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OBJECTIVE

Investigate the problem of minimal  cost allocation of files in a computer network
with respect to the design of efficient computer networks ; establish the relationships which
need to be considered to accuratel y model the file allocation problem in a computer
ne twork.

RESULTS

I .  Exis t ing distr ibuted data base file allocation models are broken down by type
(determinist ic  one-phase, determinis t ic  multi -phase , stochastic discrete , stochastic con-
tinuous) and reviewed. They are described in term s of file infonnat ion and parameters ,
transmission characteristics. computer  characteristics , and costs.

2. The models defined are found to be initia l ly very general , but simplification for
computat ional  tractabil i ty results in restricting them so severely in scope or detail that they
end as unrealistic.

RECOMMENDATION

I .  Develop and analyze realistic adaptive stochastic models.

_ _ _ _ _ _ _ _ _ _ _ _ _  -4
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I. INTRODUCTION
The use of distributed data bases became a practical reality with the implementation

of the ARPANET. Before that tim e the trend in computing had been toward centralized
computing resources where the power of a large machine was deemed economical. Con-
comitants of decentralization are decreased communication costs , increased efficiency due
to computer specialization , and increased system reliability due to system redundancy.
With a centralized computer system all remote users must communicate with the computer
for all computer interactions , while with a computer network , users may do most of their
communications with their local computer, only occasionally communicating with remote
computers for data or programs. Though computers can do many tasks well, some are more
efficient at particular tasks than others. Some computers may perfo rm scientific calcula-
tions very efficiently while others may perfo rm input / output  operations very efficiently.
Currently, no computer perfo rms all operations optimally. Thus a computer network can
give a user access to a machine which can handle his particular problem most efficiently,
while in a centralized computer system the mainframe may be required to perform many
tasks for which it is not well suited. System reliability is enhanced with a computer network
because the system does not depend on just the operation of one computer complex. If one
computer system should go down most users still have access to the other computing
resources of the network , while in a centralized computing system if the computer goes
down the whole system is unavailable to all the users. For these reasons , as wel l as ot h ers.
computer networks will be used in more and more applications , in particular. mili tary
applications.

Military systems seem particularly suitable for implementat ion in a distributed
computer network. In milita ry systems it is very important to communicate info rmation
with superior , collateral and subordinate commands. It is also important that  each command
have computing power available to it.  Computing power local to the command to control
equipment. such as radars , guns and missiles , is needed at each command. Much of the info r-
mation collected by commands is shared with the other commands. Curr ently - a great por-
tion of this communication is done by te letype messages, a slow medium. The information
contained in the messages is not necessarily tailored to the needs of the unit  receiving the
messages as it migh t be if it were the response to a query . (‘omput er to computer communi-

cation would allow less duplication of information, t ransmit tal  of more relevant inform ation
and quicker transmission and usage of the information. For these reasons the s tudy and
eventual efficient implementation of military distributed data bases arc necessary .



The objective of our work is the  design of e f f i c i en t  compute r  network s.  l o  pursue
this objective we are current ly  inv e st igat ing th e probk-ni of in in i , i i a l  cost allocation of files
in a computer network.  In this report w e review much of th e previous work in this area to
estab li sh t he relat ionship s which  need to be considered to accur ate ly  model the file alloca-
tion problem in a comput er  n e t w o r k .  Most of the  previou s work has assu m ed complete
knowkd ec of ’ the data base paramet ers .  So lu t ions  to the  i i i  i n im a l  cost a l loca t i on  problem
were fixed in t ime ,  e i th er  in a o n e — t i m e  period or m u l t i — t i m e  period p ro bl emii  . In  our

research, of which this paper is the first s tep.  V.c W an t  to consider the d y n a m i c  adaptive
allocation of t’iles.

The remainder of th i s  repo r t  is Iii’. ided i i i t o  t I v c  5~~L t 1 O i t 5  wh ich  lead to th e  cata-
lo guing of re la t ionshi ps wIn ch  wi l l  he used in  mode l ing  . idap t i ~ ~ d i s t r i b u t ed  da ta  l)ases.
Section 2 class ifies the d i s t r ibu ted  d ata  base a l loc at ion  ~ ork in to  f o u r  ty pes  of model s
de te rmin is t ic  on e—ph ase.  di.’terni i n i s t i c  m u l t i — p h a s e .  stoch as t ic  d i scre te ,  and s tochast i c  coi l—

t inu ou s .  In Section 3 . e x a m p les of the  mod els  ot the  a ho~ c ty pes  are g iven ,  and the rela-
t ionships  and assumpt ions  used to de f in e  t h em ,irc d e t a i l e d .  In Section 4 . t he ~ ork done h~
previous au thors  is c r i t i qued .  In  Sect ion 5 , a l i s t  of re l at ionsh ips  is compi led which  wil l  be
used to model comi t i and  control  d i s t r i b u ted d ;tt a base systems .  A s u n l m n a r v  of th is  work
is given in Sect ion 6 .

_ _  .~~~~ ~~~--



11. DISTRIBUTED DATA BASE MODEL CLASSIFICATION

Models which have been used for describing distributed data bases can be classified

into two primary groups. The two primary groups , deterministic and stochastic , can be

further divided into two subgroups each. The four classification groups for distributed data

base models are :
(i) Deterministic —. one-phase

(ii) Deterministic mult i— phase

(iii) Stochastic -- discrete time
(iv) Stochastic -- continuous time

The classification is based upon model assumptions and does not necessarily reflect the tru e

environment of the distribute d data base which is being analyzed.

The distinction between deterministic and stochastic models is as follows. In a deter-

ministic model all of the relevant information is assumed to be known ahead of time. Such

quantities as ( I )  the probability that  a user will request a specifi c file , (2) the rate at which a

file is used , (3) the change of file usage patterns . etc . are assumed to be known prior to sys-

tem design . In addition , the model parameters do not change unless til e new value of the

parameter and the time when it changes arc known. On the other hand , stoc h astic

models allow for unknown parameters. These parameters are usually estimated and then the

distributed data base dynamically reconfigures to optimize system performance.

Deterministic systems arc categoriz ed into one-phase determinist ic  systems and

multi-phase periodic determini stic systems. In a one-phase determinist ic  model all param-
eters are assumed to be known and constant. System performance is optimized for the fixed
parameters and no changes are made to the data base after this initial  design . A mult i -

phase periodic deterministic system allows changes to occur , however , these variations must

be known exactly. The data base system may also be assumed periodic. For example , a day

may be broken into an 8-hour day shift and a nigh t shift .  File usage rates would change
when the shifts change and the times of the shift change would have to he known in addition
to knowing the rate changes. As can be seen from tile general description of these deter-

ministic models , the models are not flexible and , in general . a re not realistic models to

describe a distributed data base in the real world.
Stochastic models allow for some parameters to vary or to he unknown ,  In a discrete

time stochastic model the system is monitored at a sequence of times , and is then reorga-

nized based upon estimates and other available information to optimize the system perform-

ance. An example of this si tuation is when the distributed data base under consideration is

linked together by asynchronous communication lines. In a con tinuous time stochastic

model , events are allowed to occur at any time. For example. a file usage rate may he un-

known and continuously varying with time. Note that stochastic models allow for a
changing environment which is not known a priori. Thus , it seems that stochastic models
provide a natural environment for describing distributed data bases.3



111. DISTR I BUTEE ) DATA BASE MODELS - EXAMPLES
In this section a bri ef summary of the models used to describe the file al location

problem in dis t r ibuted data bases is given. The models wil l  be described chronologically with-

in the breakdown given in the previous section.

l)eterministic — One-phase

The original work il l file a l loca t ion  was b y ( hu.  Ml l ie considered t he l~ llow in g

ze ro—one progran in l ing model. (‘onsider a network wi th  I = I n computers and j = I 
Ill files. Let indicate t lt e ~th file is stored on the  1 t lt  compute r.

~th tile stored il l ~th compu te r
X . - iiJ t 0 otherwise

Let r~ he the num b er  of r e d u i n d a n t  copies of file j. The fo l lowing c o n s t r a i n t  is re quired

Let L~ be the  le n gth  of t h e  tb  file and b~ be th e ava i lab le  memory  site of the  1 t lt  computer .

