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Summary

Overview

This document is a preliminary report on one aspect of the

initial phase of a proposed three—year research program on distributed

data management. The work dealt with here is the development of models

for data distribution . These models consist of equations for system

cos t , availability , and response time in terms of appropriate parameters

describing system behavior , usage patterns, etc. This interim report

deals with models which look at the system from a very high level. Low—

level features — strategies, policies , etc. — will be built in later so

that their effects on cost, response , and availability can be assessed .

Cost Model

Besides providing a tool for further research , the modeling

effort has yielded some immediate insights into the advantages — and

problems — of distributed data management. We have found , for example ,

that data distribution can be cost effective — in the sense that it may

be actually cheaper to store at a remote site — for reasonable parameter

values and a not excessive cost differential between sites. In addition ,

it appears that this result is fairly insensitive to the size of the

data set to be transferred , but it does require that the data be compressed

for shipment.

Availability Model

Perhaps the most interesting result of the availability study

is the following . If there are two copies of the data base (located at

different sites) and both are kept immediately accessible and as up to

date as possible , at least one copy of the data base is available more

than 99 percent of the time. (This result does not take into account

1
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scheduled down— time or the (small) possibility that both sites are down

conc urr ently.) if the remote copy is nut a true “running spare” — i.e.,

is an inactive backup stored , say, on tape — the improvement in avail—

ab ility seems hardly enough to make such backup worthwhile. This result

serves to emphasize the importance of developing techniques for on—line

data base synchronization.

Response Model

The study of response time has led to some simple relations

which should be useful in algorithms for determining when a site should

share its query l oad with other sites holding a copy of the data base.

Rather than being amenable to a priori study , the parameters appearing

in this model are envisioned as being provided by real system monitoring

and measurement , so that they are appropriate for decision making in a

dynamic environment.

Report Format

In the next section we discuss the goals of the modeling

program , both in the long term (as a research tool) and in the short

term (i.e., for the work presen ted here). Following this , we br iefly

review work reported in the literature which seems pertinent to our

effort. The major part of the document is then devoted to detailed

reports on the three models: cost , availabil ity , and response time , in

tha t order.

Report Validi ty

The reader should note that the results given in this report

are to be considered tentative. The models are in the process of revision

and refinemen t , as well as more thorough tt r in g . This Is only a prelimi-

nary report; conclusions reached from the models in  t h e i r  presen t s t a te

should not be relied upon or w1deI~’ dlssemin .itt’d .
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Coals of the Modeling Program

Long—Term Goals

Developing models to describe the various aspects of distributed

data management is an integral part of our research program . Model

building — the development of equations to describe system behavior ,

cos ts, etc. — is an essential tool in computer science research. Using

a good model , one can stud y al terna tive design op tions , compare dec ision

stra teg ies , etc.

It is important that the model effectively r e f l ect the real

world that is to be studied . For this reason, we plan to build a model

which is highly modular and highly parameterized . The modularity will

provide flexibility and allow us to study some aspects of the problem

independently of having a detailed model of a whole system. For example ,

ne twork problems of synchronization and deadlock can probably be studied

through a high—level networking model which does not concern itself with

details of data management . The parametrization will allow us to put

into a high—level model guessed values for the effects of lower—level

systems . In this way we can generate some insights into what is going

on before building a complete model. Parametrization also should allow

us to mimic real PWIN system behavior as closely as available measurement

data will allow. This will maximize the PWIN—relevance of our research

results.

The actual research areas which we plan to study in par t

through modeling have been described in some detail in our Research Plan

(CAC Doc. No. 164, JTSA Doc . No. 5510). Tn the interests of brevity, we

will not repeat that information here.

3
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Goals of this  Pre l iminary  Study

In t h i s  p r e l i m i n a r y  work , we have been l imi ted  by time cons t ra in t s

to the c o n s t r u c t i o n  of f a i r l y  s u p e r f i c i a l  models and to the i d e n t i f i c a t i o n

of some p r o m i s i n g  directions for further work. In order to get a good

feel for the br oad range of model components that may be useful to us,

we p lanned a thrce—~ conged e f f o r t, dire cted towards assessing the gross

effects of data distribution on costs, availability, and reponse time .

Our approach has been to survey the modeling literature for work which

seemed relevant to our program and to begin to extend such work to

study the problems of distributed data management.

In order to develop a cost model for network data distribution ,

we have begun with a cost model of a hierarchical storage system

and ex tended it by including storage at a remote site as part of the hierarchy .

We have then attempted to identify the major cost components which the

network introduces into total cost. By caref ully includ ing these

network components , we hope to have designed a basic model which we

may then expand on (by providing a greater level of detail) to study

such things as the cost overhead of various synchronization strategies .

To study availability, we have taken a similar approach .

We have begun with a model for single—site data base recovery strategies

and tried to see how the assumptions and results of that model are affected

by locating the backup copy at a remote site.

The complexity of response—time models (involving, as they

usually do , heavy usage of stochas tic anal ysis and queueing theory)

precluded our getting very deeply into this area in the short term.

Instead , we undertook a rather superficial investigation into the conditions

under which mu tip le da ta copie s and query dis tribut ion may lead to an

improvement in system responsiveness.

4
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In summary , the primary goal of this preliminary effort has

been to gain an understanding of the components needed to model the

major features of a distributed data management system. But we feel

that the models developed , although crude , do form a solid basis for

futu re work and have already provided us with some insights into the

value of data distribution .

_  _ _  _  
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Models in the Literature

Introduc tion

The first step in our modeling program has been to look closely

at relevant models reported in the literature. Actually, model ing is an

ex tensively used tool in computer science , and models of one sort or

another are found throughout the literature. For example , models are

used for comparisons and evaluations of alternative system designs .

Such mathematical design analysis is much less costly and time—consuming

than actually building alternative systems and trying them out. Models

are also heavily used in optimization studies. For example , op timal (or

near optimal) file allocations can be derived from rather simp le formulas

for cost and response time. The simp licity of the f ormulas , it should

be noted , is not a drawback of the model but an advantage. Working with

models instead of the complex real world allows one to focus attention

on only those features that one wishes to study.

The models that we review in this section are therefore generally

no t complex and all—encompassing, bu t are simple formulas wh ich seem to

have some relevance to problems of interest to us. The discussion is

organized primarily according to the output of the model , and only

secondarily accord ing to its context or application. First , we cons ider

response—time models and , under this heading, other types of models

dealing with time delays (e.g. in a network) or the time it takes a

process to be carried out. Thus we have collected together various

models which may have some relevance to the overall response t ime of a

distributed data base. Second , we consider very br iefly the closely

related concept of throughput , and techniques for modeling it.

6
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Third , we review various models which may be useful to the

study of data availability — essentially the probability that the data

base is accessible when needed . Overall availability may involve such

fac tors as network reliabili ty , system failures, and recovery strateg ies —

all of which have been individually modeled in some context. Finally,

we look briefly at cost models — valuable for their ability to encompass

all kinds of resource utilization, but not nearly so extensively 3tudied

as the other types of models.

Models for Response Time

An important quantity for the evaluation of a data management

system is the expected response time, which may be defined as the average

waiting time from the initiation of a data request (or from the input of

a query) to the receipt of the information. Many different aspects of a

data management system have an effect on the total response time . These

aspects run from the low—level physical organization of data to (in a

d istributed environment) network delay times. In this section we briefl y

review some important past work on modeling these various aspects and

indicate where further work appears needed to model a comp lete system .

Data structure modeling . At the lowest level , models have

been developed to aid in choosing storage schema . A typical approach is

tha t of Gotlieb and Tompa [1974]. They consider a number of alternative

• structures — trees , linked lists , etc. — and assume an expected usage

pattern which involves the probabilities that the various nodes in the

schema will be accessed . They then compute expected run—time costs for

the alternatives. These “costs” are actually timing estimates , being

computed as a simple linear comb ination of “the number of executions of

each of three primitive instruction types: memory accesses , ~ir it hm ct i t ’

7
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and log ical instructions , and transfers of control ”. The expc~ ted

number of executions of the different commands are obtained by simulation

studies of application programs . This last point is an important one —

at some stage in almost any modeling effort , data from simulations or

from the measurement of real system behavior is needed. Another point

to note in Gotlieb and Tompa ’s work is tha t some very important considera-

tions in choosing storage schema appear only as constraints. For example ,

an upper bound on the allowable amount of storage space is used to

eliminat e certain schema from further scrutiny . A model which would

illo w for a trade—off between storage cost and access efficiency would

• seem to have more validit y .

At what is perhaps a higher level , Shneiderman [1974] has

developed a model for optimizing the structure of multilevel indexes.

