must explicitly consider the spatial locality of 

a program. The tupla-coupling approach, described in the 

naxt chapter, is one such tecnnigue. It takes advantage of 

the temporal locality and compactness possible with small 

pages characterized by guadrant 2 behavior, yet it adjusts 

t3 the spatial locality and clustering characterized by 

quadrant 3 behavior by simulating the removal policies 

associated with large pages. 

 -    li\ ■■ ■■      . ■   --   - ^-J—^-.-..^ _ _..  ■   ^-. ■ .,   ^ ■     ...  - ■^■...■^J^WL..-^- 1- 
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6.6 iäaieat 2a the Paja Size Aacjali 

«ith this insight, we can DOH see that the page size 

aooaaly is not really a^en a function strictly of page sizel 

lastead, it is an issue of locality, teaporai versus 

spatial. 

    ---i  ^—■ ■ ■ — - - ■ •••tfUMMii^HMaHBiiaaalM J 
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CHAPTER   7. 

SPATIAL   BBHOVAL   STORAGE   MANAGEMENT   ALGOBITHHi 

7, 0   Introduction 

Its stated earlier in this thesis and noted by Hatfieid, 

a caio?al algorith« that would Unit the page fetch 

t'cequaocy ratio, r, to 2 would be very desirable. In this 

section a technique, called the "tuple-coupliny approach", 

is described which, when used in conjunction with 

conventional reaoval algorithns, such as LRU or FIFO, 

juarantees that r will not  exceed 2. 

7» 1  IaBlez£2Sifiiiaä 4£fi£21£ä 

The basic concept behind the tuple-coupling approach is 

eittreaely siaple. First, the two portions, p* and p-, ot 

each original larger page, p, aust be identifiable (i.e., 

tue set of pages of S« are viewed as a collection of 

J-tupias). Second, the reaoval ordering policies aust be 

applied to both eleaants of a tuple (i.e., the tuples are 

joupiai in rejard to ordering decisions) such t&at a page p* 

or p- of 3« is never raaoved unless the corresponding page p 

of   S     would  also  nave been     reaoved   frca   H«.     The  particular 

--■■-- I MMjäMimaMi   !  i      ii    -- ■ ■ -  -  -  —^ 
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iapletentation of this approach nay vary slightly de^enainj 

upon the rr /al dlyocitha, e.g., LBUf FIFO, etc., that is 

to be u .ed. Any renoval algccitn« to wnxch tne 

tuple-coupling approach can be incorporated is said to be 

"tupl3-couple-ableM, 

7. 1. 1 An Example of LRU  Tuple-Coupling 

Figure   13  illustrates  the  application  ot       the 

tuple-coupling  approach to  the  LBU  renoval  exaaple 

previously shown in Figure y. It should be noted  that, in 

this case, r has indeed been Halted  to 2 although it had a 

valua ot  2.2 when noraal LKU  reaoval was used.  The reader 

should carefully coapire Figures 7  and 11 to understand hov 

the tuple-coupling approach affects the reaoval algoritha. 

The M»  contents are identical, of course, for s in both 

axaaples, but there are subtle  differences in H» contents 

for S».  Each state of  M1 contents is  aarked, 1 to  11, in 

Figure  13  for  reference purposes.  Notice that  in this 

iapleaentation of tuple-coupling whenever both halves of a 

page, p* and p-, are in M»,  they are always adjacent in the 

«1 orleriug; coapare this with Figure 9. 

At page trace step 3 we can see the first difference 

bstrfean Figures 7 and 11, Page a- is referenced and aust be 

catchad in Figure y, it is then  placed at the top of the rt» 

..   . .   ' .■ t*•»•M*l<i>wmftiiwtm«iaWiL^»i>'iiNiU»üwM«^ai^ ■- -■'■ -' —•■■■-—^ ■"■' •■■ --- ■ ,.,.■.... -.-...-. 

 ■.... ■. ■ -.■.■- — .■■■■ .. .^.>r ...,       . ... .jiMif-Ml 
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(fll) 

Parameters 

As seen by S: 

P       = a,   b,   a,   b,  c,  c,   b,   a,  a,   c,  c 
|P|     =11 

Q    =   ( a,  b#  c } 
IUI     = 3 
I»1!   =  2 
LRU   Heioval 

As  seen  by  S': 

P       =  a*,   b*,   a-#   b-r   c*f   c-,  b*,   a*,   a»,   c*,   c* 
IPI     =   11 

Q     =   (  a+#   a-,   b+,   b-,   c*r   c-  ) 
IQI     =  6 
(M»|   =  4 
Lau  Benoval with Tuple-Coupling 