Then the memory constraint  imp lies

X~ 1~

Let 
~‘ijk  denote  the expected t une  f o r  t he  1 th compu te r  to receive the  j~ file from the k th

comput er .  Let ~I i ~ be the  m a x i m u m  expected  a l lowable  re t r ieva l  t im e  of the  ~th file to the

conipu ter. Then ~ j k in ust be less t h a n  
~~ 

-

I - 

~ ij~~~k ~‘ijk ~ ~i.i

Note  t h a t  i t  r~ = I t hen  
~~ 

X k J = 0 f o r  i ~ k and the aho ~ i. e qua t i on  reduces to

X kj ~
t i jk  ~

In m a n y  of the m odels t h a t  f o l low t is assumed t h a t  a l ik is a cons tan t .  hu t  in this  case

is e s t ima ted  as a f u n c t i o n  of the file access rat e  and l ine  t ransn i issioii speed. Tile s t ruc ture  of

a ,1k assumes t h a t

a~ k ~~~~ + t k i  +

where w~~ is t he  c ~pected que l l i ng  delay at the 1 t h  con pii t er  f o r  the  channel  to tile k th

compu te r . w~~~~ is the expected q u e u i n g  dela y at the  k t l t  corn p u t e r  for th i s  channel  to the

4
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1th computer , and t kj is the expected computer access time to the j th flIe. The super-
scripts indicate priority classes of messages . To simplify the analysis it is assumed that t kj
is small compared to the queuing delays , and , further , that the delay of the short high
priority request messages is much shorter titan the longer low priority reply messages.
Thus a~ k is app roxim ated by w~~~using a queuing model with Poisson arrivals of re-

quests at a rate between the ~th and k th computer. To complete this queuing model the
following parameters are needed: l j t ile length of tile file portion sent in response to the

query . Note l~ ~ L~. The average time to transmit the repl y from the k th to tile i~~ com-

puter is 11
~ ik The request rate for the j~ file at the 1 th computer  is ~~~

Th en

‘~ik~~~~ 
uij ( l - X ij ) X kj

Let

l I!Jj = lJ/ i~

where R is the transmission rate from the k th to the ~th computer .  Then l /ji~ is the trans-

mission time. The average time required to transmit a rep ly is then

= ( i / X ik ) ~~ ~~ ( l -X ~~) X k~;P ,

The t ra ff ic in te n sity is de f in ed to be

~ ik = X ik /P ik u 1~( l _ X ~~) X kj /Pj

Then queuing theory for a Poisson arrival , consta nt  service t ime model implies the w a i t i n g  t ime

( 2 )
W ki ~ik ’ ~ik~~”~ ik~ 

f o r i *k

Taking the formulas above , combining them with  the restriction w~~~ ~ T~ implies

—X~j ) X kj X ik 2M ik ~~ik — Aik ) Tik ~ 0

Tile above define all the constraints in Chu ’s model. All  tha t  needs to be defined now IS tile

objective function.  The cost of the model to be m inimized involves storage and transmis-

sion costs,

C = 
~ storage + 

~
‘transmiss ion

5



wh ere

=\ (‘
~ L~ X 1,

Jt ld

~~t r ansmi ssion = ~~k ~ 
u~ X k j  ‘- Ni r 1 + 

~ ik ~ 
u~ X kj  P u ’

i .j , k

Th~ tt r st  term in the t ra i \ smvmtssum cost r epre sents cost s ( l im e to f i le  request  and the second

term represents ~~~st s d mi e  to fil e upda te  where  ~~ is the  f requenc y  of m o d i f i c a t i o n  of tile j
Oil conipu ter  ~ . For  in u m l t t p l e  cop ies of f i l es t h i  is model  is m io t l inear .  bu t  since tile program—

ut ing prob lem is a / er o— on e pr oblem th ere  arc s t ,m i ida r d  me thods  f o r  l i ne a r i z ing  the  model

which  requ i res  a d d i t i o n a l  c o n s t r a i n t s  l i m e  mo de l  is not  ‘er ~ e f f i c i e n t .  For a si i i tpi i f ied

three compute r . I e f i l e .  omi e copy net ~ ork t u e  t i m e  to f ind t ime  o p t i m u m  solU t i o l l  Wa s 25

seconds on an IBM ~~) t )  (i S .

W i t i t n e y  considc Us th e  fo l low i i g  problem ~s it ich is of t he  one-phase deter-

n l i n m s t i c  ar ie t ~ . l e t  ( ‘I  I . L be t h e  ira p it of t h e  n e t w o r k  on ~ hich the  d i s t r i b u t e d  data  base

Is ~oc.i t ed .  wit ere I i s  the  set of nodes wh ic h r epresen ts  t h e  lo ca t ions  i i i  the net  v~ ( i rk where

the  t e r m i n a l  users arc h o c . i t e . i  ,mi i d  F represen t s  t he  edges of t h e  graph  wh i ch  are con i munica—

tion l ines  be tween user nodes. ( o i f l n f l i n i c i i t i o n  cos t s  are ~i s en as ~\ e igh t s  ~g111 f u t e  LI on the

edges of t i m e  ~r ap h . l e t  S 11 r ep res en t  ( l ie  w e i g h t  of shor tes t  pa th  from node i to node j .

ie S~ repre s e n t s  t h i c  ~. v s t  ~t t h e  le .m s t  c \pens l \  e c o m m u n i c a t i o n  rou te  from c o n ip u t e r  si te  i

to s i t e  i . ( . i ~ en t r .Ip hi ( ,  T I . t h e n  an e f f i c i e n i  a lg o r i t i t n )  (le\ eloped b~ I lu deter-

mines  t h e  pa th  s~ inch m e l d s  the  m m  m i n i u n  c o u i m u m  in c a t i o m i  cost b e tween  t i le  two  nodes of

i n t e r e s t .  I ht is  i n m n i n m u i l l  c o m m u n i c . t t i o i i  c o s t .  S~~. is i i i ’  cit  as

S = i i  ~~~ ~ h ere  i~ a p . m t i m  f r o m  node  i t i  node

[ lie nex t  q u . m n h m t \  considered in t h i s  model  is  t i t e  i l l e ssag e  t r a f f i c  f r o m  user t e r m i n a l

I to f i l e  I. . wh mc h is represen ted  ,m s ‘y1 ( k a i id g iven fi ~

k )  = P 1 f L i  R( L i

where P 1( k u s  the  p r o b a b i l i t y  t h a t  f i le  k is  r eques ted  from site j and R k ) is t he  rate at win ch

sonic record of fi le  k is rt ’qi i ested A l l  records of ,m l ik ’ are ho n io gen e oum s .  and ,  there fore.

Rt k represents  the  r .m te of requ est  or each record of t i le  k . [he q u a n t i t Y  ~~( L i  corresponds

to the  r , m t e  of m essage t r a f f i c  fo r  records of f’i le k wh ich  is gem i era ted  liv user t e rmina l  i.

No w the  cost to m n i n i m n i / e  b r  t he  a s s igu i n c i t t  of f i l e  k 

is 6
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rite cost of assigning f i l e  k to s i t e  j is gi~ en by

t t k . . i ) =

ic I

and is a itt i n i n l u i n  w h e n

0 k . i )  ~ u

fo r  every  i I .  A l t h o u gh not  exp l i c i t l y  m e n t i o n e d  l i v  W h i t i t e ~ . it  appears  t h a t  e.mel t  of the

cost s t ( k .,i .  ic I . m u s t  lie c o m p u i t L ’d and then  a comparison of t he  costs  mus t  he done in

order t h at  t h e  n t i n i m t t u u i t  cost be b o u n d .  l ite  mode l  is also g ene ra l i  ed s l i g h t l y  f i~ a l l o w i n g

mu l t i p le copi e s nt a f i l e  to L’ \ i st  ifl t h e  da ta  base.

I l i e f o l l o w i n g  p ap er liy Casey I I p r e sents  a s in ip ier model  t h a n  the  above models in

most Wa y s  except  t h a t  i t  t r ea t s  t i t e  n u m b e r  of copie s of each f i l e  as a v ar iable .  (~~se~
,ms sun ies  th e  fi le s are i n d e p e n d e n t  of eac lt  o t h e r  and t h u s  may  o p t i i n i / e  one t i l e  .~t a tune .