Aga in , he describes his model as a “cost” model , but he is explicitl y

computing access t imes. His approach is a very simple one. Assuming

1. a given number of levels ,

2. the branching pattern of the index tree ,

3. a strategy for searching the tree ,

~~~. the costs (times) for moving from node to node in the search ,

and

5. an equal probability of request for all items ,

he derives a straightforward algebraic formula for expected search time .

• As an obvious (and necessary) generalization , he suggests relaxing

assumption (5). Shneiderman ’s basi c appr oach , however , appears to he a

useful one which may be readil y incorporated into any analyses of tree

structures which arise in our modeling effort.

8 
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A more ambitious effort in the use of modeling to evaluate

file structures was carried out by Winkler and Dale [19711. In their

words , they study “the processing time required to evaluate Boolean

functions defined on data values ... [and tol select elements from the

structure satisfying the expression”. They derive some rather complex

algebraic formulas for expected processing time . There are over twenty

input parameters describing such things as properties of the average

query , file size and timing data. Specific , alternative structures are

modeled in the sense that processing time formulas are developed for

them . This paper merits closer study in our proposed work on data

structuring.

Computer system modeling . Many of the response—time models in

the literature that may be of use to us are not specifically concerned

with data management but with computer systems in general. Both time—

sharing systems and multiprogramming systems have been the subject of

considerable analysis. Both situations are characterized by competition

for shared resources . Several jobs reside in the system simultaneously

and must occasionally wait for processing, [/0 , etc. The natura l mathemat-

ical models to describe the progress of jobs through such a system of

waiting lines and processors are those of queueing theory. Indeed ,

queueing theory has been heavily and successfully used to develop formulas

for response t ime in such systems.

A classic example is Scherr ’s anal ysis of response time for

tim e—sharing systems [Scherr , 1967]. Scherr defines response time as

the mean length of time the user spends in the “workin g part of thc

interaction ” — i.e., the t ime between when he finishes typing in hi~

query and when the response is returned to him. The main inp ut 1);Ir;lm(~t t r

~9



are the mean time per interaction that the user spends in thinking and

typ ing ,  and the mean processor t ime per interaction. Simpl ifying assump-

tions are that the system is in a steady ct at l (i.e., essentiall y that

the total number n of users on l ine is constant) and that there is no

overhead due to add it ional swapp ing as n i n c r e as es .  The l a t t er  assump-

t i o n  is questionable and leads to the result tha t response time increases

only proportionatel y to ii for large n. The mathematical analysis is

quite simp le. A Markov process describes the probability distribution

for the number of users actuall y inside the system and the resulting set

of recursive equations are readily solved . Expected response time can

• he immediately calculated from this probability distribution . The

validit y of this simp le queueing model was demonstrated by comparing its

predictions with real sYstem measurements. The agreement was extremely

• cl ose.

More elaborate analyses of t ime—sharing s\’stems have been

• carried out by Kleinrock . (For a good review of this work , see [Kleinrock ,

19731 .) Kleinrock ’s analyses include various quoueing disci plines

(scheduling algorithms) and various probabilist ic assumptions on job

arriva l times and processing time required . He has extended this t p e

of model virtually to its limit , in the sense t h a t  further general iza—

tions lead to intr actable mathemati cal formulations.

Oueueing mod els also play a key role in the study of multi-

programming systems . These diff er from t ime—sharing s \’stems prim aril y

in t h a t  t h e r e  is no assumed In t e r l u d e  when the  user is t h i n k i n g  and

t y p i n g .  Tha t  is , a c e r t a i n  s t e i d v — s t a t e  p o p u l a t i o n  of jobs  is assumed

to he cont  inua l l v  m o v i n g  t h r o u g h  t h e  s y st em .  A model  w h i c h  seems

10
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especially relevant to our work is that of Arora and Gallo [1971], who

ire particularly interested in the optima l storag~ of data in a multi-

level memory . They define the expected response t ime of a transaction

is “the serial sum of the service times along with the respective H

~~ii t in g t imes at all facilities ”, and emphasize the importance of this

statistic in evaluating data management systems . The most important

parameters in their model are the 1/0 dependent timings , such as the

access t imes to various memory devices and the time required to transfer

• a block of data from auxiliary to main memory. The model is rather

detailed and complex , but has the obvious potential to he extended to

t h e  study of data distribution in a network. One need only consider

some memory levels to be located remotel y and take into account network

Jelav tines.

File allocation modeling . Models which have been devised to

study data distribution are usually developed from higlìer l evel (and

less sophisticated) analyses than those referred to above. An examp le

is the rt iponse—time formula derived by Chu [1973] in his study of

optima l file allocation in a network. Vari able s in his formula include

line traffic between nodes (assuming it is all generated from data base

access), usage rates of files by users at various sites , and average

l en g t h s  of messages.  An i n t e r e s ti n g  f e a t u r e  is the  r e s ult  that n e t w o r k

• t r a n s m i s s i o n  de lays  increase w i t h  l ine  t r a f f i c  a c c o r d i n g  to the simp le

factor P / ( l — P )  , where P denotes the fraction of line capacity used by

t h e  given traffic , or traffic intensi.~~~ Indeed , Chu ’s expected r~~ ponse—

time formula (for queries initiat ed at one given site :ind responded to

by another) is simp l y

Response Time tP/(l —

w h I r l  t = average t ime to transiti it a rep l v  mIsslee . One sees that many

11
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I
features are lacking in this simple model — t ime to transmit requests ,

t ime to access the data at the remote s i te , protocol  overhead t ime , e t c .

In addition , there appears to be an implicit assumption that all pairs

of sites are connected by a direct line used only for the query traffic.

Network delay mo deli.~~~ As we noted in discussing Chu ’s

simp le model for response time from a remote site , real network delays

involve many complex factors. Fortunately , much work has been done on

develop ing realistic formulas for network delays. (For a good review

see [Kleinrock , 1973].) This work has been largely done in th e setting

of network design and anal ysis. For example , queueing models have been

used to compute average packet delays for given network topology , routing

strategy , and network traffic (including overhead for routing , f l ow a nd

error control , etc.). There seems to be no reason why such models can

not be incorporated into overall models of response t ime for a distributed

data base. Detailed modeling of network delays will provide a necessary

tool for studying synchronization strategies and other network—related

• features of distributed data management.

Models for Throughput

Some authors argue that response time is not as important a

statistic as is throughput. For example , Arora and Callo [1971] put the

case as f o l l o w s : “In  a multi—programming environment the response time

does not measure  t he  e f f i c i e n c y  of the s\’sLem , because of the concurrent

processing of several transactions. For this reason , we introduce

throug h put  r a t e  as a p e r f o r m a n c e  measure  fo r  t he  m u l t i — p r o g r a m m i n g

systems . It  is the  rate of c o m p l e t i o n  of t r a n s a c t i o ns  ~~~ u n i t  t in e .”

(The u n d e r l i n i n g  is ou r s . )  In h i s  an a ly s i s  of m u l t i p ro gramming  svst ems ,

Buzen [1971 1 takes the  same p o i n t  of v i ew , d e f i n i n g  ‘‘overa ll svst em

12
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per fo rmance ” as the “average number of jobs processed per un i t  t ime ” . A

queueing theory analysis  wi l l , however , gene ra t e  e i t h e r  response t i m e  or

th roughpu t  ra te  wi th  equal ease. That is , these models assume that  a

c e r t a i n  number of jobs are in the system and e s sen t i a l l y  it is the time

the  average job spends in the sys tem tha t  is computed . Thus “ response

t ime ” in these models never means the abso lu te  t ime i t  takes an other-

wise empty system to do the job , bu t  is always in the contex t  of com-

p e t i t i o n  w i t h  o ther  jobs .

In network analysis  th roughput  has a lso been a u s e f u l  s t a t i s t i c .

For examp le , in ARPANET anal yses the network th rough put has been de f ined

as the  average t r a f f i c  per node when average packet  d e l ay  equals  0 . 2

• seconds [Frank and Chou , 19741. This maximum acceptable  average t ime

delay  then g ives meaning to the notion of throughput or “the level of

• t r a f f i c  t ha t  the network can handle” . However , i t  is aga in  queueing

ana lys i s  which is used to model the  f low of p a c k e t s  th rough  the ne twork

and to compute  t h roughpu t  under va r ious  c o n d i t i o n s .

Once t h roughpu t  or level of t r a f f i c  f l o w i n g  through a sys tem

becomes a statistic of interest , the possibility of using models analogous

• to those used for physical flow systems arises. The stochastic models

arid recursion equations of queueing theory may he rep laced by the contin—

• uous models and differentia i equations of diffusion theory . There has

• recently been considerable interest in app lying this type of model to

queueing networks (see, f or example , [Reiser and Kohavashi , l97~i]),

since more complex initial and boundary conditions can he imposed than

are tractable in stochastic models. Of course , the close connection

between through put and average response  t i m e  means  that d i f f u s i o n  mode l s

cou l d  be very u s e f u l  in  re sp onse— t  Inc stud i t s . We t lwr ~~ on plan t o

look e 1 ose 1 y i n t o  the appl i cab  i l l  t -v  of d l  f fii s i on model s t o our ri sia rch .

13
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1

Models for Availability

We here use the term availabili~y to mean the fraction 
of time

that a data base is available to respond to user requests or queries.

In any setting, and particularly in a network, availability is a func-

tion of the reliability (or availability) of many components — host

computers , network communications lines, etc. — as well as of strateg ies

for backup and recovery. In this section we discuss some of the past

modeling research that has yielded results useful to us in our concern

w i t h  database a v a i l a b i l i t y .

File a l loca t ion  model ing .  One of the f a c t o r s  to be taken into

account  in d i s t r i b u t i n g  copies of a f i l e  to various network sites is the

number of copies needed for  an acceptable degree of avai labi l i ty .  Chu

[1973] takes account of th i s  f ac to r  in the fo l lowing way . First , he

def ines  the ava i lab i l i ty  of a piece of equipment ( e . g . ,  communication

l ine or computer)  as

F,
Ava i l ab i l i ty  = 

F + X

where F is the mean t ime between f a i l u r e s  and X is the mean time to

repair. Then , assuming

1) all computers in the network have ident ica l  ava i lab i l i ty  A ,

2) all  communication channels have ident ical  avai labi l i ty  c , and

3) the network is comp letely connec ted;

Chu obtains the fo l lowing formula  fo r  the ava i lab i l i ty  of the j t h  f i l e :

r .
A( l  — (1 — Ac) 3 ) ,

where r
j 

is the number of copies of the jth file in the network. Once A

and C are known , it is a simple m a t t e r  to choose r . so as to b r ing  the

availabili ty of a remote copy up to a satisfactory level . Overall

14
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a v a i l a b i l i t y  is bounded by A , the  a v a i l a b i l i t y  of the reques t ing  com-

puter , which is apparently assumed not to possess a copy of the file.

Al though Chu ’s model , with its assumption of complete homo-

geneity of network components , may seem oversimp lified , an analogous

analysis can be readil y carried out in the heterogeneous case to yield

more comp lex expressions . Notice , however , that this model presents

another problem . It implicitly assumes that the files are static , or

are simultaneousl y kept up to date by some trouble—free process. in

f a c t , the development of algorithms to keep segments of a data base

i d e n t i c a l  (or near l y so) is a top ic  of cu r ren t  r e sea rch .  (See the

c h a p t e r  on Automated Backup in CAC Doc. No.  162 , JTSA Doc . No. 5509.)

Network r e l i a b i l i t y  mode l ing .  Another simp lification in Chu ’s

model  is the assumpt ion  tha t  a direct communication line connects every

pair of sites. This assumption allows Chu to use a s i n g l e  p a r a m e t e r  to

describe availability of a link from one site to another. In a general

network , this availability will depend in a complex way upon network

topology . Several alternate paths may exist between two given sites.

Each of these paths  may involve more than one “hop ” and so more than one

piece of subnet hardware. Indeed , in the ARPA network it has been found

that the failure rate for IMP ’s is about the same as that for communica-

tion channels , and that DIP failures therefore have the more drastic

effect on communications reliabilit y [Frank , Kah n , and Klcinrock , 1972 1 .

Graph theoretical techni ques for computing availabilit y from component

reliabilities are , however , well known . The paper by Frank et al. con-

tains a brief review of these techni ques. No great d i t t  i. cult v i s  envi—

stoned in applying them to any given network (such as the WIN) to obtain

a v a i l a b il i t i e s  wh ich  may then  he used i n  a st ra I g l i t  I orward ext ens i on of

Chu ‘ s mode l  to obta  in rough est i m a t  ~s of f i i  e (or  I I I  t a base) iv~ 1 ib l i l t  v

15
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Mode 1in~~~compute r  sys tem reliabilit y . Another parameter in

Cliii ’s model that requires more detailed analysis for complete understanding

is computer availabili t y . One source of information on computer avail-

abilit y is direct system measurement. On a lower level , however ,

fi i lii r es can he modeled to yield , in addition to overall figures on

exlIccted system reliabilit y , useful insights into repair and backup

~ t rate e ics.

Borgerson and Freitas [19751 recently published a fairly

detailed stochastic model for computer system failure. Their model is

based on four d i s t i n c t  causes of c r a shL s  and t h e i r  i n t e r r e l a t i o n s hip s .

Ih e i r  u l t i m a t e  r e s u l t  is a formula  g iv ing  the  p r o b a b i l i t y  d e n s i ty  for

the event that the system crashes due to a failure. The effects of

mechan i sms  for detecting and recovering from a failure (before the

system actually crashes) are included in the analysis. Although our

research is unlikely to be concerned with modeling computer systems at

th is level of detail , the analytical techni ques of Borgerson and Freitas

may wel l  app ly to reliability problems which we may wish to model (e.g.

pr otocol resiliency)

Modeling backup and recovery strategies. This section has

previousl y dealt with availabilit y questions involving network and site

reliabilities. (In a l ower level , the data base itself may “crash” or

nay acquire errors . I t  is i m p o r t a n t  t h a t  s t r a t e g i e s  fo r  r e t u r n i n g  a

dat a  base to i t s  co r rect  s t a t e  he d e v i s e d  and s t u d i e d .

A recent  paper (Chandy et al . , 1975] p rov ides  models fo r

rol l b a c k  and recover~ strategies. These strategies run as f o l l o w s . At

c e r t a i n  po in ts  in t ime (check p o i n t s ) ,  a copy of t he  d a t a  i s  made and

st o r e d . A l i s t i n g  of subsequen t  d a t a  up d a t e s  ( i . e .  an a u d i t  t r a i l )  is

_ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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then kept. When the master data base fails , it may then be recovered by

beginnin g with the old copy from the checkpoint and using the audit

t r a i l  to b r ing  i t  up to da t e .  Chandy et a l .  use queueing theory to

model the process ing of the  a u d i t  t r a i l .  From the  expected t ime to

complete this process , they can compute the total recovery time . The

length of the audit trail , and hence the time to recover , is a function

of the time interval between checkpoints. Optimization of availability

with respect to intercheckpoint t ime can then be carried out. Models of

some comp l ex i t y  ir e  deve loped  w h i c h  take  i n t o  cons idera t ion  the possi-

b i l i t y  o f  errors during recovery and the p o s s i b i l i t y  of a transaction

arrival r a t t  w h i c h  v a r i e s  in a cy clic manner (as opposed to being con—

stint). The r e s u l t s  Ippear to he very useful for developing insights

int l r Il - o v e r v  St  r i t e g i~~s , p a r t  icul arl y for single—site systems. In a

network eny r~~c~L. nt , however , i t  may be reasonable to assume t h a t  the

backup c I ’pV i s  st o r e d  remotel y . In t h i s  case i t  does not make sense to

assume that the data i s  a lways  r e s t o r e d  f rom the backup , because of the

l o n g  t ime r e q u i r e d  to t r a n s f e r  a d a t a  base th rough  the network . The

s t rat e gy  t h e n  Is to  t r a n s f e r  the  quer ies  to  the  a v a i l a b l e  copy . (See the

l a t e r  s e c ti o n  on the  a v a i l a b i l i ty  m o d e l . )

Models  f o r  Cost

Cost is both  a very vague and ambiguous measure of system

p e r f or m a n c e  and a very i m p o r t a n t  one. The a m b i g u i t y  comes about through

the  d i f f i c u l t y  of a s s ign ing  d o l l a r  costs to a l l  f a c t o r s  of i n t e r e s t .

One way,  of course , is to ca r ry  out exp er iments  — i.e., to run tes t

programs at various sites and compare the h i l l s  rece ived . This method

yields cost comparisons which are heavily dependent on the pricing

polici es of the various sites , as well as on s i t e  h a r d w a r e  and software .

17 
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Untangling all of these factors to determine what a set of cost figures

really means is no easy task. On the other hand , cost is very important

in that it serves as an overall measure of system resource utilization .

For example , by assigning costs to them, such diverse factors as CPU

t ime and s torage used can be added together .  In short, cos ts are a

device  by which  one can add toge ther  app les and oranges.

Assignment  of specific costs to various factors is of importance

to the model user, but not necessarily to the model builder . The latter

can consider costs of various resources to be simply weighting coeffi-

cients , which can be adjusted at will to reflect a specific environment.

It may be , fo r  examp le , that no real money changes hands. But a user

may s t i l l  wish to evaluate  a certain system or piece of sof tware  by

us ing  a fo rmula  which weights  storage (which may be in short  supply)

much more heavily than CPU t ime .

In this  b r ie f  review of cost models , we wi l l  be onl y concerned

w i t h  those which use “costs ” to add together  heterogeneous factors. In

our search of the literature we found that several so—called “cost”

models actually deal t  onl y wi th  time factors. Such models are therefore

d iscussed elsewhere.

Model ing Network File Allocation. Of particular relevance to