SiaiilatioQ 

Page  Trace:     a* b* a- b- c* c-  b* a* a- c* c- 

Patch: *    * ♦ * * 
N*  Contents:   ababccbaacc 

ababbcbbaa 

Patch: *♦♦»*♦ «««DI 

M1   Contents:   a*  b*  a- b- c*  c-  b* a*  a- c*  c- 
a* a* b* b- c*  b- b* a* a- c+ 

b* a- b*  b- c- b-  b* a* a- 
a* a-  b*  c* c-  b- b* a* 

Results 

• F 
• P» 
• r 

5 
10 
10/5   =   2.0 

Figure   13. 
Exanple of   LRU  Seaoval   with  luple-coupling 

(see  Figure  9   for  comparison) 

it-   ■■ ■■•''--■■-*-'--•"'"--■■  ..._.      .     ..     '-   •      ■      -   -   ■  .    ■--...      -....y.■■......■.^-J...^...^   ^.rt^...'-.--...-■■■.■   ■ , ^dHteUu.  . i ! linlMihifill 
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ordering *Äich beco«2s a-#b*fa*. On the other hand, in 

Pigura 13 at step 3, it is noticed that a* was already in 

fl». raus, when a- is placed at the top of the M» ordering, 

a» is coupled to it resulting in the orderiny a-,a*,b*. At 

page trace step 7 of figure 13 we see another interesting 

axanple of tne tuple-coupling approach. At the previous step 

the ordering was 

c- c*  b- b* 

«hen  the reference  to b* is  iiade, there  is  nc need  to 

initiate a fetch since b* is already in H». The fli ordering 

then becones 

b* b~ c- c* 

since LRU    requires that the  aost recent reference aove to 

tue top. under this tuple-coupling scheae, b- is also aoved 

toward the top of the ordering tc continue to be adjacent to 

b^. 

7.1.2 laplaaentation of the Tuple-Coupling Approach 

It is iaportant to note that there are often various 

nays to iapleaent tuple-coupling. In particular, in the LRU 

tuple-coupling algoritha described above, the 2-tuples, 

waenever both portions were in M», were arranged to be 

iija^ut in the M» reioval ordering. The reguireaent that 

usithar  portion, p*  or p-,  of a  tuple in  5« be reaoved 

...■■„-J^^- ... ^ ■■ ■ :i--. .  1 ... ■   ■ ■   ■■ 1 ....:.■ ^.-l ... ...^ ....  .^..f-L.......-^..^-^.^.-..^   -.   -.■ -   - - - _.  '    - ■      ■       -      ■   -   '   
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unless the corresponding page of S would have been removed 

can be accomplished in other «ays. For exanple, the LRU 

raoovil stack can be left in its nornal ordering, as iu 

Figura 9, In this case, when it is necessary to reuove d 

page froa S« the bottoa page is not necessarily the correct 

choice to satisfy taple-coupling. There is an algorithm 

which can scan the LBU stack and select the correct page for 

raaoval (in fact, it will select, of course, the same page 

selected  by  the algorithm illustrated  in  Figure   13). 

7,1.3  An  Example of FIFO Tuple-Coupling 

It       is     interesting       to      consider       the    effect       of 

tuple-coupling  upon  FIFO removal.     Figure   la  illustrates the 

application     of     the    tuple-coupling  approach     to    the    FIFO 

ramoval example     previously shown in    Figure 6.    Once again, 

the  page  fetch  freguency ratio,   r,   which originally Mas 2.75 

has indeed  been  limitai  to 2.     The example  of  Figure   IU does 

nat    fully       illustrata    all     the    interesting      aspects    of 

tuple-coupling  upon  FIFO removal.  In   particular,  if page p+, 

far  example,     is referenced  in  a     page  trace and it    was not 

already    in  N»,     it  must    be    fetched.   The     M»  contents    are 

raordared  as  follows: 

1. If   p-  is not  currently  H»,   p*  is placed at  the top 

3f the  FIFO  ordering, 

2, If   p-  is  currently  in   H»,   p*   is  placed imaediately 

 -t--M.—^      .  ----      - -   -  
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Paraaatefs 

As seen by S: 

P =  a,   b,   a,   b,  c,  c,   b,   a,   a#   c,   c 
IPI =11 

Q =   { a,   b,   c } 
IQI =  3 
IM»! =   2 
FIFO Beaoval 

As seen  by  s»: 

131 

If 12) 