Fhree costs are coi isidere d : s t o r .m g e . que ry . and u p d a t e .  The query  and  up da te  costs  consis t

of comm u n i c a t i o n  costs. [hus if I is  ,in in dex set r ep res ent ing  the comput er ’. (UI wh ich a

given file r e s ides  the  cost ( ‘ I h i s  given by

( u i  = 

~ 
(
~ 

H ~
1j k + mill d jk ~ +

r h  kel kel k l

wlte re

is the  it oragt’ cost at t h e  k Ilt  contpu ten

is t h e  cost of c o i n i n u i n i c a t i o n  f r o n t  node  .i t o  node k fo r  a q u e r y

is the  cost of c o m m u n i c a t i o n  f r o n t  n ode’ to iiode L fo r  ,m n u p d a t e

i s  the  v o lunt e  of q u e ry  t r a f f i c e m a n a t i n g  f rom node

H is t h e  v o l u m e  of up date  t r a t f ’ic em a n a t i n g t r o u t node

N o t e  t i t a t  ( I ~ =
~~~ sO t h a t  t h e  p rob lem is n o n t r i v i a l .  Usin g t i m i s  model  (~ mse~ proves sonic

ti teore ms ab ou t  t i te  op t i m al i t u m b e r  of copies of t i l e s  in t h e  n e t w o r k  and  p r o p er t i e s  of t l t e

op t ima l  f i le  a l l o c a t i o n .

A la te r  pap er by M o r g i i t  and I cv i i i  14 1 considers a mttodeh more gem i cral  tha i l  (‘asey ’s

and d i f f e r e n t  f ron t  ( hum ’s. The i r  mno de l  considers both programs and  d a t a  f i l e s . l u c y  di 11cr—
e n t i a t e  between programs and I i l e ~ b ecau se t 1mev assume t h a t  in a he t c r o geu i eo i i s  i t e t  work

7



files wou mlu l  be t ransferable  among : m hi the coin pu t t e r s  b u i t  programs wou ml d  be trans-

ferable only among homogen eous subsets of compu te r s . in  t h e ir model ,  described b elow .

t lte indic es i .j . k r e ler  to coin i u i  t e n . f to t i les  and p to f i r o gr a i n s  I lie n e t w o r k  is assumed to

have N com p u t e r s . F f i l e s  and  P progra m s. Quer i e s  ~m n d  t m p d a f e s  ~i i c  assu nted to be processed

th rou gh  programs,  l e t

‘i l i f  lie qU c i r  t r a f f i c  I ro i im node m to  f i l e  1~ .i pr ’er~I r n  p

~~~~ u p d a t e  t r a f f i c  f r o u m  node i to f i l e  I v ia  program p

be c o i n i n u m n i c a t i o n  cost per qu e ry  U n i t  f r o n t  i to

lie co o i m n u m m n c ~i f i o n  cost  t ier u m p i l a  t e u um n m f r o n i  i t1 i  i

o i l  be s tor age ci ‘~t i l l  f t i c  f

be s t o r a g e  cost 01 program p a t

cm be ex p an sl o i l  f a c t o r  f o r  ( j m r L ’r\ n i e ssa g e

~ be cx t i a i l s i  ni f a c t o r  f o r  u i p d a t e  ne ss ,ig c

lie se t of nod e s  w h e r e  p n o sn im n l  hi may lie s tored

[he expans ion  f o c t o r s  are the  r , i t r o s  of the  l e n g t h  of q u e r y  u p d a t e )  f ront a pro~ ri mm 10 t i t e

l eng th  of q u e ry  I u i p d a t e  ) f r o m  t he  o n i g i n ~m t u 1 g  node .  j o  d e f i n e  t h e  m odel t i m e  f o l l o w i n g

cont ro l  .mr iahl es an e r equm ncd

= J l  if  copy ol f i l e  I i i  st ored at  node k
k f  ((I o t h i e r ~u i s c

= I i f  i. opv ( i f pro tiranl  p is  stored a t  nod e
U O t f h ’ ~ W i s i .’

X = / 1 i i  t r a n s a c t i o n s  f r o n t  r od e to f i l e  I are routed to node k
(0 ot  h i e r v i s e

= ~ l if  t r a n s a c t i o n s  f r o m  node u to  f i l e  I .ire rou i ted  to node I via  progra m p
(LI o t h e r w i s e

The fo l lowing  t w o  pa r~m i n c f e m ’ s d e f i n e  t r a f f i c  f low:

Pj I  = 

~~ ~ it i f X . .  i s  q u e r y  t r a f f i c  to f i le  f processed , i t  no de i

~ if =~~~ 
~ i1i f i s  u m p d : m t e  t r . m f f ’ic to f i l e  I proc essed at node i

i . h i

S 

- -



Tite ntod el ilt~~ nOW be described. The objective is to minimize

C = ~~ X~~t .*(~i* x~~, = (‘ontmun icat i on cost of queri es from in i t i a t i ng  nodes
f ,j .i .p to t lte programtt s

+ N X~14. *( ‘
~ *x~1~ = (‘o m u i m n u m n i c a t i o n  cost of up dat e s f ’ronl i n i t i a t i m i g  itodes

f . i . i .p to the  pr ogr autt s

+ P uf ~~~~Ik ~~~I kI  = (‘o i t t m t t u m n ie a t i o n  cost of queri es from programs to f ’iles
l’.j .k

+ f~~~~~k~~~kf (‘o u t m m t t u n i e a t i o n  cost of up dat e s  f ro u t l  programtts to files
fJ , k

+ °k f ~~ kf = Storage cost of ’ files

+ ~~~~ o~~ *y~~ = Storage cost ( II  p rogramns

Subject  to t u e  f ’o l l owing cons t r a in t s :

• To assure t i t e a t t a i n m e n t  of a feasible sohu i t ion  there  m ust he at least one copy of eacit
f’ile and each programt m .

~ 1 p I . . . . . P

f = l  F
k

• To assure t h a t  every t ransac t ion to ev ery  file . via  every progr amil and f ’romt l ev er~ nod e .
will  have a defined rou t te :

i= l N ;p 1 , ..., P . f 1  F

~~~X Ikf ~~ I j l  N ; f = 1 F

9



• To assure residem r cv of time appropriate f ’iles and pro gramt l s  in accordance w i t h  t h e  defi n ed

routes

N’ X~ . ~ N v~ j l  N~ p i  P : f 1  I
~~ ij p ‘ hP

“ X j k f  ~~~~~~~ k = i  N . f = 1  F.

• In assure t h a t  pro gram p w i l l  resmde o m t l r  in a mi ode . mt wh i ch  it c , i i i  lie processed

yj 1~ 
= 0 .1 e .i~ . p = I . . . P

A itd  v i 1~ 
- ~ kf ~’ ‘i i l ~ ’ ‘iLl  arc ’ b umm ~m r ~ v , mn i , mb l ~’~ ,

E)eternlin isti c — Multi—phase

Levitt  and ~m I orgam i I I also cons ider  dete n m n i n m s t  m c i t m u l t  i-p hase mtlo d cl S .  Their  m odel
us a gemlera hiz a  t i om i  of t i t c i  r o m m e — p h a s e  nmo d e i .  I. sim i g the  deco m posi t ion result mc m l t ioited
above the y  def  inc a mo i.lel to m i t i m l i m n i / c ’ t he  cost of a l l o c a t i n g  om i e f i l e  at a t in ie .  I h ~ model

above is used u i t i m  t i m e  l o h l o w m m t g  ch a m ges .

— I if ’ f i l e  c l i p \  is : m s s i g m m c ’d t o  node L at  period
~ k t  — \() c i t l t e rwise

= {kIv kf = l} is an a r l i i f r ~mr r  ass ign m ent  of a f i l e  at  period

= an a r b i t r a r y  ~m r r : m m i g c m m m e n t  of f ’ii e ~m s s i g n n i e m i t s  at  periods I to 1’

l I m e Cost con s i st s  of two  p i n t s  Firs t  I s  t I m e  s t i n t  of t h e  0jic ’i~m t i I 1 g  co sts  Cf K t ) over all

t u u u i e  peri ods gi~ c i i  by the  m mmdcl  i i i  t l ie 1irc\ iou is s ec t ion .  i lk ’  second is  t l t e  t r ans i t i on  costs

to change the  Ii be a l l o c a t i o n  f r o m  one period to the  suc c e edim ig period.  To de te rmine  this

cost a l i t  the  a d d r t i o i i a l  m t o t a f t o m m  i s  n ec ess ,m r v .  I c’t F 5 dc’not e the  l e n g t h  of ’ t he  f i le  in s torag e

u n i t s .  I.c ’l ~y lie the  t r ~m n s f o n i m i ~m t m o m  f a c t o r  f r o m i i  s i o ra gn ’ u i i l m t s  to ulmc ’ssage ( m i n t s .  l hen t ime

m i umm im ber  of m ness .m g c u m n u t s . 1 m n’  r equ i red  to  t r ansmi t  the  file is given liv