our study of dis tributed data management are the cost analyses developed

fo r  the  ne twork  f i l e  a l loca t ion  problem . A good example of such an

anal ysis is tha t  given b y Casey [ 19721.  The parameters  in h is  model are

1. the  cost (“ m a i n l y  for  storage ”) of locat ing the f i l e  at any

site k,

2. the costs of transmittin g a given amount of data between two

given sites (with the possibility that upda te and query trans—

actions may he t ransmitted at different costs),

18 
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3. the amount of update traffic emanating from each site , and

4. the amount of query traffic emanating from each site.

G iven values fo r  these parame ters , the cost of a particular allocation

is readily computed .

Casey states that transmission costs may be “a rather complex

monotonicall y increasing function” of traffic , but he feels that his

l inear  model is a good f i r s t  approximat ion . A better idea of transmission

costs  would require  a model which goes in to the transmission process in

some detail and analyzes the various cost components and how they are

aff ected by the amount of network traffic. The site costs might also

profit from a detailed breakdown; note that Casey remarks that factors

other  than s torage are being lumped into one term . It is important to

realize, however , that for file allocation Casey ’s model is probably

quite adequate. It is only when one wishes to study other aspec ts of

data distribution — backup and recovery strategies , say — that more

detail is needed .

Modeling storage hierarchies. Even before networks existed ,

the file allocation problem was of importance. The question arose as to

where one should place a given file in a storage hierarchy — i . e . ,  a set

of memory devices of varying accessibility (core , d isk , tape , etc.)

connected to a single computer. A particularly comprehensive cost model

for this problem has recently appeared [Lurn et al., 1975]. This model

d ifferentiates between random and sequential forms of data access and

includes considerations of staging , channel costs , CPU overhead , etc.

Because of its comp leteness , we considered this model an appropriate one

fo r  ex tens ion  to the network case. That  is , memory devices  at  a remote

s i t e  may s imp l y he considered as p a r t s  of the s torage hierarch y , provided
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that network costs are p r o p e r l y  taken in to  a c c o u n t .  A d e t a i le d  d i s c u s s i o n

of the model of Lum et al. will therefore appear below in the discussion

of our cost model.

The distributed data management prob lem is of course far more

comp lex than the storage hierarchy problem. The model of Lum et a1 . (and

our extension of it) assumes that all data processing (updating and

responding to queries) takes place in local core. No provision exists

for sending a query to a remote site for processing. Thus , aithough our

straightforward extension of Lum ’s storage hierarchy model has provided

some insight into data distribution , it is grossly inadequate for studying

all the many facets of distributed data management. Unfortunatel y, the

literature contains little modeling work that is readily applicable to

distributed data management. Much more work needs to be done to develop

models which realisticall y describe the distributed environment.

II) 
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A Cost Model for Data Distribution

Introduction

The advantages of distributing a data base in a network

environment have been discussed at length in various papers , panel

discussions , and bull sessions. But it has been somewhat difficult to

quantify these advantages or to investigate the various tradeoffs and

d e t e r m i n e  just how great the advantages are. In this Sect ion , we w i ll

a t t e m p t  to shed some l ight  on this subject. As mentioned above , a

recent paper by Lum et al. [1975] develops a cost algorithm for allo-

cating files in a storage hierarchy . Their cost model is rather com-

plete and lends itself well to extensions relevant to storage hierarchy

problems in distributed data base systems.

For many of the cost—related questions that arise in the

development of a distributed data base system (such as those concerned

with the costs of queries , updates , back—up, recovery , etc.), the system

can at first be viewed as a storage hierarchy. That is , to a local

process or user the remote sites appear as further levels of the hier-

archy. From this point of view the network is another channel with some

special cost considerations . In future refinements of this model , we

plan to include effects of remote processing of data. We were unable

to do so in this short—term effort.

In what follows we will first review the model described in

[Lum et  al., 1975). (In order to facilitate the discussion , th is model

will he referred to henceforth as the LSWL model  . )  N e x t  we will extend

the LSWL model to Include a network, Then we will use the model  a l t  ag

with some relevant data to i n v e s t i g a t e  some in t e re st i n g  q u e s t  ions , and

~ I
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we w i l l  draw some conclus ions  about  the  advantages  of d i s t r i b u t e d  d a t a

base sy s tems . F i n a l ly , we l i s t  some ideas fo r  r e f i n i n g  the  m o d e l .

A R e v i e w  of the  LSWL Model

Overview. The LSWL model p r i m a r i l y  addresses the problem of

“data staging” or “data migration ”. In other words , when a file or data

set is not  being used ( i . e . ,  is inac t ive)  it  is stored on one dev ice

( u s u a l ly  a s lower , less expensive one) . Then , when the da ta  set is

acc essed , i t  is moved to a f a s t e r , more expensive device so that the

program will waste fewer resources waiting for data. The question we

are concerned with here is , given the accessing characteristics (number

of reads and writes , proportion of time the file is in use, etc.), where

in a given hierarchy should the data set be stored when it is inactive

• and where should it be moved when it is active?

The authors develop an objective function which gives the cost

of accessing a data set which is stored on one device when inactive and

another (possibly the same device) when active. The authors assume as a

first approximation that the entire data set is moved from the inactive

device to the active one.

The s e l e c t i o n  a l g o r i t h m  is q u i t e  s t r a i g h t f o r w a r d .  The objec-

t i v e  f u n c t i o n  is eva lua ted  for  a given set of va r i ab l e s  fo r  each pair of

dev ice s  in  the  h i e r a r c h y .  The lowest  cost then  i n d i c a t e s  on w h i c h  p a i r

of d e v i ce s  the  d a t a  should he located .

Assumptions. The authors make several simplif y ing assumption s ,

most of which can be relaxed at the cost of a more comp lex cost function .

They assume that for data sets system paging activit y will not s ignili —

m t  lv a f f e c t  c o s t .  However , i t  w o u l d  probabl y he n ecessary  to relax

t i m  i s  c o n s t r a i n t  i f  one w i s h e d  to consider cos t s  i n c u r r e m l  hv p rog ram

act lv i t v. They f u r t h e r  a ssume that t runs fers are di r e t  r a t h e r  than

IL
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through core and t h a t  there are no flow control problems (i.e., - i fast

dcv ice can a lways accept da ta  f r o m  a s low d e v i c e ) .  It  is a l so  assumed

that transfers arc not constrained by the capacity of the dev ice  the

data set is being moved to. These last two assumptions can both be

dropped at the cost of a more complex equation. As we shall see , when

we add a network to the hierarch y, flow control can not be ignored .

When a process or user accesses a data set , it often must wait

for the access to complete. Clearly, this wait t ime must be figured

into the total cost. However , multi programming systems take adyantuge

of this wait t ime by let :ing other processes utilize t lit processor. To

account for this time authors define an adjusted m a c h i n e  cost , m.  For

l a c k  of  a b e t t e r  f o r m u l a t i o n , they  have d e f i n e d  t h i s  cost  to he the

p e r c e n t  of CPU idle time t imes the dollar cost associated w i t h  the  CP i .

T her e  a re  some prob lems  w i t h  such a d e f i n i t i o n . For e x a m p l e , as t h e

load on the system i n c r e a s e s  and So does CPU u t i l i z a t i o n , q u e u e i n g

delays and sy s t e m  overhead also increase , thus increasing cost. The

objective function does not account for t h i , 4  p henomenon. -

The o b j e c t i v e  f u n c t i o n .  Now t h a t  we have r e v i  eyed t i m e  assump-

t i o n s  b e h i n d  t h i s  a n a l y s i s , l e t  us look  a t  the  c o s t  f u n c t io n  i t s e l f  in

some d e t a i l .  The reader  shou ld  c o n s u l t  T a b l e  I f o r  a key to  t h 1  del m i —

t ion of the symbols used and F i g u r e  1 f o r  a summary of t h e  oh ect  iVe

function .

let us assume that the data set is it leve l i of t h e  I i i ~ - r m r - h v

when inactive and level when a c t i v e . (For c on s i s t e n cy  we will a dop t

t h e  n o m e n c l a t u r e  used  by Lum ci  a l .  w~m 1 r h ~ t hmi first subscript ~~ 11  be

t he m a c  t Lye d e v i c e , and the second t h e  ac t  i ye Ofl  . A iso t h e  hi  gh er

lev els ( i . e . ,  t h o se  w i t h  ast i r ac c e s s )  o f  t h e  hierarchy w i l l  h m v e

—~ I
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Data Set Charac te r i s t i c s :

q = number of sequential block assesses.
r = number of random block accesses.
S = data set size.
s = physical block size.
t . = f r a ct i o n  of t ime data set is on level i.

1

d = number of times the data set is opened .
A = the proportion of time to write the data set back to its

original position. For read only data sets, A = 0; fo r
f u l l  wr i te  back at read speed A = 1.

Storage Device Charac te r i s t i c s :

= random access t ime for  level i.r

= sequent ia l  access t ime fo r  level i.q

= t ransmiss ion ra te  fo r  level i.5

t 1
’ = average revo lu t ion  la tency t ime fo r  level i.

• 
1 

= minimum access arm movement time .c
n . = un i t  cost of s torage space at level i for  the given t ime

period .

b . t r ans fe r  size per access when data set is being moved f rom
a lower level i to another level (or from a higher level to
level i ) .

B . = largest  size tha t  can be t r a n s f e r r e d  wi thou t  a d d i t i o n a l  access
cost .

CPU and Channel Charac te r i s t i c s :

m = ad jus ted  cost per un i t  t ime fo r  computer  system exc lud ing
channel

M = unad jus t ed  computer system cost per u n i t  t i m e
u = cost of channel  per u n i t  t ime
13 = number of b u f f e r s
W = computer se tup  t ime fo r  opening a date. set

Table I

Parameters  in the  LSWL Model
( f r o m  [Lum et a l . ,  1975] )

24 

--•*--- - ---• — --- --—- --- -- ~~~~~~ —-~~~~~~~~-- - -  - - - --~~ -~~-———



- —- — -- - -- - —- ----- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - .---~~. -~~ ~~~~~~~~~~~ —--

higher indices.) The objective function can be considered to have

three m a j o r  terms :

s tag ing
storage local  process

f . .  = + + transfer• ij  cost  access costs costs

• The first term is the cost of storing the  da ta  on the a c t i v e

and inactive devices.

(storage cost) = [T .n . + T .n .]S
1 1  .1 11

When a data set is moved from level i to level j it is not necessarily

d e l e t e d  from level i; therefore it should be noted that i . + r . > 1.
1 ) —

The second t e rm is the  cost  fo r  the  user or process to access

the da t a  f r o m  the a c t i v e  device .  Th i s  t e rm takes  i n t o  account  the  CPU

c o s t s  and transfer overhead as well as channel costs  for  bo th  random and

sequential accesses.

CPU costs for j
= m q [ ( t  - /~ ) + (s/t -

s e q u e n tia l  access q s

CPU cos t s  f o r  
= mr[ t ~ + (s/ t 1 )1random access r s

random access 
= ur [t ~ + (s/t J ) ]

channel costs 1 s

sequential access j  j
= uq [(t /~

) + (s/t ) 1channel costs 1 s

The final term computes the  cost of moving the  d a t a  f r o m  lev e l

i to level  j and includes factors for writing the data back to l e v e l

i f  necessa ry , p r e p a r a t i o n  fo r  t r a n s f e r , l a t e n c y  w a i t i n g  for the nex t

block , and block transmission costs.

Cost  t o  move da ta  f r o m  
= ( 1 + A ) d 1~~~ + ( S/ h .)fmt + (mh /tI e ve l  t to  l eve l  1 1 i s

+ (t ib . f t  1 ) 1  + (mS / Il . )  I i — j I ,
I S I I-

w h e r e  r ( x)  is 0 i f  x = 0 and i s  I o t h e r w i se .
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f . = {r .n. + t .n .}S + storage cost
13 1 1 3 3

mq~~(t ~/i~) + (s/t 
1 ) )  + CPU cos t :  s e q u e n t i a l

q access + transmission

mr [t ~ + ( s i t  .1 ) ]  + CPU cos t :  random
r S access + transmission

(uqKt 1
3 /~ ) + (s/H)] +

channel cost
ur [t 1

3 + (sit 3 ) ] )  +

(1 + \ ) d { M W  + ( S / b . ) ( m t 1
1 
+ (mb ./t 

1
) + cost to move the

1 1 5 data set between
(ub ./t 

1 ) ]  + (mS/B .) t  1
} { r (i  — j)} levels i and j

I S 1 C -

Figure 1

Ob jective Function for the LSWL Model

Network Model

Further extensions than those discussed here are necessary to

model the cost of a distributed data management system in comp lete

d etail. However , the model developed here is a good first approxim ation

and will allow investigation of the tradeoffs between storage and access

eco nomy . It  w i l l  a l so  provide  an a c c u r a t e  model  of file or data ~~t - t

• s t a g i n g  in a ne twork .

As mentioned earlier , a primary concern in extending the LSWL

model to allow for a network in the hierarchy is to accoun t for the flov

control and other protocol related costs that will he incurred . The

cost function used has the basic form :

If . .
I i j

= 
(j always greater than k)

i < k

where  k Is t he  f i r s t  r emote  l evel of the  h i e r a r c hy . (Here  we are

t a c i t l y  a s suming  t h a t  ;u l  I s t ag ing w i l l  he done to a local d~ v iee . ) We

26 
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I
have already discussed the ori ginal objective function , f ... We will

now proceed to consider the cost f u n c t i o n  tha t  de a l s  w i t h  the ne twork .

The reader is directed to Table 2 for a key to additiona l symbols and to

the summary of g.. in Figure 2. The network cost function can be char-

acterized as:

cost to move from inactive cost to move from
storage

g.. = + remote level to highest + highest remote
I - ]  cost- remote level level to the net

+ 
network 

+ 
cost to move from net to 

+ 
process access

cost active level costs

The major differences in this equation from the purely local

version are the added network costs and the distinction between local

and remote charg ing rates. Otherwise most of the terms are. ~special

cases of the origina l and we will not discuss them in detail.

The network costs consist of two ma jor components: the set—up

costs for using the network and the cost of the traffic sent on the

network .

network costs = de{(m + m
L
)t 

d 
+ (M

r 
+ M

L
) t  }fi + F ( A ) }

+ (1 + A ) ( S K n
k

/b
k

)d

+ 2en
k

d {1 + r(A)}

The first term is the cost of setting up the transfers in

terms of the number of message exchanges required (protocol negoti-

ation), network delay and protocol processing. The other two terms ar

network charges for the packets actuall y sent. The first of t h ese  is

the cost for the data sent and the second is for the messages sent for

the set—up n e g o t i a t i o n . The constant K In the first term ls Li ” e om—

press  i on” factor to allow Inc ins ion of d a t a  compress i on and prot ocol

overhead in data transmiss ion (lo iders , restart markers , e t c . ) .  The

27
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e = number of message exchanges necessary to set up the  t r a n s f e r

t
d 

= message round trip delay time in the network

t = CPU time for protocol overhead (on a per protocol message basis)

K = “compression” factor

t = network CPU time to receive data
nr

t = network CPU time to transmit data
nt

u = remote channel cost
r

u
L 

= local channel cost

m = adjusted remote system cost

n
L 

= adjusted local system cost

N = number of data set copies necessary to achieve a desirable
level of reliability

n
k 

= network transmission cost

1’1
r 

= unadjusted remote system cost

= unadjusted local system cost

h
k 

= network packet size

Table  2

Supp lementary Parameter List for Network Model

28
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Figure 2

ith t o t  ive  Fun c  t ion for the Network Model
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transmission cost of the network , nk, is calculated in terms of pa cke ts

sent , a charging structure in use in the commercial domain . (It should

be noted that  the symbols wi th  the subscr ip t  k do not r e fe r  to the

properties of the highest remote level of the hierarchy but to proper-

ties of the network , such as transmission rate , packet size, etc.)

Factors involving A are included in the network costs to take account of

the possibility of shipping the data back to inactive store. Notice

t ha t  a t r a n s f e r  must be set up no mat ter  how small an amount is sent

back — hence the appearance of F(X) in the formula.

Example. Consider a s i t ua t i on  in which there is a fou r—leve l

hierarchy (core, drum , disk , and ar ch ive ) ,  both locall y and at a remote

site. Assume that values of the relevant parameters are as given in

Table 3 ( taken f rom Lum et a l .  [1975])  and tha t  they are the same at

both s i tes .

Parame ter Core Dr um D isk Arch ive Un its

lO~~ 5 X lO~~ 60 X lO~~ 5 second

106 3 X 10~ 5 X 1O~ by te / sec

t 0 8 X 10~~ 13 X 10~~ 25 X lO~~ second

0 8 X lO~~ 12 X ~~~~ 20 X lO~~ second

t
i 

0 0 25 X lO~~ 40 X 1O~~ second

2 X lO
_ 2 

5 X lO~~ 3 X lO~~ 3 X lO~~ $/b y t e/
month

h . * 20 , 000 7 ,000 2 , 000 b y t e

B1 * 4 X 106 140 , 000 10 , 000 b y t e

* Irrelevant

Tabl e 3

Parameters for Storage Hierarchy
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l t  does not , of course , make sense to consider inactive storage at

remote co r e , and t h i s  case is o m i t t e d . Let the  number  of l oca l  b u f f e r s

be two (f  = 2) and assume tha t  there  is no se tup  t ime to open a da ta  set

(W = 0). Suppose that a data set of 10
8 

bytes is active for one eight—

hour shift per day, so that on a per—month basis d = 30 (i.e., the data

set is opened once per day). Furthermore , the set is then active 1 / 3

of the t ime (t . = 1/3), and we shall assume that r . = 1 (i.e., that the

set is permanently resident at the inactive location). Let the set be

blocked into 1500—byte physical records (S  = 1500) and suppose that

= 1 (so that the data set is always written back at t h e  end of each

day). Finall y assume that there arc 90,000 sequential accesses t o  the

ac t iv e  copy per month and 210,000 random accesses (i.e., q = 90,000 and

r = 21 0,000). These values all correspond to those used by Lum i t  a l .

in t h e i r  e x a m p l e .

Next , network parameters arc needed .  We have t a k e n  h k = 1 25

by t e s , the  ARPANET packet size; t = 200 ns and ~ 
k 

= x b y t e s / st e .- nd s

both ARPANET figures; t = 1 ms , which is roughly the time for an ARPA

NCP to handle one protocol command (includ ing response); t
nr 

1 ms , an

average figure which runs from about .5 ms NCP time to 2 ms if t h e

p rocess  must be awakened;  and t = 2 ms , wh icit  eons i s t s  I f  a b o u t  I ms
nt

t o  get to the N CP and 0.5 to 1 ms to use it. (These est  i m a t  s f o r
np

t
nr ’ 

and t
nt 

were s u p p l i e d  to us by C. Grossman of  t h e  C e n t e r  f o r

A d v an e  t d Computa t ion. ) It  s h o u l d  he noted t h a t  hot Ii t a nil t shot i  I d
nr Ut

he slig h t  l v  l a r g e r  to  at low for data p r o c e s si n g  h~- t h e  f i l e  t ratisf ~~r

p r o t o c o l .  T h i s  is part i c u i a i - I v  true if data compression is being

m r r led oii t . Ilii t for t h is examp le we in it i i i  I v a sstjme K = 1 . 115 ,
ii r

intl t~~ :15 g i v en  a r t . t imes 
~~~ 