P      =  a»,   b*#   a-,   b-,   c*,  c-#  b*,  a*,  a-,  c*, c~ 

Ö =   t a*r   a-,  b+,  b-,  c*,  c-  } 
IQI =  6 
|H»| =  4 
FIFO Reaoval  with Tuple-Coupling 

sUnUUsa 
^''«••ratsoit 

Page Trace:     a*  b* a-  b-  c* c- b* a* a- c* c- 

Fatzh:■ ♦    « * * 
H»   Contents:   a     b    b     b    c    c    c 

a     a     a     b    b    b 
-Si. 
Patch: «**«»* 
S»   Contents:   a*  b*  a- b- c* c- c- a* a- a- a- 

a*  a*  b* b- c+ c* c-  a*  a* a* 
b* a~ b* b- b- c* c- c— c~ 

a* a-  b* b* b- c* c* c* 

a    a    a    a 
c    c    c    c 

*    * 

Results 

F 
F« 
r 

= 8 
=   8/1   =   2.3 

Figure   14. 
Exaapie  of  FIF3  Seaoval   with  Tuple-Coupling 

(see  Figure  8  for coaparison) 
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oefore p- in the logical FIFO ccdering 

p-'s relative ordering reaains uochanged. 

rae reason for the second part of this rule can u>- seen troa 

the naraal FIFO ordering rule which places a ^ago ^ at the 

tap only if it were not already in R1. If it were in n*, it 

reaains at its previous erdering position. Undei 

tuple-coupling, this rule applies jointly to tne (pSp~) 

tiple as stated above. The reader is encouraged to WöLK 

through the example of Figure 10 using the tuple-ccu^ling 

approach to illustrate this FIFO ordering pheooaunoa. The 

effect of the tupla-zouplmg approach is suaaanzed m 

Theorea 5. 

(th5) 
THEOBBN 5: 

For any two deaaad-fetch two-level storage systeas« S 

and S', with page sizes N and N,=N/2f respectively, the 

use of the "tuple-coupling" approach for S* in 

conjunction with a reacval algoritha that is 

"tuple-couple-ahla" is sufficient to guarantee that the 

page fetch freguency ratio, r, cannot exceed the valu^ 

2 for all possible page traces, P. 

Proof: 

(See  below). 

■ 
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coatinually     cause    fatches       foi •r P* ia S« without duy 

coccaspondiag fetches required in S. ThuSf ,e see that this 

is  precisely  the  situation that   allows r  to exceed  2. 

ander     closer    analysis,     we  see    that    this    sxtuation 

juices  that in S'   p*  be removed    frc. «•   between   t*  and  ti 

«hereas  in  S     p re.aias in fli.   m other     words,   this  general 

situation can only occur    if at  so.e   ti.e  t,   y*    or p- of  s« 

is  selected   for re-oval fro.  m   and  the corresponding  page  p 

of  S    is not also re.oved    fro.   «».   But,     the tuple-coupling 

algorith.   (see  page  125)   is "such that a   page  p* or  p-  of  S' 

is never  re.oved unless the corresponding    page p of  S  «ould 

also have    been  re.ovai  fro.    Bi«.   Thus,     the tuple-coupling 

ali.inates     the       possibility    of       case     2      and    therefore 

guaraatees  that  r cannot exceed   2. 

Ü.E.O. 

7'2 fiffectivagss of  Tuple^couplina 

Nearly, the tuple-coupling approach has an influence 

upon tne overall effectiveness of the basic re.oval 

algorithn. being used and tne benefits of tue skalier page 

siza. It xs obvious that there are certain reference 

patterns (with r less than 2) for which tuple-coupling 

deceases the value ot r. On the other hand, it can b, 

saowu,   as a  si.pie exercise  tor   the  leader,   that the exa.ple 

  —  
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of Figure 6 cetaias its lo« page fetch frequency ratio of 

3,5 even when tuple-coupling is used. In tact, 

tupla-coupling aay oftan result in the "best of both wotids'1 

of placing a bound on the page fetch frequency ratio, r, tor 

high c regions without interfering with the perfornance of 

ocigiaally low  r regions. 

k program's reference behavior in S', during a short 

interval of its operition, aay be characterized by three 

regions based upon the value of the page fetch fcequeucy 

ratio,  r»   when tuple-coupling is not  used: 

1. Sparse reference -  snail  r     (e.g.,   less than  1)* 

2. Moderate reference - «oderate r (e.g., between 1 

and 2) • 

3. Dense reference - high  r     (e.g.»   greater than 2). 

la the sparse reference region, it is unlikely that both 

portions, p* and p-, of a page, p, will be in fl4 

sinultaneously; thus, the tuple-coupling will have liniial 

affect upon perforaance. In the dense reference .region, we 

have already seen that tuple-coupling prevents extreme 

values of r. Based upon some recent, though liaited, 

läasucaaents, it appears that in the aoderate reference 

region tuple-coupling performs about as well as the 

non-tuple-coupled algocithas. 