L
111 

= I

I I i c ’il f l u e  t r a m i s m t i o m i  cost f r o n t  period i — i  to  pc’niod I is  gi~ en liv

I t~~ i - l  ~~ l~~ mu lT i

t is 1 1

10



‘I ’hmis cost is determined by sending the t ’iie over the uuost economical path. Combining the

abov e equations time total cost over T time period s is givem l by

= 

~~l 

(‘
~~~~~) + ‘T t ~~t - l ’  K t )

The opti mmml so lut i omt K —1— is given liv

= m m m im ~ (;( ~~~

The fiuma l m mtu i t i—phase  de t e r um t i n i s t i c  m odel to lie discussed is by Sc’gaIl . I ~~ Segall ex-
t ends the scope of timis model front determmmi n is t ic  to adaptive models to he described in a
later  section. To obta in  t h e  ada p tive results , a m mm dcl which is n m u c i m immore restrictive
t i tan tIle model of Levi amid Morgan is considered. ‘lime fol lowing general assumptions are

made in ti mis ntode F there is only omle copy of each file in the ui etwork , f lies are sitort so t ima t

the re are no storage or comumim icat ion l imi ta t ions ,  the files are requested according to a
mutua l ly i ndependent  process. and files may only  ilioVe fr o i t t  c o t m m l iui t e r  to cofl t pu t er  im l

response to a request. Timese assun tp t i nns  imiip ly the  files may he coulsider ed i ml de l i emmde n t lv

of each other. W i tim timese a s su m li pt i om l s t ime model m m ma y 110W be def ’iuled f ’or a network of ’ two

computers. Let

~~
, 

~~ = Jl if file stored at com im puter i at t i m i m e  I
i k O otherwise

wimere i = 1 .2 and t = 1 . 2 .3 . .. .  ari d

ln u ( t )  : t = 1 ,2,

he two indepem i dent  binary sequences describing time f ’i l e requests at each comm ip lu ter . w imere

= I i f there is a req u est f ’or time f ile from ut commmputer  i at t ime  t and ml i ( I I = 0 otimerwise.
Let a~

( t )  he the random rate of n~
( t ). [_ et B( t I contain al l  past i i l formt t a t i o n  re k va u mt to tI m e

evol ution of’ n ( ’ ) .

Then

P I n ~
( t )  = I : B ( t —l  )1 a~

( t )

Let (‘
~~ denote the cost of t r ansmi t t ing  time file front c ou mm p u ter  I to co t mm p iut e r  I .  Let

denote the cost of storing time file at computer i. Tl tem i time expected cost over all t i m mme
periods is

C. E~~~~~~~~( C Y (t ) + ~~~ ( . Y ( t ) ( t ) )~
t = l  i= l j =l

11



Time co m m t ro l variables of t ime  ~n ice ss are

u m (  ~~ = ~ I if d ecision is t o t r a n s f e r  f i l e  to u i uc ’tumorv I at  t u l l e  t

~0 c i t l m c r s s  u se

l ime evoi tmt mcmii ci f  t he  t in occ ’ss us dc ’ f m  med l iv

l~ 1
( t I )  l — t i ~ u t o  + ‘

~ ~i m um 1 ( t )

~ 2~ 
~~ = ~) t (  u u 2 (  I ( ~ I ~ i t~~ l — m i 2 t~~.

Since time files may on ly i t to v e i i i  respo n se Ic )  a re cluiest ti m e comm tr ols are f u m i c t u o n s  c i f  the

( ‘ I .  h u m s

= °2 l ~ ’~ 
‘t 2~’~ 

11
1

) 1 )

Ui) t ) = 
~~ 2~ ~ I t )  m u )  I ) .

The optiimti /at uomi pr obl em us t h e n  to f i n d  t he  control  laws ~ j~( I am i d i i t i t i a i  l ( i cati outs to

m n i m u u i t m i / e  t ime  cx p e cted c’ ( i s t  of t i m e  n e t w o r k  ope ra t ion .  For de te r mn i i m i s t i c  ummodels  Segal l

also considers time I o l i o w i u t g  de t ern t  i m u i s t i c  coiu t i u m u i o l m s  t im tue  model.  b ecaumse u t  a ne twork

w i t h  i tm ore t i t a n  two  compu ite rs  t i m e  ~u t l a l \ ’ sis is  easi er .  Let

~ 
N~ t u  : > u} i = 1 .2 NI

lie NI i u m d e p e n d c n t  c o u m m t m m m g  proce sses re~i r e s e m m t i u m g  t h e  t i l e  requ e sts  at t h e  i n d i v i d u al co rn—

putters.  Let f I lie t h ic ’ ramm c homn rate of t i m e  r e quies t s .  The cosis C
~ amid 

~
‘

ij  are t ime  sa m n c ’ as im i

t he  pre vious paragrap h  . l hu t m s  over a permod of t i l l ic ’ I’ t ime  t o t a l  expec ted  costs would  he

NI Ni
C = I / N~ ( V  I t )  cit + N N 

~~
‘ \ ) f - I  i N ) t (

(.) 
i i . ____ i t  i

m 1  t i

Tim e controls of the  p rt icess are clef in ed to he

I f Ic u t  c o u m i p u i t e r  i .0 t ime  t— and requ i ested I i~ c’o i m i l ) L m t c ’r i t  I)  .0 timmme
I = a mid  dec i smom u  is t ( i  c’r m s c ’ . mt  i and store , i t  I

0 o t h m e r w i s e .

I lie dy u i a num c s  ( if th e  f u l c ’s .mrc ’ g i s  c i t  liv

d11 ) t )  = 
~~ i ( t

~~ 
\ cu 0 t dN ~) t  + \ cm j 1 ~~~~~~~~ 

dN~( t  I .

I / i  I / i

l im e prob lem is t h ie i m to f u n d  t i m c ’ 0 h i t i m m t a l  c ou t t ro i s  m~~) I m u  i m m i u t i i i m i i e  t ime  ( i l i c’ra t io m l  cOst

of f lue  model.

12



r~~’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Stochastic — Disci~ te Time

There are two types of stochastic discrete models. Time first is by Levin and
Morgan ’5 1 wimic l m is an extension of their  previously described deterministic models. Tim e
second is by SegaIi L ô I  which. t l toug im it imas mllore restrictive assumptions , is broader in
scope. This will he clarit ’ied below.

In time model of Levin and Morga n tiley assuu mme t Ime request rate aimd upda te rate

~i~ t are ran d o imt variables. Rall ier  t i tan  op t imiz ing  G(K.1.) Levin and Morgan opt immmiz e

EG(K 1
.) = mimi E ( J ( K T )

This is equivalent  to opt imumi z ing  time original mmmod el wit i t  tIme r eqtmest and u i idate  replaced by

the ex pected values of ’ the  reque st and update rafe. To obtain the optin ma l al location , time
request amid upda te  rates are estintated s ta t i s t ica l ly  amid sub s t i t u t ed  t’or the expected values

of the request and update rat e s.  rime opti m al al location is then determined as in tIme deter—

mimi istic cases.

T u e  paper by Segall gives an adaptive file a l locat ion a lgor i thm as opposed to time

static allocation a l gor i t i m nm of Levin and Morgam u . T lm is is an extensiom i of luis two-computer

deter ministic models given above. Time not a t ion used Imere will he t imat  givem i above. It  is

assum ed that  onl y one of the t ime varyim i g rates is rand o mmm . Th e  system dynamics are

Y 1 (t+ l I = Y 1 ( t )  I 1—u , ( t ) I  + V~ ( t )  u 1 ( t )

Y 2 ( t + l  I = Y 1 ( t )  u i ( t )  + Y 2 ( t )  I l—u 1 (t)j

with the controls

u 1 ( t I  = 

~2 1 ( t )  ‘ ‘ i ( t )  iu 1 (t)

u,(t I = a l 2 ( t )  ‘~ 1 ( 1 )  ni (t)

where, here it is assumumed , n 2 ( t )  is Bernoulli wi th  known ra t e a i (  I )  and ni l ( t Imas a ramudoim u

rate a 1 ( t ) .  The random rate a 1 (t) will Lie m odeled as a f’ituite—state Mark ov process with
sta tes

p~
1
~~<p~

2
~ < ”  <~~

(uim )
~

t ransition probabili t ies

Pr ~a 1 ( t+ l = I a 1 ( t )  = ~ ( i) 1_ ... q~1( t ) ’

and initial  distribution

Prlai ( I) = ~ ( k ) ~~ 
~ k ’ k = 1 .2 ri m .

13



I

Def ine  the var iable

x ( t )  = ( i  i f a 1 ( t  = ~ ) k )
k o ot lterwt se

Let .x( I) h~’ time V e ctor  wutim time cn n mp o n e n t s  x~, i I in .  Let  ~ t ‘t — l  he tIme least squares
c’s t i m t m a t e  of \ ) t )  given ~n 1 (1) ~ l~ 

t— I I~. ‘1 lieu tIme prob l em uu is to find t h e optimal controls
to itmiu ui ium ize t h e cost f u m ’ict ion

(=lS~~I(’1 +(‘1, ai( t )I \ l f h i +  I (’ 2+(’ 2 l ~~tt 1- 1) 1 )l-V 1 (tU ~

where 
~~ 

t—l I us tIme estm u mm afc ’ of a 1 t )  g iven i m m f o r u m t a t i o m t  U p to t i n i e  I .

Stochastic — Continuous Time

As m u m t ime ch iser et c ’ case Segail m mtode l s  I lie c o m m t i u m  Im oum s t i i u i c ’ request rates as a
finite-state ~mIarkov process. Tlm e notatmo uu wil l be time sam e as tim e above ulotation i’or time con-

tinuolis tim lue deterministic mulu lti—p itase uuu od el . TIme dynaim uies of t i i c’ file are again givemi by

= -V
~

( t - (
~~~a~1 ( t f  clN