m e n s m 1~e ;  we h iv e  d i v i d e d  b~ S t o  : i t

p e r — p a c k e t cs t  I m a t e  • S I nce a m ax im i i m of 8 p i c k e t S p er  mess. i ce  i s

11
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allowed. The parameter e was set  a t  15. This  is  a r r i ved  at as follows.

In the ARPANET , it requires 7 exchanges to open an Fr!’ connect ion , plu s

f rom 4 to 7 commands to set parameters and 3 more to open the data

c o n n e c t i o n .  I t  should he no ted  t h a t  by u s i n g  A R P A N E T  d a t a  and t h e

values supplied by Grossman we are essentiall y eomp~it Jn g l ower h o u n d s  on

network costs. In other environments the network costs w i l l  he higher

and results ;are l i k e ly  to he quite different .

F i n a l l y ,  cost e s t i m a t e s  are needed . For network transmission

we assumed n
k 

= $1 .25 per 1000 packe t s , a quo ted  Te l ene t  commercial rate .

To begin with we have assumed that m = m = $10/hr., M.. = M = $100/hr.,L r L r

and u
1 

= U = $8/hr. Clearly under these assumptions remote s to ra ge

will not he cost effective ; hut by adjusting the cost of the remote site

relative to that locall y , we should reach a po in t  where remote s to rage

is c h e a p e r .  The value s calculated for costs c .. (see Figures 1 and 2) are

given in T a b l e  .
~~~ . As expected , remote storage is not economical f o r  the

.15510-i, ) c o s t  s t r u t - l u r e .  The cheapest method is for the i n a c t i v e  d a t a  to

he stored on l o c a l  a r c h i v e  and t r a n s f e r r e d  to l o c a l  d i s k  when a c t i v e .

A c t  ive Location (I)

l o c a l  Lo c a l  L o c a l  Local
Core Drum Disk Archive

Loca l  Core 2000

~ Local  Drum 717 50.0

~ Lota l Disk 670 19.8 3.05

2 lot - al Arc h lvi 668 17.5 1.91 13.01

Remote Drum 724 73.7 58.1 60.0

~ Rem o t e  Disk 677 26.9 11.3 1 3. 2

~ Remote  A r c h i v e  675 2 4 . 9  9 . 2 7  11 .2

Tabl e 4
Computed values of total costs c . for t h e  basic e x a m p  I c .

Entrie s ire in  t h ou s a n d s  of del  1 ;i r ;  per  m o n t h

3 2

_ 
L~ . ..~~~~~~~~~



—.-- -- --—--.., - - . . ,
_____

In an a t t e m p t to d e t e r m i n e  f o r  wha t  relat IVi c os t s  i t  be comes

c o s t — e f f e c t  lye to s to re  remote l y ,  we r e c o m p u t e d  t h e  i . ‘s for .i d e c r e a s i n g

s eq u e n c e  of values of M , m , and u . A l l  o t h e r  p a r a m e t e r s  wer e kept
r r r

he same . Even when the  cost r a t io  Z was

in N u
- r 

— 
r _ r _ 0 1u~

t h e  best s t r a t e g y  was s t i l l  to s t o r e  on local a rch ive  and t r a n s f e r  to

l o c a l  d i s k .  At t h i s  point , however , the best remote strategy (remote

a r c h i v e  to local d i s k )  was less than twiC e  as expens ive  as loca l  a r c h i v e

to l o c a l  d isk  (comp ared w i t h  a f a c t o r  of more  than 3 in t he  Tab i e 4

examp l e ) .  C lose r  e x a m i n a t i o n  of the  i nd iv idua l terms compu ted  showed

t h a t  what keeps remote storage from becoming cost effective are fairl y

Li r c e  contributions from terms (2) and ( i ,) ( -o st  to move from highest

r emote  l ey e l  to net and data transfer network costs , see Figure 2) .  In

s h o r t , sh i pp ing a da ta  base of io 8 by tes  hack and f o r t h  across  a n e t w o r k

d a i l \ ’  is  just not l ikely to he cost e f f e c t i v e  under most conditions !

I f  c o s ts  for shipping through the network are , as it a p p ear s ,

m a k i n g  remote s t o r a g e  u n e c o n o m i c a l , comp ression  of the d a t a  be f o r e

shipment should hel p. We therefore inserted a compression factor

K = 0. 1 ( a b o u t  as s m a l l  as is rea l i s t i c )  i n t o  t h e  model and re c loput e d

t h e e  c • . I or cost r a t i o  Z = 0.1 , and :il  1 o t h e r  p a r a m e t e r s  t h e  same is or

he lab Ic 4 examp l e .  Remote  s t o r a g e  now becomes  eos effect I V t  — t hit

he~~ t s t r l t e g v  is to t r a n s f e r f r o m  r e m o t e  a r c h i v e  t o  100-i l d i s k .  ( S e

Tabl e 5 . ) The r e a d e r  s h o u l d  keep in m i n d  t h roug hout  t hi is di s eiss l e n

h a t  t h e e  n u m b e r s  and comparisons g i v e n  here  should tie t 11 t ~ike ii t

Ii t er : i l l v .  T h e  .s imp l 1st i c  h i e r a r c h i c a l  si ora ,ge  m o de l we i t o  US lug

no t  t a k e  i n t o  ac c o u n t  • I i  examp le , cos t  a d v a n t a g e s w h i c h  may  o u r  I i

t o  r i n l e l t  e d a t  a

13
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A c t i v e  Loca t ion  (j)

Local Local Local Local
Core Drum l) isk Arch ive

l ocal  Core 2000

C Local Drum 717 50.0

.2 l ocal Disk 670 19.8 3.05

Local Archive 668 17.5 1.91 3.01
—I

Remote 1)rum 717 67.1 51.4 53.4

Remote Disk 670 20.1 4.46 6.39

~\ e m o t e  Archive 667 17.2 1.59 3.52

Table 5

Computed values of c . . f or K = 0.1 , cost ratio Z = 0.1.
11

Entries. :irt in thousands of dollars per month.

Starting at this point , we increased Z (since a ten—to—l cost

ratio i s  p r e ib a b l v  u n r e a l i s t i c )  to see at what value of Z remote storage

b e g i n s  to  become cost effective (for K = 0.1). Throughout the range of

Z v a l u e s , the best local etrategy is archive to disk; the best remote

s t r a t e gy  is remote  a r ch ive  to d i s k .  We have g raphed  the  cos ts  of these ,

versus Z, in Figure 3. The local strategy cost is , of course , independent

of K or of remote costs (and hence of changes  in Z). Not ice t h a t  t he

erossover occurs at Z = 0.3 — a value which migh t well occur in practice.

A n o t h e r  i n t e r e s t i n g  f e a t u r e  is the  l i ne a r i t y  of t he  curve , w h i c h  may

make t he  model  more u s e f u l  as inpu t  i n to  d e c i s i o n  a l g o r i t h i n i s .

An unexpected  r e s u lt  was t h a t  dec reas ing  S ( t h e  d a t a  base

s i z e )  to  l0~ by tes  and then  to io 6 by t e s  led to virtually no change in

this crossover value of Z. Even at 10~ by te s  the i o c : i l  and r emote  best

strategies are nearly of equal cost  a t  Z = 0.3. But for t h i s  sma l I a

I . e

_ _ _ _ _  - ,~~,-
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d a t a  base the best act lye storage becomes local drum instead of local

d isk. For larger data bases (10~ bytes or more) , however , the main

c o s t s  are th ose for storage , and the minimum in the matrix corresponds

to  p er m a n e n t  storage in local archive (no staging)

Thought  i n s e n s i t i v e  to S , it is clear t h a t  t h e  c. rossover  point

is sensitive to K. To investi gate this feature further , we generated

thee se cond cu rve  in Fi gure  3, for which the only difference in para-

meters is that K = 0.2. As expected , the crossover point has decreased ,

and to about Z = 0 . 1 7 .  To a good a p p r o x i m a t i o n , as we decrease thee

amount of compression , thie remote costs must decrease proportionat el y

for renote storage to remain cost effective . (A quick check showed the

trend ho ld ing  f o r  K = 0.5. In this case remote storage is a lmost — hut

not  quite — cost  e f f e c t i v e  f o r  Z = 0.1.)

In conclusion , we have seen that remote storage of even v er y

l a r ge  d a t a  bases may be economical , providing th~ data is shipped con—

p r e sse d  and there is a sufficient differential between local and remote

costs. However , it perhaps is not reasonable to assume that the whol

d a t a  has~ is t r a n s f e r r e d .

A more realistic model would allow for transferring o n ly  a

port  ion of t h e  dat  a .  One a p p r o a c h  would  he to  t r a n s f e r  a b l o ck  of d a t e

onl y when needed . Supp se i t  is assumed that each a c c e s s  r e q u e s t

initi ates a tran sfi- r of thic relevant block or blocks . This ~-upp osit i o n ,

however , c o n t r a d i c t s  the whole basis of t h e  p r e s e n t  s t a g i n g  m o d e l  —

name I y , t h a t  t he  d a t a  bes t is t r ims  f e r r e d  from i na. t i ‘c I 0 let i \‘e

si or : i g c  and t h e n  a c c e s se d  on a h l c e c k  by block b a s i s .  .\ c o m p r o m i s e  can

he achieved hv : e s su n i ng  t h a t  o n l y  ;i p o r t  ion  of  t h e  eii t I i t  ( l i t  a base  l~;

s t a g e d  (lii i l v ,  a~ d i s e u o s e cl h e ’ 1 i~ .

~
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Rev 1st -e l  Model:  P a r t i a l  Stag in~g

In t h i s  p a r agr a p h , we will -onsider tile effects of altering

t i l e  mode l  to t ake  a c co u n t  of the  p o s s i b i l i t y  t ha t  o n ly  a part of t h e

d a t a  base is transferred from inactive to  a c t i v e  s t o r a g e . We i n t r o d u c e

a new p a r a m e t e r :

S’ = size of data set transferred .

Then t h e  f o l l o w i n g  changes  are to be made in t h e  equations :

In Figure 1, the s t o r a g e  cost  becomes T .n .S + T .n .S ’ , and in

t h e  l a s t  term S is rep laced by S ’ .

In F i g u r e  2 , t he s t o r ag e  cost  ( t e r m  ( 1 ) )  is changed j u s t  as in

F i g u r e  1. In a d d i t i o n , a l l  o t h e r  o c c u r r e n ce s  of S a re  c h a n g e d  to S ’ .

F i g u r e  4 shows t h e  r e s u l t s  of some c o m p u t a t io n s  f o r  p a r t i a l

st a g  i c i g .  The p a r a m e t e r s  chosen we re such t ha t  r e s u l t s  a r e d 1r~~ct lv

c o m p a r a b l e  to  th~ K 0 .2  curve in Fi gure 3. The absolute costs have

of course decreased cons  i d c r a h l v . How ever , the interest ing f e at u re

to  not ice- is t h a t  the crossover point is v i r t u a l ly  u n c h a n g e d  f r o m

\.‘I lcn  t he  entire d a t a  base  is t r a n s fe r r e d .  T h i s  seems to be another

a s p e c t  of  t h e  r e l at  ive i n s e n s i t i v i ty  of c o s t  e f f e c t  iveness  t i e  c h a n g e s

in d a t a  hose s i z e .

A~ ji 1 i c ~~t ion  o f  t h e  Model  to  M u l t i — s  i t o  U s ; e~je

T h e r e  is another ty p e  of s t r a t e g y  ques t  i c , n  that -cc v r e i c h  11 ’ .-

b st u d  Le d b y us i n  th e -  m o d e l .  Suppose  u s e r s  at Lw s i t e s  w i s h  t e e else

i d a t a  base . , h i t  it  w i l l  h e used m o re-  h e a v i l y  at  oi l - ( S i t e  A )  t h a n

i t  t h e -  o t h e r  ( S i t e  B ) .  Shou ld  S i t e  B use S i t e  .Y s c o py  S r  s t o r e  i t s

own l o c a l  l v ?  In t h i s  S e c t  ion we g ive an examp l e c f  t h i  i s  t y p e  c i  p i~~ 1 fl

and i t  s sce l u t  i on.

I / 
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Suppose tha t  the data base is 10
8 by tes  in size , and suppose

t h a t  costs  and other  pa ramete r s  (except  those descr ib ing  usage) are

the same for  bo th  s i t e s  and are those assumed in the  computa t ion  of

the Table 4 entries. Let the usage at Site A also he the same as was

assumed in c o m p u t i n g  Table 4 .  Then we know tha t the best s t r a t e g y  f rom

S i t e  A ’ s point  of view is to s tore  the  da ta  on local  a r ch ive  and s tage

it to local disk. We t h e r e f o r e  assume t h a t  t h i s  is done , a t a co st

o f $1 ,914 per month (from the computation for Table 4).

Now suppose t h a t  S i t e  B only  uses 10 percent  of the  da ta

base (perhaps a different 10 percent on different days) and that Site B

p e r f o r m s  far fewer accesses , say again by a factor of 10. We now rerun

the model t o  o b t a i n  the c . . matrix from Site B ’s point of view . The1]

parameter changes to do this are: S = ~~~ q = 9000, r = 21 ,000, and

= 0. (This last change is made because we assume that Site A makes

all the changes in the data; Site B just retrieves it .) The resulting

matrix of c . . values is shown in Table  6 . (We have o m i t t e d  the “local
I -I

co re” column h e ere  because the storage options involving core are too

expensive to be interest ing.)

Act ive l , o c a t i on  (j)
— 

Local Local l o c a l
1)rum D i s k  A r e -h i v e

~ Local Drum 5001

~ Local l)isk l97-~+ 30~e

~ I. e c e a l  Ar chive I / 12 150 1 (11

~ Remote Drum 7(121 5-~58

~ R e m o t e  1)isk 232q 7s7 li ed

R e in o t  e A r c h i v e  2 ( 1~~1 518 7 1 2

T a b l e - 6

~L e t r i x  e e t  c o s ts  c - (or Site B. ( S e - c  t~~xt . 1
i i

En t r its a re in dci II a r s l ie r m on t  I i .

l e t

~
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From the table , we see tha t  S i t e  B ’s best  local  s t r a t e gy  is to s tore  on

arch ive  and s tage  to d i sk , at a cost of $150. Furthermore we see- t h a t

the best strategY involving A ’s archive as inactive storage is to stage-

the data to disk , at a cost of $518. This includes , however , a cost of

$3  per mon th  to store l0~ by tes  in A ’s a r c h i v e  and t h i s  s t o r a g e -  cost is

a l r e a dy  assumed to he pa id  fo r  by A. Thus the net cost  to B is $515  per

m o n t h .  F i n a l l y  we make the compar i son :

Total cos t , s to rage  at bo th  A and B = $2064 per m o n t h .

To ta l  cost , s torage  at A only = $2429 per m o u t h .

N ot  surprisingly (since the  cost of s torage  i t s e l f  is so s m a l l )  the

first option is the ch-eeaper. However , the increased cost of the second

opti on is o n l y  $355 or 17 percent. This may be v e ry  much -worthwhile in

\‘i ew of the  problems t h a t  a r i s e  in t r y i n g  t o  keep more than one copy up

to date. Furthermore , this computation was carried out with K = I (no

d a t a  compression) . If the data is transferred in compressed form , say

K = .25 , s i t e -  B ’ s best l oca l st r a t egy  is as before. However , the best

s t r a t e gy  i n v o l v i n g  A ’s a r c h i v e  as inact ive storage is to stage thie data

t c e  d i s k , a t  a cost  of $258 ( s u b t r a c t i n g  o f f  the d u p l i c a t e d  s t e e r a g e . c o s t s

is b e f o r e ) .  Thus t he  t o t a l  cost of the second o p t i o n  is  $ 2 1 7 2  p~ r

m o n t h , wh i c h  is an increase of o n ly  $108 or 5 p e r c e n t .

P l ans  f o r __F u r t h e r  Work

Cl  e a r l  v , muc Ii more can lee learned hy e x p e r i m o n t  c t i o n  wit hi t h e

p r e se n t  m o d e l  . By u s i n g  p a r a n et e r s  t h a t  describe spec i f  i c svs t eems and

t he i r c-os t s , we shou I d  h e a b l e  t ci d e v e l o p  cost  c o m p a r i s o n s  f o r  i ps r t a n t

r o i l  ;IpIi l l i t  te ens. In  add it ion , we h a v e  l e e e e k e d  c a r e - f e e l  l v  i t  the c t  f e e t . c

c f  v ;i r v 1 ng on 1 v a few o I t lee mans’ pa r ime  t e r ~i i n  t h e  m e  h e  I . b’- v e rv 1

o t he r s , we should g a i n  f u r t h e r  i n s i g h t s  in tc e e )5t5.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -~~
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We m i g h t  a lso i n v e s t i g a t e  o ther  approaches to dec id ing  on a

“best ” s to rage  po l i cy  which  mi ght  be re levant  in some s i t u a t i o n s .  For

exainp i e , s ince  p r o t o c e e l  i m pl e m e n tat  ions reside as user—level processes

in many operating systems , and since it is often useful to consider thee

d a t a  set  as b e i n g  s taged in the  remote  system , i t  m i g h t  be i n to r e s t i n g

t i c  co n s i d e r an alteriativ e approach which runs as follows. The data set

alloc ations on the remote site are determined according to the LSW1.

model , and the lowest—cost strategy is selected . The cost of this

strategy plus the relevant network costs are then used to form the

lowest level of the local hierarchy , where the cost for the local levels

is computed using the LSWL mode-I and the last level (the remote one)

uses a sli ghtly modified form. Further study is needed to determine

w h e e t i c e r  this approach will yield useful data for decision making.

th ere are a number of refinements that could be added to the

• — i c e d e l .  We l i s t  a few of these  here.

1) There could he a provision for allowing some fraction of the

quer i e s  to be answered l o c a l l y ,  w h i l e  t h e  res t  r e q u i r e  r emote

i e c c e .~ss . (Th i s  f e a t u r e  may he u s e f u l  in analvz ing t i n e  c o s t

e f f e c t i v e n e s s  of i n t e l l i g e nt  t e r m i n a l s  or n e t w o r k  f r o n t — e n d s .

2)  The e f f e c t s  of the  f i n i t e  s i z e  of t h e  s t e e r i g e  device s might he.

i n c l u d e d .

I )  As m e n t i o n e d  ear l er , t h e e  c l e l i n i t i o n i  c f thee ed l i e s t e c )  sV st

c os t  does  not a p p e a r  t e e  r e f l e c t  th e e  e f f e c t  s e e f  i n c r e a s e d lo a d

on t h e e ’  system. This point requires more i n v e s t  i g i t i c e l l  t o  c i n

c h i t t e r  u n d e r s t a n d  j e e p  e e l  t h i s  p a r a m e t e r  ant i  c i  lu cy , i t

n e-cess  e rv  , sy s t e m  I oael s may be i n se r t  e’d In  t e e  t he mode ’)

i ) The m e n l e t  e i e v e h e c p e e ! by Lien et -il . y e s i n )  ended t e e r e~I e r e s l n t

L i  I t -  m N - r a t i o n  er  d a t e s t e c i n g .  Theees , w he ic . e  e l . i t , c  c t  i s
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wri tten hack to the inac tive device , the  ope ra t ion  is con-

sidered to be symmetr ica l  to the o r i g i n a l  read . If  t h i s  mod e l

is to be an accu ra t e  c h a r a c t e r i z a t i o n  of a data  management

system , i t  w i l l  be necessary to inc lude the  cost of p o r t o r m i n g

up da tes .

5) Since da ta  base r e l i a b i l i t y  appears  to be one of the  m a j o r

advantages  of d i s t r i b u t i n g, it is very i m p o r t a n t  t h a t  the

model be capable of eva lua t ing  the cost of various m u l t i — c o p y

backup schemes w i t h  respect  to the  level of r e l i a b i l i t y  they

p r o v i d e .  We have t h e r e f o r e  provided a p a r a m e t e r , N , te e

i nd ica te  how many cop ies exist  in the  ne twork .  U n f o r t u n a t e l y ,

we have not ye t  de te rmined  how t h i s  p a r a m e t e r  should  he

inser ted in to  the model .

- - - -~~~~~~~~~ — - —-~~~~ .- -~~~~~~~~~~ -.—



A Model for  D i s t r i b u t e d  Data  A v a i l a b i l i t y

I cit roduc t ion

In t h i s  sec t ion  we a t t e m p t  to q u a n t i f y  the improvement in da ta

base a v a i l a b i l i t y  w h i c h  can be achieved by storing a backup  copy at  one

( i c r  more)  remote-  s i t e s  in a n e t w o r k .  We also discuss  the  practicality

of c e r t a i n  a l t e r n a t i v e  management s t r a t e g i e s .

A v a i l a b i l i t y  is d e f i n e d  as the  p r o b a b i l i t y  tha t  a t  l ea s t  one

copy  of t h e  da ta  base is up and usable  as a mas te r  copy f u r  q u e r i e s  and

u p d a t e s .  Al t e r n a t i v e lv , a v a i l a b i l i ty  can be thoug h t of as t h e  f r a c t  ion

of t ime t h at  t he  da ta  base is expected to he a v a i l a b l e  f o r  use .

To simplify the analysis , we will not consider various possible

c a u s e s  of da ta  base failure , but will assume t h a t  the da ta  is  a v a i l a b l e --

when  the  hos t  compu te r  is. F u r t h e r m o r e , we w i l l  not t ake  i n t o  a c c o un t

scheduled down t ime of the host computer , on thee assumption that if down

t ime is s c h e d u l e d , t r a n s f e r  to  a b a c k u p  copy is  a u t c c n c ~e t  ~ and imme-d Nu t t-

and leads to  no loss in a v a i l a b i l it y .  (The very  e x i s t e n c e  of a b a c k u p

c c e p v  ct  an a l t e r n a t e  n e t w o r k  s i t e  w i l l  of c o u r s e  improve  ava i l a h i  I 1 t v

e. onsiderah lv over the  case where only one site has a copy.)

le e. ~- 1ce  h e _ I

Parameters. The parameters in t i r e  model are as fe i l l ows :

F = mean  t i m e  be tween  comp elte’r fail ores , a s s u m e d  t o  he t h e ’  cam e

f o r  a l l  host  c o m p u t e r s .

X = expected t ime  to repair computer.

P = expe c ted time t e e  l o a d  t het ’  d a t  a b a s e -  c opy  i t  t h e -  r e -me e t o S i t e .

Y = t i me t heat t he acId i t  t ra i i  o f  upd i t e s  bias b e e n  grow lo g  ( I  . e

ime- 5 i n e c  t ho cc c 1i~~’ was c c c  r r e - c t  I

L . ~~ --•-~~.- -*.--_ - . . .~~~--- .,- --~~~~~~~
. -~~~~~~~ 
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k the ratio of update arrival rate to upda te  process ing r a t e ,

so t h a t  kY = t i m e  to process the  a u d i t  t r a i l . *

D = t ime de lay  between when the  mas t e r  f a i l s  and when the remote

s i t e  de te rmines  t h i s  fac t  and s t a r t s  to get  i t s  copy ready

for use.

The equa t ions .  F i rs t , cons ide r  the  case where t h e r e  is a

s i n g l e  copy of the  da t a  base.  The a v a i l a b i l i t y  of th i s  copy is then

FA - 
F + X + kX

This  is the usual formula for availability (mean time between failures

d i v i d e d  by mean t i m e  between f a i l u r e s  plus  mean t i m e  to recover), where-

t h e  mean t ime to recovcc inc ludes repair  t ime X p lus the t i m e  kX to

process the updates accumulated while repairs were made. (This formula

for recovery time is that used by Chand y et a]. . [1975) .) There is a

question as to whether the term kX should be included here , since the

s i t e  is t e c h n i c a l l y “up ” a f t e r  t ime X. But in a network setting , it

does seem appropriate to assume that updates initiated at remote- sites

a r e - b e ing  l o g g e d  somewhere , so t ha t  t he re  does e x i s t  an up d a t e  l i s t  to

he processed . In addition , we ar e  i n t e r e s t e d  primaril y in comparing A

w i t h  ava i l a b  i i  i t  ies compu ted  f o r  m u l t i — c o p y  s t r a t e g i e s , w h e r e  the ’ ce cp ie-s

i r e  a ssu med to he up to d a t e .

( e m s  i d e r  S t r a t  c v  1 lee r  t r a n s f e r r i n g  usage  h i c k  and forth be t ween

~1. i st  e r  c c  ep v  and bi te keep e c e p v  . Aft or the m a s t e r  c eep v is de t  e rm I r ice)  t e e

h i v e -  f t  11  ed , t he r em ote  copy is then  b r o u g h t  up  (a f t e r  a t i ren e l ap s e  of

1) -I- I + kY ) and u s a g e -  i a t r i l e s  f e r red  t e e  i t  . Mesieiwh 1 1 e- the  o l d  mas t  e . r  ~~

* th e e - parameter k i s  r e f e r r e d t e e  In  t h e e ’  l i t  e r a t e i r e  t o  a ‘‘c o m p r e ss  j e cf l ’’

i c  t o r  [ C ha n d y c t  i i  . , 1’~7 5 )  . The i s  is  flee t to he e o n fu s e ’u l  w i t  Ii t h e e
i s e c e I d i t e compress  ion f t c - i  ~‘r e i e . e e c e t e c l  Ic y K i r e  t h e e -  prev iccees i O e  1 l i i i ) .

- _ _~~~~~~~ _ _ _ _ .~~~ .~~~~ _ r n n r ~~~ :.. ~.T ~~~~~~~~ ~~~~~~ .
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being repaired . Queries and updates are sent to t h e new master , how-

ever , u n t i l  it f a i l s , at  wh ich  t ime the process r epea t s :  ano ther  “new ”

m a s t e r  is i d e n t i f i e d  and a c t i v a t e d . (This  may or may not be the “o l d ”

m a s t e r . )  ‘this s t r a t e gy  is d i ag rammed  ( h u t  not  to scale) in Figure- 5.

Slt i e e t h e  r e m o t e  s i t e  may leave been up fo r  some t ime s ince i ts  l as t

f a  ilu re’ , it is assumed that , after the data base comes u p ,  t he expec t ed

t i m e  u n t i l  f a i l u r e  is  only F12. (Actuall y a smaller number may he more

reasonable , since some host time has a l read y been spent  in the  recovery

oper:et ion.) N o t  ice t ha t  an obvious b u i l t — i n  assumpt ion  can he re- ad f r o m

thee figure - .

( 1)  D + L + k Y  X + k X

r f  th u s i n e q u a l i t y  is not s a t i s i f e d , i t  theoreticall y does n o t pay t e

sto re.- a remote copy , since - thee master is expected to be r e p a i r e d  and

u p d at e -el b e f o r e  the  remote  copy can he a c t i v a t e d .  The f c e r m u l a  f o r  a va i  I —

abilit y unde’r Strateg y I can t h e n  he read off Figure 5 as

FA 1 
- 

2 D +  21. + 2kY + F

S t r a t e gy  2 is to i m me d i a t e ly  r e p l a c e  the  copy by t h e e  o l d

m a s t e r  as soon as the  l a t t e r  has been brought hack u p .  This scheme is

d i a gr a m m e d  in Fi gure 6. Aga in , inequalit y (1) must h e e l d  in o rde r  f o r

the diagram to he meaningful . T h e r e -  i s i n  add i t  iona l ;lssump t I c e rn  w i u i  cit

must he m,-ede in order for our model of either str ate gy t o  he ’ v a t  i d .

this assumption is that D + L + kY is  s u f f i c i e n t l y  s m a l l  e - ompare ’d t e e  F

t h a t  t he re  is l i t t l e  I ik e l i h o o d  of a f a i l u r e ’  of t h e  remote  le e st d u r  ing

the  re-cove rv process .  I n  a d d i t i o n , St rat eg\ 2 re ’qe a ire — s t h a t

(2 )  X + kX 1;.

I t Ie is i s  v i o l a t e d , the re is i g e e o e b  proh~eh i h i t v  be -i t thee ’ cc c l iv nov l i  1 1

b e f e c r e . t h e -  m a s t e r  is  r e - id ’c . P e e r  r e - ; e o e e e e r h e l o  v a l u e s e e f  F , l e c e w o v e r ,

4 )