■ ■     -■■ ... ■   .■■..■ - ■-  
..,..    ■  ..        .  ;*  

----■ ' 
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CHAPTEH   8. 

DISCUSSIOD   AND   COMCLUSICMS 

o.O   inroJuctign 

Efficient and effective storage .anageeeot is x.Portant 

tD the detelopaent of future co.puter syste.s. it has been 

asti.ited that the storage subsyste.s account for over 70k 

of the cost of aost couteaporary instailatxons and, based 

upon present trends, this percentage ,s •«p.cted to 

increase. 

Huch    aore    research    »ill  be    0««ded    before    all    t ne 
problaas of autoaatic stor age aanageaent are understood and 

the obstacles to effective operation elxainated. This 

thesis has solved several open probleas and has provmed 

iasight that  should lead  to  the  solution of  aany aore 

problaas. 

3. 1 Suaaary 

A detailed discussion of the aany facets ot storage 

aanageaent is presents m Chapter 2. it also coniair.s a 

genscAl discussion of  the requiteaents «hich a systta Mut 
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ditlsfy  to   be  «ffacti»«  for  the   user. 

1 Je 

In ChApters J ma u « loael for stotdye niecdtcoy 

• r >t » , is focalized «od «a ispleBentdtion is ptoposeu. Tn«» 

systai's desigo is based upon «n orderly ana uuitorn 

treatment ot the storage levels. Specific techniques to 

iiprofe perfocMnce, such as continuous hierarchy, snado« 

storjje, direct transfer, read through, store behind, and 

aatonttic  ■anagenent,  are explained. 

In  Chapter   5 the "page    size  ancialy1*  is  presented   (see 

dlso Uatfield [<»8J): 

The assumption about virtual aesory systeas that as 
overhead (tiae for access and sotteare page 
aanageaent) decreises page size should be reduced is 
not always a good one. Hecent experiaeats indicate 
that larger sizes can provide better pertoraaace for 
prograas that aaka highly localized use of aeaory 
space,* 

Pais phenoaenoa  is foraalized and a  bound on  the perforaance 

is proven. 

In Chapters 6 anl 7 the concept of spatial locality is 

iatroduced and serves as the oasis tor a neu storage reaoval 

ilqaritha called "tuple-coupling". These concepts are usea 

tj explain the occurrence ot the "page size anoaaly" ID 

dctuai systeas. It is proven that the tuple-coupling 

ipprjich   is  a  sutficiaut  strategy  to  avoid  the  occurrence  of 
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Ui "P^e size  aao.air  and    It   ctfers   fUutUl  perfcraaucu 

i.prote.ents  for   the  itorage hiecaccliy syate.. 

The techanues »„a theore.s FreSent«d U tki« thesis 

proTii. a auch .ore scientifically sound basis tor e.a.miu* 

aad dasignin, stor^e aierarcay syste.s tfc«. «ost ciirtMt ^ 

IM *PProacaeS. Althougn tnere is still a long «ay to go, 

<laVel,P.e„t of these for.alis.s is essential to the 

aifinsing of   tae «sciance- m Co.puter  Science. 

Phere are .aay ireas touched on fcy tms work in «hich 

g-estions re.ain. one of the .ost sxgmficant is ia the 

i.»ei.p.eat and study of other possible "spatial locality- 

ca.oval algorithas in addition to the tuple-coupling 

approach studied in this thesis. This is an entirely ixde 

open   irea. 

Uthough tuple-coupling is studied extensively in this 

thesis, there are still .any unanswered guestions. Ho« does 

tuple-coupling co.pare with the class of ".staca" algorithas 

studied by nattson U äi [63], in particular under «hat 

eicsaamnc««, if any, is tupie-coupling a stack aigontha? 

Likeifi««, noa Joes tuple-coupling compare «ith the 

t^ratically   optinai   replacement algoritha,   called  OPT [63J 
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3C HIN [12J? On a aoca practical side, how etcicientiy can «t 

tupie-coupliag algorithi, or other spatial reaovai 

alyoritUBs,   be  iapleBaated? 

In ord<}r to ascertain specitic procf ol the utility and 

efficiency of cjenenl storage hierarchies, it will be 

necessary to actually construct and measure the pertoraance 

of such a systea or, at least, perfora aore extensive 

siaulition analysis. Purtheiaore, we aust develop overall 

prognaaing techniques and execution envirouaents that are 

even aore aaenable to elficient operation in a storage 

hierarchy  systea. 

«any of these (juestions are currently under 

investigation, the results will be published later in a HIT 

Project  NAC   Technical  Report. 

-•'  ■ i«H« >i       ir     -      ...... 
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