1
(t ) + ~~ a 1~( t )  

~
‘ u~

t
~ 

clN ~( t I .
i~~i i�i

[lie liroiiic’ium us to cie te rm i m Uic ’ I lie c i v m u am um ic con t r u i h s

u~1 I t )  = a~ ( t .N~
) s ) . Y

~ 
) s ) .  s < t, i = I NI)

th at ii’miiu iuuti i.e I lie cos t

NI N I 1
C i • f ~~~~ 

( ‘ I l l i c it + N \ (‘ . .  l It - )  d N ( t l l— i m i t
L i l  i 1  j �i

l)ef ’in in g

J ifi = i if V~
( t )  = I ,

imere us a one to one correspondence b etween if I a mid ~~~
) ) . t h r u m  s time cost m i m a v be wri t  temu

fimore conmpact lv  as

= I [ I ’ ) f , i) t ) ,X 1 ) t ) )  d t .

‘I ’o avoid n o t a t i o n a l  c i u f f u c u m h i u c ’s Sc’g, i l l  f u r l  It er  a ss uim ui e s t h a t  om i l y  
~~~~) t I  is ram i d o mmm and t l u a t

I ) .  m 2  NI arc ’ d e t e r m i t m u m u s i n c .  I I me r a i i dn mmm rate  is mm u o ciehe d  as a f i i m i t c ’—s t a te
Nla rk u v p rocess wi t h  s t a t e s

~
( l ) <~~

( 2 ) < ~~~~~~
‘4



and transition prohahi h ities

Pr ~X 1 (t+ dt ) = p(~) I X 1 ( t  ~(k ) 1 ,. q~J ( t )  dt + 0 (dl) k�~i

Pr ~X 1 ( t + dt )  = ~( k )  I X 1 ( t )  ~(k ) } = I + (lk k ( I )  dl  + 0 ( d t )

where

q~~ ( t )  = _
~~~~~~ q~ 1 ( t )
j�k

and i n i t ia l d i s t r ibu t io n

Pr{ X 1 ( 0 )  = ~( k ) j =  
~k ’

Def ’ine

— j l  i f X 1 t t ~ =p ~’~X k ( t )  — 

~o otherwise.

Timen if ~( t )  is the least squ ares est imate of ’

= ~x 1 ( t )  x mui ( t ) I T

and

p = [p ( I )  ~( n u ) 1 T

then the best estimate X 1 ( t )  of A 1 ( t )  given [N 1 ( s) .  s ~ t)

is

X 1 ( t ) p T~ ( t) .

Then the cost may he wri t te n

C = E 1

T 
dt

where .~(t )  satisfies t h e  im i-dim ensional recursive equat iomu

d~(t ) [Q’(t)~~t)— P (~ (t))pjdt + — — dN 1 ( t )
— p T~( t_)

where

Q(t ) Iq~~( t ) I  k ,j = 1 .2 in

and

P(~ (t)) = EJt [~ (t)T ti j

To solve this model resu lts from the theory of stochastic processes are required.
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IV . CRITIQUE OF MODELS

l Ime f i r s t  rc ’sea rc hm iii t ime  a l l o c a t i o n  of t i l e s  i i i  a dus t  r i hu t e d  data  base is due to

( ‘imu. 1 1 1  (‘hum t r ea t s  tIme de t cru t t  u t  i s t ic  oimc ’-p hi asc m o d e l .  I u s  u~ ork i tas  t ime  im uo st  gem u era l

assui m m m p t io i i s  of , i l h  I I m e I ia I ) d ’rs C O i l s i  dc rc ’ cl l md ’ r e ium . \s I lid ’ paper s b e cammm e um iore curr ent  the

im moc leis  hd’ c . m m u m e  Id ’S” gc’i tc ’ra i .  i o i  c’ \ , m u u m h i l c ’ . ( h u m us t i m e  ommi ~ ~m u m t h o r  i i i  consider a f i n i t e

i i men mo r v  h i m u m u  I a t m o m t  . IIOsv ~~’ c’r , I lie h a t c ’r p , m l i e rs e i i i s m c i c ’r mt u om’ c’ gc’iuer al I \ p c ’s of problems.

for  exa m ple s toc imas tuc  or i m m u l t i - p hase m odels . In  t h u s  section a review of eacim of t h e  papers

li~ cat eg or \  w i l l  lie guvc ’mm

Deter m inistic One-p hase

Nl ost  of t h i c ’ a u m t i m o r s  c oimsic lc ’r uu mo c i c ’ls of t ins  t ’, pe .\.
~ u u u e n t i o m m c ’d ahov c’ Cliii ’s mmmodc l

is t ime most g cm ue r ai .  i Ic’ com u sider s h i n u m l c ’ ct m um em u mor y  . t h e  le m u gt hu . c o n i m i uUm u ica t i o iu  d e l a y  as a

f u i m e t i o m u  of time f i i c ’ reque st  rat es . up da te  r J l c s . storage costs . c ouuu n u um i i ca t i o n  costs , ami d

mmtui l t mp le copies I hic ’sc’ f a c t o r s  i re  u m s c ’ cI to b uimi c i  ,m / e r o —o uu c’ pro~ramtt um t ing proh lemuu wimich

ca l l  he i n.m m i s t  c’rrc ’cl . i i  si  ic s t  .1 u m d a  rd tc ’c m u m  iq umc ’s. m i m i  ~i a hiu uea  r /e r o —omm e progr arn imu ing problem.
Timis ittodel laid time tra mmm ework f~ n time succeeding umuode ls. Time principal drawback of

(‘liii ’s iii ocl c ’l is t hm , i l  i t  rc ’q u i u r c s  t h a t  .i ii  tIme paraut teter s. c’g n u m b e r  of ’ copies of files , request

ra tes . c’tc , he k m i o ~c mu ami d co i t s t a m u t  t lm ro img hmoi i t  time use of t u e system. Another drawback is

tl tat time :m l g o n i th mmuu for o ptmmm um ium i g t i m e  I i e r t o n immam u ce  of t i m i s  u mmod el  is comum putationa ily

\ c ’r ~ slow

W h u i t i u c y  ‘s ntode l of fil c’ a l l oca t io m i  is o n l y part  of an overall systeiul design model for

a ne twork .  rite solution tecimnique used to al locate t u e  files is not very elegant ;  t Im e cost of

, mss ig u mimm mi  a fi le to eacim s i t e  mus t  lie computed  amid tiuemi t ime site associated witi i  tile min imum

cost is al located time f i le .  I uu order to conupute  time cost of assigning a file to a part icular site.