- ~~~~~~~~~~~~~~—-- -.-- -
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Iis_. + kX

F 
_ _ _ _  _ _ _ _

COPY COPY
(NEW (NEWMASTER UP MASTER) MASTER)

UP UP

TIM E ~

Figure  5

Diagram of S t r a t e g y  1

I

X + kX F

F ~~~D+ L +kY ~~~— 
_ _ _ _ _ _ _ _ _ _ _ _

MASTER UP COPY MAST ER UP 

j

TIME ~

Figure 6

l)iagram of Strategy 2
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i n e q u a l i t y  ( 2 )  is read i ly  s a t i s f i e d ;  it is i n e q u a l i t y  (1) t ha t  mus t  be

c a r e f u l ly  checked in us ing  the model . F i n a l l y ,  thee a v a i l a b i l i t y  f o r m u l a

can he read f rom the  d i ag ram :

- 
D + L + k Y .A 2 - 1 - 
F + X + kX

Keep ing i n e q u a l i t y  (1) i n  mind and comparing formulas , we see that

S t r a t e g y  1 is genera l ly  poorer than  S t r a t egy  2 , and indeed A 1 is o f t e n

less than A .  We will therefore restrict consideration to Strategy 2.

Sensitivity to parameter values. In any model , it is useful

to  determine how sensitive the output values are to changes in the

inputs. Obviously , the inputs are only known approximately or a re

st a t i s t i c a l  averages .  If  the output changes drastically for a small

change ’  in an input  v a l u e , the  model is r a t h e r  useless fo r  p r e d i c t i v e  or

decision purposes. Chandv c t  a l .  [19751 use the  e l a s t i c i t y  E ( f ,y ) ,

e s s e n t i a l ly  the- “pe rcen t age  change in f caused b y a pe r ce n t age  c h an ge in

v ” , to i n v e s t i g a t e  the  s e n s i t i v i t y  of a f u n c t i o n  I with respect to a

parameter v . F o r m a l l y , E is  d e f i n e d  by

F ( f v ) =

We have i n v e s t i gat ed  the  e l a s t i c i ty  of U = I — A 1 w i t h  r e s p e c t

to all -, I the I n p u t  v a r i a b l e s .  (Working  w i t h  U i n s t ead  of A 1 simplifie s

t i r e  a l - b r a  w i t h o u t  c h a n g i n g  the c o n c l u s i o n. )  We f i n d  tha t f o r  i l l

p e  c. erle terS

I_ ±~ Yi —

For examp le , taking y k,

= 
FY + XY — DX - LX, 

and
uk 

( F+x + kx) 2

/4 7
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~U k  
— 

k ( F Y + X Y — D X — LX)

~k U ’ 
- 

( F + X + k X ) ( D + L + k Y )

— 
k F Y + k . X Y - . . .  