all  of ’ time routes betw een time proposed s i t c ’ amid s i tes wim icim request the file must he enu-

nierated. In  a i m s  s y s t e m m m  wi t im a large n u n u h e r  of miodes time allocation of just a single file

would he a formidable task to per f or n mm becau se of time proble m of enumera t ing  all t u e  pos-

siNe route s  between two nodes. l m i addi t ion to time enumerat ion problem all parameters

associated with a file (request rates front each user . lengt h , e tc )  mu t us t  he known prior to

system design.
( asev - n o t i n g  l l u . m t  ( hum assu nues t ime  mim im i m l i e r  of copies of f ’m i c ’ s to  lie k u u o w n .  a t t acks

time problem of d e t e r m m m m n u u m  e t ime opt immial  n u m b e r  of cop ies of ’ f ’iles in a dis t r ibuted data
hi ,isc’ . l lmougim h i s  model is u n i t  j s general  as (‘ Imu ’s. i t  c o m u s m c l c ’ns t im e costs of ’ l o c a t i n g  files at

rm odes , coi uu i t t u m i i d ’ a t i o m l  ( i s t s ~ ( l u d ’ric ’s m u d  ii p i t a t e s  and volume of cOu t umi tUn ic ~it i0f l  and imp—

cIa te t ra ((mc l i i  is m miod l e l  al i< iu ~ s eacit f t  Id ’ to lie t rca t e d l um u d epend e n  t l v .  I si r i g  I imese as sum lu p—

tions C mse~ us  able  1( 1 prove t i ueoremmms w lmic l t  de te rmine  time opt im i t a l  number  of copies of tiles

I (
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amid p rocedures f ’or ef ’f lcient l y dete rn tining t ime locations of t ime tiles. Time principal draw-
backs in t imis work are time l imited assumptions , independence of files and unlimited mem-
ory . wiu ic lm are too simplified to be realistic.

The major contribution of Levin and Morgan is in the extension of the deterministic
one-phase model into multi-piiase and stoc h astic models , to be discussed below. I n time one-
phase det ernminis t ic  nmod el t h ey dif ’ferentiate between programums amid data files.  i bis is done

for two reasons. First . progranis are uiot necessaril y conmpat ib le  wi t im all  computers  in a net-

work , while data files can he nmm ad e compatible. Second. programs can in i t i a te  requests for

other files wh ile time reverse does not occur. Timis m ’uuod el also h a s  no n m em ory li mi ta t ions .

The model is more general thmam i  (‘asey ’s hut  not more general t i tan  (‘ imu ’s. Time comnmunica-

lion costs are given and are riot a fum i c t iom i  of time message t raf f ic .  These assumptions

allowed Levin to prove timat  t lue file a l locat ion pro ii lem u m can he decommuposed to imudiv id u mal

file min i u mmiza t ion  proh letns. Time opt inma l  file allocation can be obtained by op t imiz ing

the  locatio uu of one t’ile at a t ime.  Suc h m results are iu i teres t im ’ug amid cam u ex t e m md the  imi t u i t i o n

witim regard to file a l loca t ion .  Bitt  a s sunup t ions  w i mich  neglect  t ime  im u te r r eha t io n s lmips  of f i l c ’s

are lacking in realis m .

The models discussed above are all determm u inis t ic  one-ph ase models . Th is type of

model assumes that  all time chmaracterist ics of the  network are known at design time and that

they remain the same thereafter.  Ti tus  assumption is a severe restrictio n. Time model described

in the next  section is one generalization.

Deterministic Multi-phase

Levin and Morgan generalize their  one-p h ase model into a m u m u miti-p i mase m odel .
The model is deter ministic in timat time assumption is immade t h a t  f o r  eacim t imume period all time

ch aracteris t ics  of the  iiio d icl are kn own . Time same basic m tm odie l is considered as im i t im e one—
phase model w i t h  the addi t ion of ’ a t raums i t ioum cost Lietw e emi t in te  periods. Timis takes care of

the cost of transferring files from th eir allocations at one t ime period to l ime n e x t .  The

authors  do not give an a lgor i t h m f ’or solving t lmis problem. They do refe r to ano th er  paper

in which  a dynamic  programming solution is discussed. Tiue m mm ajor  d rawback in t h is model

is tha t  time system designer niust know time file usage iui advance,  as in tile one-phase model.

Realistic systems of time fu ture  wi l l  mieces sarily im av e to lie adap t ive  au id de te rm i mi n i s t i e  models

will only he usefu l for eit h er pre l inminary analyses or findim i g approxiu ui ate solutions.

Stochastic Discrete

Time stochastic mmiode l of Levin and Morgan is based on timeir mul t i -p h ase deterministic

model. Time equations are the same. lime only diff ’erence is t h at t imey assume time request

17



amid up date n , i t c ’ s arc’ ra imdommm . i r m j b I c ’ s m , i t h i e m  u i _ mu k u u o ~ i i  q u m , m l m t m i i c ’s I i m u s  i ii ord ier to opt i—
mtm t z e t ime obj ec t ive  f u u m m c ’ t i t i u m  t h m e ~ i l i U s f  u u s i i l e m  t h e  c ’\ I i e c  t e d ~.m i u e of t u e  dle td ’ruimin is tic

objec t ive  f u n c t i o n  I c’S in I I di c ’ u u i o u u s t u , m  f e .  t I I , i t  t u e  o p t m u m u a l  s ( m l u i t i o m i  to t h e  file ass igu mull enu t
reduces to i h m . i t  of  c’ s t u u m m a t m n g  t f ~ l u s t  ur t o m m u c ’ u m t of  t u e  ic cc ’ ss m i t e s  d i s t r i h i u i t m o m m s . ‘l Ime d raw-
back  to t h is \ % t i r k  us t h u , m i  t i m e  i ) I i t i m m i , t l  s o i u i t u t i u i  u s m i i i  ~m d . p t t c  L h u m  requi res  c’ s t i m u m a t i o m l  of t ime
p arau m l e tc ’ rs al s\ s l c ’ u u m  dc ’s iL ’u i  t u m u m e

T I lL ’ paper hi~ S~’g.,f l . t lmo u i g h i ml  h m j s  u u u u e l u  imior e  c ’ ’ t n m c t i s e  a s s u m n h i t m o n s  u d’omisider s one
file at a t in te . f ’i \ c ’ cI c’ o u u m m m m t i i t i c ’ ,m t i o i )  c i s f s . iui c h o i m lv  u i i t ~’ cu ps i f  f i l c ’ km t h i c ’ utetwork). gives a

umm odel WhtOsd’ so lu t i on  i i i  t h i c ~ I Ic . i s s i L ’ m m u u m c’ i m t  p r o b le m is  ada pt i s  e Segail d evelops a f iu i i te—
sta tc ’ N l a r k o v  procc ’ss a mi d Usc ’s d l V i ) J i i i i c ’ pu i g r j u u i u u m i u i g  i i i  o h i t a u u i  t Ime  o p t i u m m a l  so lu t ion .  This
paper us the only pa pe r  to c l . mt c ’ w h i c h  o h i m , i m n s  an ,id~m I i tive s o l u t i o n  to t i m e  f i l e  a s s i g n m u m e m u t

p roh i emmt .

Stochastic Continuous

Iii t ime discret e c,isc’ Sc ga l l  soh cd  t I mc ’ p rob le mmt  f o r  a two—commupu te r  ne t  work .  F or a
com l mp u ter  u ie twork w i t h  n one t l m a u m  two  c’o i m m l i u t c ’rs t h m c ’re is a t i i i i t e  p r o h i a b i l i t y  t ha t  more
tlmaii one computer  wi l l  request t ime f i l c ’ at  a giv c ’m i t i m i i c ’ . In  a c o n t i m l u o u s  nuodel the  proba-
bi l i ty  of ’ t imat  evemi t is zero , wh ich s imp l i f i e s  tIme anal ysis. Segail again for time stochastic
contiuiuo u s model denves an ada p t ive  so~ u t ~Oni . Time pr i nci pal drawback to this work is that
time fit (ideis are t(u() simple to lie of p rac t i c a l  u se.  But time work is im i mpor ta n t  h iecause it gives
an adapt ive solut ion to time f i le  o p t i m u u i z a t i o n  pro l ilem u m in a d i s t r ibu ted  data base.

18 
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V, RELATIONSHIPS USED IN MODELING DISTRIBUTED DATA BASES

This section contains lists of ’ assumptions , parameters , costs and re iat ion ships t h a t

di fferent aut imors huave considered whmen describing Ilmode ls of distr ibuted data bases and
computer networks.  Timese lists provide a summ imary of per t in ent  ideas wh en developing a

mmuode l whi ie im describes a d i s t r i bu t ed  data base iii a commmpute r  mue tw ork .  ‘l’lme four pri n m iary
categories considere d wh en nmode l ing a distributed data base are : ( I )  l’ile im i for mnation
and para immeters . ( 2 )  transummissio n m characteristics , (3) conlputer characterist ics , and
(4) costs. Sommme overlap exi sts hetwee n time l ists.

File Info rmation and Pa rameters
The salient features wlm ic h describe files t’or the purpose of setting up a model of ’ a

distributed data base are the number of copies of each file , ti me lengt im of each file , and time
rate or frequency at which each of the I’iles is accessed. These features are listed iii Table I .

The number of copies of individual files is usuall y assum ed to be k n own at ti m e ti me
of system design. In addition , most models assume t h at only one copy of a part icular  file
exists in t he distr ibuted data base since t h e  analysis armd modeling are simpler than in time
case of multiple copies. Anotimer option to ch oose fronl wh erm sett ing up time imiodel is to
let the nu nmher  of copies of ’ an individ u al file he a variable used imu t ime op t i m i z a t io im procedure.

For time lengt im of the file one of two choices is usual ly  mad e.  Time lengt im of a file

is assumed to be known or time length of the files assumed to he sim ort .  Wh en time l engt i m of
a file is known , memory restrictions are placed on eacim of the nodes in the distribu ted data
base and the available memory at eacim node is a restriction placed on time model for optimi-

zation. Time use of shiort files arises from several assumptions. Omie can argue t imat  tIme cost

of memory is i n ex pen sive an d . ti m erefo re . the amo un t of storage n eeded at each node is an

irrelevant factor to consid er w h en opti mi zim m g the syste m pe r fo rnm ance. The fact t imat sto rage

capacity at computer sites may be fully utilized places this argument upon untenable grounds.
Another argument is more direct and to the point;  t u e  files are assumm led to he simort be-
cause this implies that  the files are indep endent of eacim ot lmer and . imence . mio im i te r a ctio m m
between the files takes p l a c e — n o t  to ment ion the fact t h at tIme analysis of time op t i m i z a t io um
problem is easier to accomp li sh.

Query and update rates are oth mer file parameters w l mic i m are consider ed wh en model-
ing a distributed data base . For some models query (request for information only)  rates and
update (change the contents of the file only ) rates are combined into a single request rate.
Most models assume that  the rates are known prior to systeuii desi gn. Wimen time rates are not
known , then an estimate must be formed in real time am md the system , possib ly . imas to recon-
fi gure itself based upon the estimated info rmation.

19
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Transmission Cimaracter istics

TIme objective of co i ms md er um mg t r a n s n t u s s i o m m  c lmaracter is t ics  is to de termine  time cost of
transferring informat i on  between miod es of the d i s t r ibu ted  data  base and ensure a rapid response
to queries and upd ates.  Time transmiss ion charact eristics are summarized in Table 11. One of
time concerns w i t h  t r auls ui missuomu charac te r i s t i cs  bc’t wc’c’ u m nodes is t im e t imume to retr ieve and trans-
fer a file fromm m one node of a ne twork  to a u m o t h m e r  um o dc ’. in addi t ion , cons t ra in t s  or pri ori t ies
nma y he placed i ipomm time t ra n sm m miss m on c imai m ne l , or the mumessages (tile queries amid update s and
file trammst ’ers mm u ay tie nm ode I ed l as a q u e u i n g  s v s t e m m m .

Time model s t r u m c t u m r c ’ (or cle t c ’ n u um im u imm g t ime  cost 01’ t r a m m s f ’e r n immg i m m f o r m m m a t m o u u  be tween

um omi es cart be suml i l e  or e labora te ,  l ime s im m t p iest u mmode l  f o r  t ran sm iss iomm cost is to lum mi p a l l

t ime cost im i to  omm e q u i a m l t i t \  w i mic i u  rc’pre sem uts t ime  cost to t r a u u s m u u i t  a pa r t i cu la r  fi le from ii one

mtode to anotlmer node. (‘ommstrain ts . sum c ’ bm as m m m a x i m t m u u m n  r e t r i eva l  ami d t r a n s f e r  t imc ’ ami d trans—

ni iss i om m c im a nn e l  ca h ) ~m c i t \  . . i rc ’ h ilace di on so u m u e of the  u mmodels  . .\ t  t ime ex t remm u e of t he nme ssage

tra n msfe r mm t u i ch e l are c’lahoratc ’ u u i c ’ssagc ’ q u e u i m m g  s t ruc tu re s  wh ic h t ake  i n t o  acc ou mm i t ime average

qu ic ’rv amid u p d i a t c ’ r a t e s u t  a particular f i l e .  r a n d o m  lc ’ n g f l m s  of mmmessages . pr ior i t ies  omm differ-

cul t ty p e s  of u u m e s s ,mgc ’s am id imi fo r im u at i on  t r a u m s f ’crs . ami d average nmessage t r a f f i c  h e twe euu nodes.

Computer  ( ‘hara cteri stics

( o m m m p u m t c r  c l m .mr  i c  t c n m s t u c ’s . h i s tec i  in I j h i c’ I l l . w l michm are re levant  to u m m o d e h i m u g  dus t r i t i—

iitec l da ta  I’ ,ms c ’s f o r  t h e  liu r pos c ’ of i ) 1i t  u u u m a i  f i le  a l loca t ion  are t ime  a m o u n t  of muie m ory . t ’ile

ac~~c’ ss ami d r c’ t n u c s  ml t u u i m c ’ . and t Ime  c’ o u i t p a t i b i h i t y  of program m m s and I’iles on d i f f e r emut  u m i acimines.

1 hue l i n m m m m a r ~ c u i i u i h i t i t c ’r c’ h m a r a c ’Ic ’n i s t u c  c’omm s ic l c ’red is t ime a v a i l a b l e  u i me mnc i r y  at a s i tc  f’or accept—

tri g t ime i r am l s t c ’ r of .i f i l c ’ . . ‘\s m m m e i i t i o m i e d  above.  t h is op t i omi  of i i m m t i t e c l  u m m emm u or v  uri a~ . or nmay

mi ot . be mu u s  ~ kc ’ ih

\ r u o t l m e r  u u r u u p u m l e r  c lu a r a c t e r i s t i c  cv i michm is considered in sonic mui ode h s is t ime access

t i i m ic ’ r e qu i red  to rd t rue v c ’ a I i lc ’ (‘rommu a p a r t i c u l a r  storage m e d i u m .  suc im as disk access t i i i te  as

u p p u i s c ’ l  10 l .m pe cm ii c a ccc ’ss t i i m m e  i loss c’sc ’r. a f t e r  breaking time cost t o t  t u n i c )  of ob ta i n immg

,ic cc’ss to f ’u l c ’ i n t o  f i n e  de t a i l .  c’g qui erv t u m m m c ’ p lu m s  disk access t m m m m e  h i lu s  rc’p l~ t i i t m c’. aim assuimi t i—

ti on i  u s gc’ u m c r a h I v  made to s m m m m p h m l v  t Ime a u m , i l y s i s . An ex a m mm p le of a si m plify i n g assum ptio n wh ich

one mmmuc i c ’l uses is t h a t  t Ime  imuac i mine  ,mccc ’ss t i tume is immuc h m sh orter t iman e i t h er time query or

rc’sp u m u s c ’ mc’ss .igc t u n m m e  au m ch . t h m e r c f  inc . t ime disk access t iu l me  can he igmuored a l toget lm er .

\ r u  u t h e r  , m l t c ’ n i m a t i v c ’ is to  ,mhlu w data to lie t r ans fe r red  to a m m ~’ node of time ne twork while

L 
pruL’r~m mtms cant lie t r a u m s t e r r c ’cl i ink  t i  , m l i m n i  ted subset of t ime  ne twork  nodes. Two points

‘1h moi j l d hi c’ r u t  c ’ i f  im d ’rd ’ I - i n s t .  the  t e n u m m  f i l e  can be used mum a gemmera hized sc ’r u sc’ to include a
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program , as well as data files. Hence , all of the models considered could be used f ’or ho t im

program and file allocation in a network. Second , restricting the nodes of a network to whic h

a file (program or data file) can be transferred is usually a simple constraint which could be

p laced on most of time mum odel s w i t imou t  increasing time com ’m m i i l e x i t Y  of analysis. In m odels w i mic im

assunme t imat  t ime files are imidepend em u t . restr ict im ig time al lowable nodes to whic im a file ca im he

t ransferred immmposes no addi t ional  commstraints . imowever , (‘or ot h er models t h is res t r ic t ion

may he no ntrivial .