< i- 

kFY + kXY + . . .

And f o r  V = Y ,

~I U Y  
- 

kY F -I- X + kX 
— 

kY 
- - 1

~Z U  F + X + k X  D + L + k Y  D + L + k Y

S i m i l a r  compu ta t i ons  show tha t  the e l a s t i c i t i e s  of U w i t h  respect  to D ,

L , X , and F are a l l  less than one. E l a s t i c i t i e s  of U are connec ted  to

t h o s e  of A 2 th rough

= I _ ~
j
~ __ <

~y A 2 ~y A 2 ~y U ’

es long as A 2 
> U. We may conclude t h e r e f o r e  tha t  our model  is s t a b l e ,

b e i n g  r e l a t i v e l y  i n sens i t i ve  to small  changes in parameter  va lues .

Experiments and Discussion

Remote j o u r n a l i n g .  In order to model  a remote  l o u r n a l i n g

process , we assume tha t  the  parameter  Y is large; for simplicit y we

assume t h a t  i t  is equal  to F. Thus we are e s s e n t i a l l y  a s suming  t h a t ,

whenever  the  mas t e r  comes up a f t e r  a f a i l u r e , a co py of thee  u p — t o — d a t e

d a t a  base is shi pped o f f  to any remote-  s i t e  which  c o n t a i n s  a c opy of t h e . -

d a t a  base.  (Or t h a t  thee r emote  da ta  base , h a v i n g  bee -eu  used is a -l i s t  e . r

copy while tile master was down , a l r e a d y p ossesses  an r t p — t  c e — e l i t e  c opy at

t h i s  time.)

I t  is m t  c - r e -s t  I ru g t i e  n o t e  t h a t  ou r n a  1 hug r e n e ee t  e l y  by s he  i pp 1mg

t h e  da ta  base- over the  n e t w o r k  is not  f e a s i b l e -  on a re-g e e  l a r  has  i s .  For

e x a m p l e , cons ider  a da t a  base- of 4 x lD~ hvt e s (reetighe lv FORS TA l s i c e  )

At a n etw ork  t h r o u g h p u t  of 15 ki  lob i t s  per se -cue nd  ( f a st e r  t l e a n  n i ’r ~ai I

for t h e  A R P A N E T )  , i t  w o u l d  t a k e ’  ;lpprox  i m a t e l  y h hours t e e  s h i  p a c h at e



- .  -.. - ~~~~~~~~~~~~~~~~~~~

base- of  t h i s  s ize .  D a i l y backup  by ,  say , s e n d i n g  t apes  by c-our  ie ’ r

w o u l d , however , he- f e a s  i h i  c- in many si twi t ions .

Thee d a t a  copy at the ’  r e n e o t e -  s i t e  w i l l  he genera l l v  assumed to

he on t a p e .  The value L = 0 .5  h r .  b i a s  he-c- n a s sumed  i n  thee ’ comput ations

s ince  i t  is  approx  i m c e t e - l v  t he  t i m e  to read two to  three tapes. lee-

pa r am e - t e - r U is p r o b a b l y  on the  order  of one or two seconds , h u t  we- leave

t a k e n  i t  tee be .01 h r .  as an a b s o l u t e -  u p p e r  b o u n d .  X = I seems t e e  be’ a

reasonable - mean vol no l e e r  r ep a i r  t im e . W i  tic the-se parameters , we got

F .
thee following formula for improvement I in ivailabil itv as a f u n c t i o n  of

F and k.

= ~2 
- A

0 
= 

0 .49  + k ( l _ — F)
A F

0

I t  is d i f f i c u l t  to e s t i m a t e  what  a r e a s o noh l e  va lue  of k sh o u l d  he .  In

a s i m i lar  ana ly s i s , Chand y et a l .  [ 1975 )  t ake  k = 1/ 8 .  C l c c r l v  t he

va lue w i l l  depend on the  usage p a t t e r n  f o r  t h e  d a t a  b ase ;  d o u b t l e s s  way s

of  m e a s u r i n g  i t  f o r  a real  sy s t e m  could  he dc-v i s e d .  hbo weve-r , u c e t  i c e

t h at , w i t h  k = 1/8 , i n e q u a l i t y  ( 1)  s t a t e s  t h a t

. 51 + F/8 < ( I  + 1/ 8) .

H cu c c  f o r  the is large a k the t ime to p r c e e s s  thee and it t ri ll j~ Se e I e n

t h a t  the  m a s t e r  is ab le  to get  r ip  h e l e e r e -  t he  backup c c c l i v  e , k e ee v e r F /4 . e e ~

h e r s . ,  w h i c h  is an u n r e a s o n a b ly  low v a l u e .

To got  a f e e l  f o r  the  v a l u e  of r e m o t e  j e u r n a  1 i c c ,  Ce e t h e e - r e - f e - c r c -

t a k e  k = .0 1;  i . e . ,  we’ assume t ) e ; e t  t h e e - r e  a re  f e . w  upda t ei i . I n  tbris e a s e

i n e q u a l i t y  (I) restricts the model to F < 50. /4 g r ap h e e l  I v s .  F i r e

t i n —c c a se  may he seen i n  Fi gu re  7. N e e t  i c e  t h a t  l e e r  re e s e e n e b e l e -  \ . u l c i c ic e el

F t i r e  i n e p r e e v e m e n t  i n  e v ;r  i l a l r i l  i t ~’ i s  I ess than S pe’r ce-nt W h i e -h mci v Il e e t

he- e nough tee make’ re -meet e Iourna i ing we rt le w hn i k- . \aheie s e e l  A heav e . n l s e c
ci

he -e n p l e e t  ted in thee ’ f i g i r e  tier re -l ere-r e e - e- .

_ _ _ _ _ _  
_ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Figure 7

~ i n g 1e — s i t e  a v a i l a b i l i t y  A and f r a c t i o n a l  improvement  I
t h r o u g h  use of Strategy 2 .  Parameters  are k = 0 . 01,
1) = .01 h r . ,  X = 1 h r . ,  L = 0.5 h r . ,  and Y = F.