Costs

Time f’inal category of relat ionships to he coumsidered wh en de ve l opm img a nmode i for file

allocation in a distrib u ted data base is a collection of miscellaneous costs (Table IV ) .  Th ese

costs include storage costs , que ry  and up date costs , reconf iguration costs. and com iuuuium nica-

tio n costs.

Time only costs wimich all nmi ode ls consider are time cost of storim ig a file at a par t i cu la r

node location and time transmissiomi cost of sending time ir m fornmat i on of omie file fromi ’m one

node to another node. In the case of storage costs of a file at a par t i cu la r  s i te ,  a cost is

charged for time storage of a file regardless of tIme mm ienmory res t r i c t iom u .  In par t icular .  if time

model assumes no restriction on m emn ory ,  a cost is given to tIme ammmoummt  of storage t ima t  a

file requires. As wi t h  message t ra u i sn i i t ta l  tIme trammsmm m issiomi costs mm uay he simmmp le (in eomump lex

and, in fact , time costs for traumsmission are based d i r e c t l y  u ip on t ime  mm i odheh immg of t I me  um i c’ssa ge

transmit ta ls .  The communicat ions  cost can be divided imuto  qu e ry  cost and u p d a t e  cost

The query cost can be furt b mer divided into  a query I i n t e r r o g a t i o n ) cost and r c s l io n m se cost .

along the same lines as ment ione d  above.

The cost of reconfigurat iomi or t rans i t ion  w l men a f ’ile is mmmoved to a miew site is

necessary for the deter ru mim u is t ic  m m iu l t i .p i mase  and s tochmast ic  ummode i s .  Th is t r a u us i t i on  cost

includes only time cost of sending time f ’iie fron m one mu ocl e of time data base to ano t h er node .

No overhead cost for reconfigurat ion imas been provide d in t ime t r ans i t i om ’m cost.

The relationships discussed above describe t ime f a c t o r s  w imicim imave h eemm co mmstdered

in modeling distr ibute d data hascs. Optimal al location of f ’u l es  in a ne twork is a fairl y mmew

field of researcim and time relat ionships listed si m o u m id riot be consid ere d t o ex i maus t  t ime factors

which mig i mt  he needed to model realistic d i s t r i bu t ed  d a t a  bases.
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TABLE I . FILE INF ORMATION \Nl )  p.~i~ .~\I h :TE R S

N u m m u m  her  of copies of a h ar t  i cu iha r  f ’i ie

a. ( .iven at desig um t in t c ’

h. Var ia b l e  omi e (it t ime pa r a m m mc ’tc ’u s  to be u isc d u t  t h m c ’ op t i m u m i / a t i o u m  procc’du m re

2 .  I.e mi g thm of t i l e

a. Sh ort  u mo i i i  t e r a c t i o u m  l i e t sv ec ’m i f i l e s

ii . Kumo wn  l e u igt l m

3. Request  ra tes  f oi~ i n f o r n m a t i u u u  c o n t a i u u c ’d h v, u i l u i n m  t h e  f i l e

a. Ra te  at w h m m c h m  a p a r t i c u m h . m r  p rog raumm r equi c ’sts a f ’ ilc ’
h . Rate  ~t w h m t c l m a nod le in th e m i e tw ork  re i l d ic ’sts a t i l e

4. U p d atc ’ rates f ’(ir n n o c i i f v u m u g  a f i l c ’

~. Quier v ra tc ’s (‘( in ob ta iu i iu i g  u n f o n u m m a t i o m i

6. File dependence

a. h u l dependemmt  of ea ci m o ther  no in t e r ac t iomi  between tIme files

h. Dependent  Up Ori ea ci m cith er

TA BL E II .  TRANSMISSION CHARACTERISTICS

I . ‘I’ i nmme  t o rc’t r ic ’vc ’ (‘il e f ’r ommm om i e u m oc i c ’ of ’ t h m c ’ u m e t w o r k  to a n o t l m e r  m u ocle

2. M a x i m t m u u m m  rc’t r ieva l  t i u m m e

3. Fr an sni t iss i on c h t a u u u m e l  c apac i ty

4. Message queu ing

a er agc ch e lay in sc ’ u i d h i u l g re d lu c’sl or q u e ry

hi . Av c’r .m gc ’ de lay  iii recei v i n g  a r e p l y  (‘rum a query  a f t e r  i f  imas  hieen sem i t

c. Po isson ar r iva ls  of ’ m m c ’ssa gc’s r e q t m c ’st and reply

Rant domim I c’i’i gt h i s of ’ ru m ess,u ees

U . I’r m o r i t i e s

.1. S l mor t  requiests  I migh  p r i o r i  k

Ii . t . omm g r ep l ies  low p r i o r i t y

7 . R a t e  of u i u c ’ssa gc ’ Ira  I f  mc I ’romm i I i  h e t o  u u s c ’r



TABLE Ill .  COMPUTER CHARACTERISTICS

I .  Memory
a. Fini te  a i mmoumut  of u mmeummory

h. No restr ict ion on mmmemmmory

2. File update and retrieval tu ne

3. Programs onl y run on specific nmac hm ines

TABLE IV.  COSTS

I. Storage cost
a. File storage cost
h. Prograni storage cost

2. (‘omm mm mmum u ica t i o ums  cost

3. Query cost

4. U pdate cost

5. Reconfi gurat io n or tram u sit ion cost when a file mum o ves to a ui ew si te

6. Comm unication cost of queries

a. Progra umi user to t i l e

h. File to user e o m u t m u m u m u i c a t i o u i  costs

7 . (‘o m m l u u m u i c a t i o m u  cost of upda te s  ( sammme as (ia ami d Ii )



V I .  S U M M A R Y

Iii t h u s  paper Sic ’ i m j s  c’ e\ a u i m i m m c ’cl t he c’ x m s t u m i g  d u s i n m h i u t c ’d u l , i t . m  h .msc ’ h u e  .ilIoc’atioit

mmm o d i e l s .  \ t’u rc ’ , mk c h o w m m of t ime  m m mo dle l s  h i~ t pe c l e t e r u i m i n m s t u c ’ omme — i ihmas e.  d e t e r m m i m u m u s t  uc i m m u i t m —

p lu a sc ’ . s t o c h as t i c  chm sc ’rc ’t c ’ . s t o c h a s t i c  c o m m t m m u u o u i s  Si , m s  C i S  c i i  I h uc ’ r e l a t i onsh ips am i d m d e m m t i t i e s

used t o  dlc ’ s c n i h i c’ t f u c ’ mt t o d l c’is were d i i  i f ~’ f  l im b f o u r  c , t t c ’ g u u n u es f i lc  i n f o n i m m a t i o i m  amtd  p a ramume-

tc ’rs . t r a m u s m u m m s s m o u m  c h i . i r , i ~ t e r i ~ t u c ~ . c o m m i p u i t c u  c i m a r , i c t c ’ n u s u t c s , and costs In time i u m v c ’ s t u g a t i o u u s

is i m u c h m icc! to t h is paper ii ii .ts seen t h a t  t Ime  i l lu i c l e l s  clef m m mccl is crc m m m u t u . m l l ~ s c’r\ g c uu c ’r a h .  I hm 5 ’

T t i u i clc ’ls u i md ’lud lcdl r e i a t u o u i s h u u p s  sv h u m c i m  sv c ’nc ’ s c ’r \ iic’ ta i l ed  in t i mc ’ mr dIL ’ su. n u p t u o u m  of t h i c ’ t ’mie  a h lO c ’a—

lion P r oh iem im . I i i  prc’i’io us , m u u a l ~ sc’s u s u u i g  t ime se  um m o c le ls . s i u m m p i i ( ’i c a t m o n s  were o f t c ’m t immade f o r
c (ui u m pdi t .mti oiial tr act , mb i t mt ~ \l .mmi ’, i f  t ime  , m s s u m m m p t u o n s  , i i td mm tod cls  d’ i i d i d ’ dl di i i  so r e s t r i c t e d  m m

sco pc’ ( i n  dl c ’ t , i i l  .1’. t o  be d m n r c ’,m h m s i m c ’ . I h u e r c ’ us .m e rc ’ , i t  mmcccl  f o r  i m m u r e  is o r k ,  ui t l m m s  ,mrc ’ .i
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