o:5~~ 

~~~~~~~~~~~~~~~~1 3~~~~~~~~~~ 4o 5o

F i g e ir e  8

Sa m e as F i g u r e  7 , excep t  t h e a t  Y = 1 hr.

ct)
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As cc f m a  I comment  on t i e  cc remo t e jon re call tug st rn t e g v  d e . -  5cr  lb e’d

l u c r e - , we. - note - thea t avail oh II it v may ccc tua II . y d e e -re-u s - a c  F i n c  re-a sc-s

P e e r  exanepl e , suppcese X = 2 , k = 0 . 25 , 1. = 0 . 5  and 1) = 0. Then A = .7 692

f o r  F = /4 and 
~2 

= . 7 6 4 7  wiee ’ n F = 6. D i f f e r e n t i a t i n g  A 2 ( f o r  Y = F)

vi ti re sne ct to  F shows t h a t  t h i s  d e - c r e n u s e . -  w i l l  o c c c l r  w h e n e v e r

k ( k  + l ) X  ~
- U + L.

n e t  cc i  t i v e  h e  , th e is ph e -n c em en on  e e c c u r s  because  fo r  l a r g e  k t h e  c - l i e - c t  of

t h e e - l~~u g t h e n i n g  a u d i t  t r a i l  to  be processed o u t w e i g hs t h a t  of t i l e ’

i c e s  re -as lo g  re -i.  l a b i l i ty  c - c f  t h e  h o st  c o m p u t e r

r e - m o t e  j_o u rr . a l .  T i e  l a c k  of ci ie’ct iven e ’s s

eu t h e e  r e m e et e  o u r u c u  i i ug s t r a t  e . g v  d e s c r i b e d  in thee ’ l a s t  s e c t  ion s c - c - m e d

t e e  h e caused  by ti le nc ~~ ess i t v  c ci proc e ss l e g  an  c r-n t reme lv  lo n g  c i t e d  i t

t ra i i  . S u p p e e u - c e- , t h e n , t h e a t  Sc  d r o p  t le e ’  a s s u m p  t i e cu t h a t  Y = F and l i s s om e ’

i n s t e a d  t h a t  t h e  re me et e  c c ep v  i . e pe - c i e c d i c c e l  l v  h r e e e . e ,gh ct up tee  e l a t e .  A c  ceo

e n - S i m p l e , se mig ht assume’ this u p d e t  l og  t e e  Like p l ac e - e.Vc r\ t t s e e  h o u r s , 5~e

t h r t  t h e e  . i ’ e r ~~ge. l e l l / t h  ot audit trail te ’ p r e e c e s s  t e e  b r i n g  t ip t h e e . -  r e c e e e t  t~’

c e e p v  is I l e o u r .  W i t h e  a l l  c t  h e r  p a r a m e t e r s , is s j e e c i f  i e ’d f or  F i g u r e  7 ,
*

h u t  v i  t i e  Y = I ,

I = . /49 / F.

Th is c c c i i  t , w h i l e- lu is gr ephee -cl in Figure’ 8 is i r i e h e p e n e l e i c t  e e l  k (h - ce - c - c i s c -

t h e e  m c d l  h u g  01  kX cend kY t e r m s ) ,  is l en g  is k and F a re s e l l  t h a t  t l e e

m e d - I  i s  v - e l  I d .  u t e c t e t n c i t e - l v , t he ’  i n n T e r u e v e -m e n t  I c e  s t i l l  c , e u e u l  l v  l e s s

t h e - i n  ~ p c - r e - c t .

I n d e e d  , t he - c t I y ’ _ e  -c i n  1-’i  n c  r c -  7 a r i d  ~ - i r e - r u e  - e l  I ~ i m i , n  1 c a  1

Te e - - e  - whey t i  1 s n i c e  eel I eh l e e  - - i c e  , c c l  i c i e r m ccv e I ose I v t C e  fe e r u e  . u  f r  I

— 
A 

—

L . . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - --— . ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ —- —~~~~~~~~~~~~~~~~~~~~
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e\5 long as k is small  (or when X = Y as above)  i t  is c l e a r  t h a t

X - L.
F

Running spares.  Here we assume t h a t  thee  b a c k u p  c c cp v  is s t e er e d

on disk for virtuall y instantaneous access and is kept almost up t c c

d a t e .  Reasonable  p a r a m e t e r s  f o r  t h i s  case nig ht he I. = 0 , Y = .1 h e r . ,

and ( f o r  c o m p a r i s o n  with the results cebove) X = 1 , k = .01. Then we-

have

— 
0.999.

F

We w i l l  not b o t h e r  to graph  t h i s ;  t h i s  cu rve  looks j u s t  l i k e  t h e  c - c u r l i e r

,e ic e -5 , only t h e e  v a l u e s  of I are approximatel y d o u b l e d .  In t h i s  Case ,

imp r o vem e n t s  of 5 te) 10 p e r c e n t  n e r d  seen f o r  F h e - t w e -e.-ne  10 and 2 () —

c e r t a i n l y enough tee make the  s t r n i  t egv w o r t h w h e  l i e . .  In f c i c  t , wha t h a p p e n s

in this e c e se  is t h a t , u n d e r  our  a s s u m p t i o n s , ava i l a b i l i t i e s  l i r e  h r c c e c g h e t

up to ve ry  n e a r l y u n i ty .  To See’ t h i s , n o t e  t h a t

.01 + kY
A 2 = — 

F + ( I  + k ) X

and b r  our e x a m p l e  kY 0.00 1 . I n e r - - c e s i t e g  k will cause ’ s e c i e c e - w i e n i t  sr e c i l  I c r

values of A .,, hut A
2 
will be.- over 99 pe- r e -e n t  f o r  a w i d e  r a n g e -  of r e n i e e e e e u b e  I c -

p a r a m e t e r  v a l u e s .

Effect of varvi flg.~~~ We have- looked cet three ’  s e p a ra t e -  - u se -cl

w h i c h  d i f f e r  f r o m  one a n o t h e r  in l a r g e -  p a r t  le e t hee- w i d e l y  d i  f l e ’r  i n g

v a l u e s  f o r  the  p a r a m e t e r  Y.  To h i t  t e r  u n d e ’r s t  f l e d  t h e e -  c f  le~c t ~‘i t h e  i s

parameter , we select typ i c a l  values of th e e other pir cem e ’t i r s (X I

I, = 0 . 5 , 1) = 0.01 , F = 20) a n d  e c e n s i d e r  e\ ., as .i l e e n e t i o n  cii ‘i le er

e c - y e r u l  cI if f e - n - i t values of k. Wiec - ni  k = . 0 )  , we h ive . ’

() . / 4 I  + (J .OlV .
A 2 I e~~

Ii, 

5 e
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lh e  sma l l  c o e f f i c i e n t  e ) f Y in t h i s  case m n e k e s t he  e f f e c t  of Y m i n i m a l .

As Y ranges between 0 and 20, A .1 decreases I i n e :e r l v  f r r m  11 . 9 7 6  t e e 0. 966.

Ncew seepposer that k is increased to 0. 05. In t h i s  e.-a se-  as Y goes f r e e m

0 t~u 20 , A d e c r e a s e s  f r o m  0 . 9 7 6  to 0. 953 — s t i l l  not a ve.- r v d r a m a t i c

change ! To a l a rge  ex t en t  wha t  makes t h e  “ r u n n i n g — s p a r e ” approach so

w o r t h w h i l e .- is not  t h e  s m a l l  v a l u e  of Y h u t  t h e  i n s t a n t a n e o u s  access

(i .  0 ) .

Con c l u s i o n s  and P lans  f o r  F u t u r e  Work

We have p r e sen t ed  he re  a model lee r d a t a  ceva i lab i I i  t v  whe ich ,

w h i l e - s up e r f i c i a l , deees seem t e e  reflect thee ’  r e - c U t  l ee  of various st rate-—

g i e s  l e e r  b a c k u p .  We hicive seen t h a t  r emote  journal ing, in thee se-u se- 1

s te .er  lu g  cc cop\ -  i n  a r c h i va . 1  s t o r a g e  ( e . g .  tape . ’) a t  ci re ’mo t e  s it  e - , h n i e l ~

tee v e r y  l i t t l e r  i n  t h e  way of a v a i l a b i l i t y  impr ceve ’men t — j e c - r l e c e p s  ~

c e n t  cut  b e s t .  On t h e  ot ieer  hand , t h e  ru n ee i n g  s p a re ’s s t r a t egy , in wh i c h

tlu e remote’ copy is n e a r ly  up to da te r  and a l m o s t  i m m e d i a t e l y  ac c e s s i b le ,

b r i n g s  a v a i l  oh i i i  t v  up t e e  ceve.- r 99 p e r c e’nt  and a p p e a r s  to  he worthw he i I c

It should he. n o t e d , l eowever , t h a t  t h e  r u n n i n g  s p a r e s  s t r a t e g y  is h e e u n d

t e e  be. re lot  ive  l v  expensive. Furthe’rneore , he-f o r e - t i e  i s  st  r c e t e g \  scene b ee

e . t ~i c - e .-t  lye I v used , marcy of t h e e - p r e b lems e e l  mcc l t i — c o p y  ne ;leu ag ement  nee ie t he

s o lv e - e l .  For e xamp le , updating m u s t  b e e . sy n c h e r o n i  ‘ c c i  i n  o r d er l e e r - t I r e -

hack iep copy te e he e - l i e ’ct  i y e ’lv kept up t o  d a t e .

On e - p o i n t  t u e  no t  i c e  a b o u t  thee mode- ) i c-c t h e e ’ i m p o r t  111 c c c e b  tIr e ’

e . u r u e - t t -r  k .  ~e.- fou nd that remote ’ j c ee e re e e l i r i s  te uci t h e re ) lend lv c e f  ceo

va i e e e  r io I c - u-n-; k w r s fcc i r I v  sma 1 1 . I h e e  p 4 e r c 1 m e - t c -e ~ k icc  e c r e c e t  L i l  l v  a

P r e e i e c r t  j e ~~e n i l  i t \ -  ic - t i e r , e i e t e . ’ r r u e i n i u g  t u e ’ S  I c e t e g i t  t u k e e ci e r e c e e - c e e n  t e e

“c i t  d r  roe ” w h r e n  t h e r e  c u e  b e -et e r h a c k l e e g  e e l  t i p e l n i t  e S e c e e i n c c e l u t  i n g .  F l e e
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value ee l k w i l l  depend on many f a c t o r s  — the rate at which updates are

generated , the  c o m p l e x i t y  of the u p d a t i n g  p rocedu re , the  processor

speed , e t c .  Some of these f a c t o r s  and how they  e n t e r  i n to  k c i r e -  amen-

a b l e  tee theoretical study; others require system measurement.

Anothe r  f e a t u r e  of the  “c a t c h — u p ” t ime deserves some t h e o u g l e t .

Is kY an adequa te  expression f o r  t h i s ?  Or should  one then  add on k~ kY

tee t ake  account  of thee upda tes  t h a t  have been en te red  w h i l e  the  f i r s t

set was being processed , and so f o r t h ?  Adding  on these terms would add

little complexity to thee model; but it seems hardly worthwh ile as long

as k is so u n c e r t a i n .  That  is , k as an e f f e c t i v e  p r o p o r t i o n a l i t y  coe u—

s tan t  can he assumed to include the  e f f e c t s  of thee h ighe r  order terms .

F i n a l ly ,  f u r t h e r  work  on t h i s  model  should include some care-

ful statistical analysis of a number of questions. What is the proba-

bil i t y  that a host w i l l  fail during the recovery process? Wha t is the.

preebab il itv that ci “new ” m a s t e r  copy will fail before thee old one bias

been rep~eired ? (in bo t l e  of t hese  cases more t h a n  two cop i e s  w o u l d  be -

adva re t i g e-c ’ e i s .)  How many copies  are  needed to a c h i e v e  a givc ’c e l e v e l e e l

l v i i  lab ii i  ty? Is there some “op t imum ” numleer of d e e p  1 C’s ? In  s h o r t

t h e r e  are a number  of i n t e r e s t  h u g  ques t  ions wh i e’h can he ceddr essee l  i f

the p;er;emeters in the  model  a re  ceunsidered  t e e  he rcie edom v c i r i c c h l  c c - c

inste ced of s i m p l e  l e v e r a g e -  v a l u e s .
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A R espeense—Tim e Model f o r  1) i s t r ihu t e d  Data

I n t r o e l t e e t ion

I’he leypothec; is to he s tud  led in t h i s  se -c t  ie en is the cit , he ec a u s e

of d i s p n i r i t v  in site ’ loceds , sending queries to a remote Site may improve

re -sp c e;lsc time’ , in spite- of network delays. (Response tine we define

here t e e  lee t h e .  lengt h of time between when the user inputs a que ry cu ed

wh ee ce lie r e ce ive s  the  r e sp eense .)  We assume t h e a t  the  da t a  lease is e q u c e l l v

ova i ln uhl e ’ (steered on disk and kept up t e e  d a t e )  a t  all c e f  t he  a l t e r n a t e

s i t e s . ~~~ also w i ll i ne erd sue -he things as the in fect of increase ’d

clvii labilit y on r e a l  r e sponse .- t ime . ( T h a t  is , if th ere is only ci sing le -

d c e p v  c end t h a t  gc e e.’s clown for several hours , t he’ r e sponse  t i m e  d u r i n g  t l e a t

peri ced is cl e a r l y  very poor. But this e f f e c t  is h a r d  to  i n c l u d e -  i n  c u t e r

mode.- I  in  it s  present p r im i t i v e  s t a t e . )

The problems which i arise- in tre,’ieeg to devel eep a mode l  of t h i s

t ype - a re - ex t r e ’ru ee - I v  d i ll  i c u l t  . F i r s t  of  ci i. 1 , the quest icen cef heuew machi ne.

“ h ead” is  to he d e f i n e d  and measure - cl has never hoc-eu sat isfac - to ri lv

re - -c c I vcs h . We l i re-  f e e r ced  t e e  s i m p l’e a s sume t h a t  t i e e . -r e ’ is s u c h  n e q e .i a u t  i t y

n e i l t l r c i t  i t  i n - r - c i s e s  i n  p r e p o r t  1cm t ; -c the neurnhe’r e e l  j e e l e  in  t h e e  n y c - c t em.

Sece nd , i t  is u n c e r t a i n  is t e e  how re ’sponsc ’ t ime  i s  c e f i c -c - t e d  1ev s \ s t  c - i cc

I oc i e l  . l’bee nec ’s t n c  I e’va n t work  t l ice  t we- leave ’ been oh I e. t cc f i r e d i r e  t h e e

1 1 t e r c i t u r e -  i s  in Se’he-rr  ‘ s m o n o g r n e p h  f S - l e e . - r r  , I 9~ -e 7  
~ 

cen t i n c — s h e e r e d

sv s t  c - c u e s .  S ch e e r r  e ; e r r  i eel u e u t  hee t he t h i e ’ e e r e . - t  i c c e l c e nd c - x h e c -r  i m e u t  c i  c - i t  t ed i c -s

eel re -sp ee ee se  t i m e -  c r c  cc f n e n c t  l u c r e  of  t I n e -  n u nn he- r~ of  u s c - r u n  on t h e e  — c y s t  cm . tIc ’

f e c und  t h a t , I or cc sm c i l  I e e u i mh ee r  e l e r n c c - r s , t h e e ’  r e - s p o r e - - c e -  t i n c  i s  n e - e l - l v

c - e e u c -e t i u t  • sho~~ij i ~’ e i e h ~ ’ u s l o w  r i se  neC the neeml-ee-r e e f  u s e r s  m e re - i - c c - s .

1 1
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A t a cer tain po int (defined as the “saturation ” level) the response curve —

takes a sharp upward tu rn , rising linearly with number of users there—

a f t e ’r. This general  shape is p ic tu red  below.

R espo n se

Number of Users

Since Scherr assumes tha t the users are keeping busy, it seems to he

a valid assumption that response time will also increase i.inearly with

load , when the load is reasonably heavy . That is, we assume t h a t  the e

reg ion of this curve that is pertinent to our stud y of thee advantcige-s

of data distribution is the steep l inear rise.

The Model -

Paramete r s .  The pa ramete r s  in the  model  are as f o l l o w s :

N = number of computers in the network which posse-ss a copy eef thee ’

given data hose.

C . = that par t  of the  load at  computer  i wh ic l e  is  not  rd cited t ee

da ta  base use.

= number  of u p d a t e s  per u n i t  t i m e .

H = number  of queries per unit t ime .

56
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v = load induced b y an up da te  ra te  V = 1 (so that Vv is thee’ total

load due to u p d at e s ) .

h = load induced by a query rate H = I (so that Hh is the total

load due to q u e r i e s) .

ci , c = paramete rs  deseu r ib  ing t h e  l i n e a r  inc rease  in  response t ime

as load i n c r e n e s - s .  l’hat is , c i t  a s i n g l e -  s i te ,

Response t ime = c i ( l c e a d  — I).

We assume these p a r a m e t e r s  are the same for all s i t e s .

T = inc rease  in response time dice t e l  n e t w o r k  de’lavs and ovc’rheeccdn -

of sending a query to a remote s i t e .

The equations. Suppose , for simpli city , that all queries ire-

entered a t  a single site (at computer 1, s ay )  t h a t  possesses a copy of

the data base. If the site opts tee respond to t h e  e n t i re ’  que ry  lo a d

i t s e l f , t hen  i t s  t o t a l  l oad is

Vv + Hh + C
1
.

The s i n g l e — s i t e  r esponse  t i m e  R is t h e n  g iven  by

R a ( V v + Hh + C
1 

- I).

Now i f  t h e  s i t e  d e c i d e s  to d i s t r i b u t e  thee q u e r i e s  equa l i v  among t h e e . - N

s i t e s  w h i c h  have  a c o p y ,  thee  load on c o m p u t e r  i i s

Vv + h l h / N  + C ..

N e e t  ~e e  t h a t  a l l  s i t e s a r e  assumed to have -  eq u a l  up da te ’  I oac ls , si lice i l  I

s i tes  have- t h e  r espons  lb  i i  i t v  eel k e e p i n g  t h e i r  e ’cep ie u-c es t ip t e e  d a t e -  i n ;

puess  ih I c .  The re sponse’  t m e ’  l e e r  a q u e r y  cec eswe ’re - d  I e e e - c e l l  v is  t he e ’ e i

R 1 
= c i ( V v  + H b e / N  + C 1 

— I,),

wh i l e -  t h e -  r e-s leonse ’ t i m e -  b r  ci q t l e - r v  a n s w e r e d  i t  r e f l e c t ,  s i t e  I i s

R . = a ( V v  + H h / N  + C . — -‘)  + I
I I n

L 

whet - re  1 ~ I.

c r 7
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rhe average response t ime R is then

= ~-(R~ + R
2 
+ ... + R

N
).

The q u a n t i ty  eef i n t e r e s t  is thee r a t i o

R = f .

I f  R -: 1 , response time is improved by d i s t r i b u t i n g  the  que r i e s .  We

tluerefeere would like to obtain some idea of the conditions under which

R < 1.

Use of the  Model

For simplicit y , consider the case N = 2. Then

R + R  C — C — H h - I - T / o
_ l 2 _ 2 1 n .
- 

2R 
- 

2(Vv + Hh + C
1 

— I’)

Thee denominat eer of the second term is always pe.esit ive , by our  a s s u m p t i or e

th at loads are large enough t h a t  response t ime  is described he t h e ’

steeply rising line. Therefore the sign euf th e’ numerator determine- s

w h e t h e r  R is gre.-;ete’r than or less t h a n  one . That is , we heave thee

r e s u l t :

Distribution of t h e  que r ie s  improves re spons e .’

time if cend only if

aHh + a ( C
1 

— i; ,) T .

Now the e- l e i  ramet e-r a is t h i -  r a t e  ee l i n c r e a s e  of re sponse t Inc  w 1 t I e  re- s n ec - c - I

to  I eea e.I — thee slope of the response—time curve. Thus thee’ Ie. - n t  s Ide ee l

t h e  ahove inequa I itv is 
~
] ust an ieee - rease in response- t im e’ em it - to t het’

query Iocid and the I eyed di I f e - r e n t  ice I be tween s i t e -- - c 1 cu ed b . I t i s  i r e t  ti-

lt iv e lv re -cesona b le that when tlel s quantit y he’ c e eeic c c-e g r eat er  t h r o n e  I I t h e e

ine ’r(’ase in response- time due  to n e t w or k  d e l -ey e and ee ~’e ’r i n , e e l )  , i t  e .~~~ e

t e e  d i s t r i b u t e .  For gcner ;e l N the i n e q u a l i t y  he ’ e e er ne ’c le, ’ e r c l l y  ‘ic e r e - c c e m p l c x :

_
) S

_ _ _ _ _ _ _ _ _ _ _ _ _  — —_______
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Distri he et lone improves  response time if

and e e r i l y  i f

(T) ccliii + ci(C
1 

— C) c-- 1

where C is thee  average ’ load at the remote- sites;

i . e . ,  ~ = 

~~ 2 + C
3 

4- ... + G
N )I (N 

— 1).

An i n t e r e s t i n g  p ee in t  to n o t i c e - is thea t , if the query load is suffi—

ciently icerge , distributing the queries may improve response even if the

loca l  site is less h e a v i ly  loaded than  thee  remote  s i tes .

D e t e r m i n a t i o n  of thee  pa ramete r  va lue s  t u e  use in this meedel

b e ee se s  a difficul t problem . As was noted earl icr , t h e  c o n c e p t  c-cf l o a d  i c - c

not  w e l l  d e f i n e d . Values for the C . are difficult to come he y . It necuv
1

he poss ible , h oweve r , to make simp le assumptions. For example , once

cenuld assume theat i ll sites are approxima t~~lv equally loaded . In theis

(0CC , i n e q u a l i t y  ( I )  heconees

( 1 ’ )  aBb e > T .

At t h i s  po in t  we have q u a n t i t i es  w h i c l e  undoubted i v can he measured .

Even th eough  we don ’ t kne e w what  “ l o a d ”  is and w o u l d  l i nd  i t  ha rd  te e

de- t e r m i n e  ci and be i nd i v i d u a l l y ,  t h e  t e rm afl h e can lee d e ’t e r ; u c i eee ’cl n r s

fol lows. Measure the e response t ime R ( E 1
1 
) and R(l1~ ) b e e r  t W c e  d i  f f e - r e . r u t

q u e ry  r a t e s  H 1 cend H . . Then , cessuming t h a t  th u c s\ ’s te -m is s c u f f  i c l en t  l \

he’ avi lv loceded so t h a t  thes e ’  p o i r u e s  fee l  1 on thie. s t e c j e  h ie een ur r i - c e - e e l  t h e ’

r e sponse— t ime e-urve (the is point c - u n  h e ’ c lee - c keel by f u e t h e e ’ r I~c e - c - - c i r c e - c c  c t  5 I

R( 11
1

) — R( H ,)
c i h  

H
1 

Fm 2

u u n e - c - we- hceve a g e c e e c t  c-st i niate for oh , we’ rei n e t  m el t c c i l i h e  icr  u r i c  i t  n - e l - -:

I I .  N e e t  i c e ’  t h a t  t h i s  scenic’ ceppr ocic le w i ll vie- I d c - s t inc i t e - - - e e l  t h e e ’  l~ - t  t i d e

r e el

-----

~ 

-~~~~~~~~~ -- - --~~~~~~~~~~~ --  -- -
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L
of the  i n e q u a l i t y  above even if we are not measuring a true query rate

H, but eenly some parameter H ’ proportional to H. I f  the network is

homogeneous , T can simply be measured by sending of f some queries and

comparing the response t ime to tha t for locally handled queries. A data

management system can then au tomat i ca l ly moni tor  query  r a t e  and response

t imes  and use in e q u a l i t y  ( I ’ )  to decide when quer ies  should be d is t r i b u t e d .

C e- ner a l i z a t i o n s

Unequal d i s t r i b u t i o n  of queries.  Suppose tha t the queries ,

instead of being divided equally among N sites , are divided a r b i t r a r i l y ,

a f r a c t i o n  w . being handled  by the ith site. Then

N
N w . = 1

1
1=1

and the appropriate quantity to take for the average load C at the-

remote  s i t e s  Is the weighted average

N
C = N w .C,./ ( l  — w

1
) .

i= 2

Ine q u a l i ty  (I )  then  becomes

N
( T I )  a H h ( l  - N w .

2
)/(l - w ) + a(C - C) > T

1 1 n

Once- the concept of distributing the query load unequall y among thee’

various sites is in t roduced , i t  beccemes of i n t e r e s t  to s tudy  o p t i m i —

z , i t  ion of the  d i s t r i b u t i o n .  What  we mean by o p t i m i z a t i o n  is t h e  d e t e r —

m i n a t i o n  c e f a set of w e i g h t s  w 1, w2 ,  . . . , wN such th at R is a minimum.

Let us cons ide r  how t h i s  problem can he solved f or N = 2.  le e  t h i s  case-

w , = I — w 1, and we can w r i t e ’  R in te rms of the  s i ng l e  v c e r i e i h l c  w 1, t he e -

f r a c t i o n  of qee e ’rv load to  be hand l ed l o c a l ly .  In d e t a i l ,

60

~

-

~

— 
- _ _ _  _ _ _ _ _ _



R = w 1R 1 + (1 — w 1) R 9

= a {w 1 (Vv + w
1

Hh + C
1 

— c )

+ (1 — w
1

) (Vv + ( 1 — ) H h n  + C~ — Q)

+ (1 — w 1)T

= c iV v + aHh (w 1 + (1 — w
1
)
2
) + w

1
C
1
a

+ (I — w
1
)G2a — ce~ + ( 1 — w

1
) T .

rc  
‘cc

= aHh (4w
1 

- 2 )  + c e (C
1 

- C
2
) — 1.

If we se’t this deriveet ive equal to zero , we f i n d  t h a t  t he r e  is a pro-

spective extremum at

— 

T — a (C
1 — 

C 2) + 2aHh
W
1

— 4a1- ?le

a ( G  — C ) — T + 2a1-l h
11 2 n

= 4aHh 
—.

S ince  th e. -  second der ivee t ly e  (4aH be )  is a l w c e v s  p o s i t i v e , t h is c - x r r emu m is

in f a c t  c-i m i n i m u m , as d e s i r e d .  We mus t , h eowev e.-r , e’xamine ’  a n o t b e e -r  con—

st ree m t  — t h a t  thee we i g h ts  w 1 and w a erne st  b o t h  he p o s i t  i y e- . We- can

rewrite. ’ w
1 

and w~ as

I — a ( G  — C )
I n 1 2

W = :- - + -———--—--—------
1 2 4aH Ie

I — a (C — C )
— 

I ii 1 2
w 1 — 

2 
— - 

4ce hl h

Th e . ’ we- i g h e t  s w 1 and w .~ care  he s~~e’n tee he leos it ly e ee n ch e -r ci ie’i d r  r ; e l e c ~e - o f

c oli c! i t  i d l e s ;  f e e r  e xam p l e - , i f  ~ = C .
~ 

and i e e c q u c i l  I t v  ( I  ‘ I e ee l e b c - c

Some l o t  e r e nt i ng  c e e n ee l e e s  ions c-u n i rene-c l h ut e ’i v bee r e - n e i l  n c ;  t h e e

e c i c e n  I I d e e r e l e e r  w
1 
.‘ired w , . I-’ i  I , we- f l e e t  e t 1cc 1 i f  t h e  1 c e d e; :1 C c -  e i l e e n 1

- ~~~~~~~~~~
----- --  -~~ - - - 

-
~~
-

~~~~~
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(C.
1 

= C
2

) the local s i te  should always handle  more than h a l f  of the

quer ies .  Onl y when T = a(C
1 

— C
2
), so tha t  the  network de lay  e q u al s

the  increcese in response t ime due to load d i f f e r e n t i a l , should the  query

loads be equa l i zed . And onl y when T is less than a (G 1 
— C2

) should th e e 
: 

-

le cal site send off more queries than it keeps.

I t  must  aga in  be emphasized tha t  c a r e f u l  measurements  are

r e q u i r e d  fo r  these re la t ionsh ips  to be useful for real decision making .

It  is easy to es t ima te  tha t  T , aHh , and a (G
1 

— C
2

) may a l l , under

reasonable assumpt ions , be on the order of one to two seconds.  This

i n fe e r mat i o n  is not at all help ful for developing long—term strateg ies ,

hut merel y demonstrates that the optimum decision on query sharing

should be done d ynamica l ly  and only  a f t e r  m o n i t o r i n g  current  sys tem

usage and response .

The above ana lys i s  fo r  op t imum d i s t r ibu t ion  s t r a t egy  was

done fo r  the N = 2 case.  The general  case can be handled simi larl y,

but  is more compl ica ted  because of the  m u l t i — v a r i a b l e  min imiza t i on .

S e t t i n g  the  de r iva t ives  to zero and solving y ields the fo l lowing

equa t ions  fo r  i ~ 1.

T - aW 1 - 
C .)

w . = — (1 — 
~~ w .) — _______________

1 2 . .
3~~ 1,

p~

j

C l e a r l y  t h i s  reduces to the  s imple  fo rmula  found  above fo r  N = 2 , 1 = 2 .

But in t h i s  case we have a set of s imu l t aneous , l i n e a r , e e l g e h r e e i c  e q n e c u r  l i e n s

in w 2 ,  ..., w
N to solve. It is a s imple m a t t e r  to show t h a t  t h i s  s e t  ccf

equations has a unique solution , readily obtainable by correputat leen , and

that this solution does minimize R. Again , it is ne’e’essarv t ee ~‘ h u . ~~ k

that thee weights w
1 

that cure- comptited are all po sitive , in e e r c h , r t h a t

the solution he meaningful.

62
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I

Usage from var ious sites. All of t h i e ’  e u n c u I ~ s i s  so f a r  b ec es  lee -en

under  the  a s s u m p t i o n  t h a t  thee q u e r y  i oced a l l  de n  g i n a t e - s  c i t  ci single

site.’. Suppose’ insteeee.I t h a t  c-eu - h i  s i t e  I gc-ii e -rnet e S  scene f r c u c t  ion f . of

thee ’ total query loced hi. Si te I t h e n  distribute-s its q u e r y  I need with ci

str cet eg \ described by we -ights w(i)1, w(i),, ..., w ( i ) ~~. The n e t  r a t e  of

inpu t  of q u e r i e s  t h a t  c u s i t e -  i m u s t  respond to i s  t hen  g ive- n by

II . = E
1 1

se e  t h a t  s i t e’ l ’s re sponse’ t ime ( i . e .  t i m e  to  r e s p o n d  to a q u e r y )  is

R . = a (Vv + H . hc + C . —

1 1 1

Fre erne thee pe cint uuf view 01 s i t e , t lne c uve -rcige.’ re sponse tIm e’ see n is

e e -ncepei te ’d as

R . = N w (j).R . + (I  - w ( j ) . ) T  ,
I i i

sinc e a network delay of T is observed fo r  thee f r a c t i c n n  of q u e r i e s

answered remote -i ’ ,- . N ow to get  cm ave rage  response .- t inc I er qeler l e s

o r i g  m a t ed  t h r o u g h o u t  thee  n e t w e r k , we m u s t  teek e- c e n o t h e e r we i g b e t e - e h

eiyereuge:

= f R .

(e cm hl n ir e g the preceding four equations , we - ge - I  en  e’ q d l . e t  j , e’e f or  R i re

e.’~~~ 5 c f  t hee N v c c n i c u b l  C s  w(  ) e\s c i h c e ~ c e , we ca l l  C c u r r v  ce n t  a c e  e e p t  h e e l —

zci t i e l n  a n a l y s i s  c e r  c - c e - d e e re  y n r i c e L s  s t r : i t e - c ’ j e - ;c . ( F r - e : ~n u ’ e l d i c . t h e  t r o t  v

wh e.- r e - e - c e e b r s l I e  b e c er ed  I t ’s  i t  s own I e e e  - e l i - c - n i s de ’sc -r  l b - c e - b  by w I j ) \ , b e c te

= j r o d w ( j )  = 0 e e t l e e r w i s c - .)  We w i l l  n e i l  gee  i n t e e  furth e r b e t  c u e  c e l l

t i n i s  - ‘ c - l e e r l i - c t  j o n  i n  t i c I C  h in t - f  r e l e c e r t .

1’ r c e ; c ~~~ re! b u r t  b i e r ~~eri ’ r c i I i  i t  ~ e e d i S .  W e l i - c l  li c e c C e  V e i , (  1 -n l ee r

s’ u : - in wic I c b u i s c e Iee e ; e t ~e eri e m;c’~- he ’ r e - l u  x c e I  cite d t hu e ‘ne c cl , 1 m , e e l t - ‘r e i c  - h e  - , i he I t .

(C I
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1) We have assumed t h a t  T is a c o n s t a n t .  To he re.’,u l i st i c , T
n n

shu c eu le l  depend  upcen t i c e - two  sites between which t h e  me ssage - s  ( qc i e r ;  a n d

re-spouse.-) are t r a v e l  l u g .  Thus we need to inse r t  i n t o  t h e e -  m c ede l  a se t  of

values I (i,i). m u  c e d c h i t i o n , the  va lues  of T ( i , j )  may v ar r ’  dc - p e n d i n g
n n

upon  whea t  r o u t e s  a r e  t a k e n  — h u t  I t  is u n d c e uh t e d l  a d e q u a t e ’ t o  Lu k e . -

u v e r c i g e  v c i lu e s .  F i n c e l l y , thee  v a lue s  of T ( i , j )  w i l l  c - u r \  w i t h  t h e e

c me ; u c cu n t  ob  nce. - t w c u r k  t r e u f f  i c  . In p c m r t i c u l a r , if we ass ume thee-i t q e i c ’r v

r a t  f ic b orn e cc n o n — n e g l  i g i ble  p er c en t  cef ne t  t r a f f i c - , T (  i , j )  w i l l  he

scene f u e u c r  i o n  of  H.  Th e o r e t i c a l  a n a l y s i s  ( e . g .  by queueing tIee’e rv) can

pre - c hcu hlv b-c e.’ u s e d  to  d e c t e r i n e  m e -  this funct ion , whei ch will depend  on n e t w e e r l - ’

pce r ecece -te. - re as w e ’ l l  ,u s  on H and  t h e ’ d i s t r il - et ion s tr a t e ’g\- .

2) We have assumed t h a t  thee  p a r a m e t e r s  cc and t , w h e i c h  d e . ’ee.-r  l i e

respcense t ime ~us a f u n c t i o n  of “ loced , ” are -’ t h e  same f o r  a l l  c i  t e e . T h i s

: is sumpt  l cC fl is n o t  t rue ’  in a h e t e r o g e n e o u s  n e t w o r k , or fo r  a ne t w o r k  ce f

d i s s i m i la r l y  c o n f i g u r e d  ‘‘ homogeneous ’ huos t  s (e’ . g. t h e -  C~~ I N )  . I t  s l e c e i n i d

he tent e d , b cee s ’ e -v e .’r , t h a t  the e parameter I d i d  nce t e n t e r  i n t o  n u n v  of  the e. -

dc- c is ion r e . - l a t  ions , e x c e p t  in t h e  a s s u m p ti c e n  t h a t  “ l e e c -m d ’  mus t  he ’ l a r ge.-

, - n e c e e d b e  compa r ed to  ~ so t h a t  t h e  l i n e a r  e . xp r e ’s s io n  f o r  r e . - s b - c e e e c s e .- I in c

h o l d s .  In a d d i t i o n , we h ea v e seeee t h a t  a is m e a s u r e d  o n ly  as i t  c e e d ’t e r s

- e ’ f l l e i n e c l  ce.’ i t b e  i e t l e e r  f a c t c e r s .  Tha t  i s , d i f f e r e n c e-s in  ci mcm v h e  t u k e ~~e

j n t c e  e c c ’e e e en t  h er - v a ry  i c e g  t h e e  Il . . (Se e’ pre - ced i re e ’, se -c t i c e e c . ) Th e r e  t h e

p r c  - t i e u I i m p c e e  t ceo the e’ mode- i ref  u I low i n e ’c a arid t e ‘a n’\ b e e c;;;  5 i t  e - t e e

s i t e . ’ i s  p r c e b c u h l v  m i n i m a l .

3) We hec e ve -  a s s u m e -c! t c u t  a l l  ~~i t  e l -c b e i v e  an e q e e c I  ee u c b  : u C - ~ c e —

c I - u t  c-cl s i t  ni p e.I et i ng  t h e e -  d a t i  l ie u -ic - . Iii i c-c w i  I I e l e c t  i r e  ~c t i e r i  I he t t a r t

I t , ec iv , t h i e  up d at e - s c e l l  o r i g i n e t e -  it Site- I , t h ee- e c t b n e - r  - i t - c c  w i l l  i l l

i n c - f i r  ne t work  r e e c e r b e e i c h  i n  b e r c e c e c u s i n g  t i r e ’  n e p d c c t  c ; . O re  t h e e -  e e l  b e e t

-- - — - _ _ _ _ _



Ic’

)
Si t e ’ 1 may d ee ne eech p r e l e r d c c c s s  ing  t ~e eee :eke thee. ; upclcut e. task s imp i e . r  u t  t h e

r e m e e t e  S i t e - s .  D e t a  i I s  of  t h i s  se r t  e c e u l d  he .  h u l l  t in tee thee’ m ce de- I

Res ee l t s ceen ruot lee t c u e  d i f f e r e n t  , huce w € ’ ve r , s i n c e  s i t e . - d i  f f e ’ r e . n c e s  iii thee-

terms Vv c c u n  : i lwcevs  b ee subsumed in  the  C . .

~~ We- h icu V c  cesseemed t h e a t  N ci  tee i n  thee  n e twork  h e c e v e -  r i p —  t e e — d c - e t c

cop  ie. ’s e.cf t h e e ’ dot e b c e - c e .  cend t h e e  p r o b  1cm is t e e  det e r -nine.- i et  r e t  

d i s t r i h u t  i e e g  t h e e -  q u e r i e s  u s  t c c v  a r e . - e n t i r e - e l  i n t e c  thee c- c y st - - i; . \ S c e n e —  ‘ 

-

wh e c et  ef i f  ferent , hu t ve-r\’ s in i e r , meede I is cre’ e - e l e -d t e e study the-  p c - h i  er ;

c f  e e t t  lug ci p e e l i c r  L e r  d i s t i - i h u t  i e e g  t h i e  d o t e le~~se — i . e . . ,  l e er d e l  e r —

r e i n  lu g  wh i c - b r  s i t  c C  she e t ,  I ci h i v e ’ ceep I c - s . le e  t i e  i s  , . i l - d e ’ cc c c c  r e t  ul ci r uc u i r e  i s
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