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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 accurately model the file allocation problem in a computer
network.

RESULTS

1. Existing distributed data base file allocation models are broken down by type
(deterministic one-phase, deterministic multi-phase, stochastic discrete, stochastic con-
tinuous) and reviewed. They are described in terms of file information and parameters,
transmission characteristics, computer characteristics, and costs.

2. The models defined are found to be initially very general, but simplification for
computational tractability results in restricting them so severely in scope or detail that they
end as unrealistic.

RECOMMENDATION

1. Develop and analyze realistic adaptive stochastic models.
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I INTRODUCTION

The use of distributed data bases became a practical reality with the implementation
of the ARPANET. Before that time 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 perform scientific calcula-
tions very efficiently while others may perform input/output operations very efficiently.
Currently, no computer performs 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 well as others,
computer networks will be used in more and more applications, in particular, military
applications.

Military systems seem particularly suitable for implementation in a distributed
computer network. In military systems it is very important to communicate information
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 ecach command. Much of the infor-
mation collected by commands is shared with the other commands. Currently, a great por-
tion of this communication is done by teletype 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 might be if it were the response to a query. Computer to computer communi-
cation would allow less duplication of information, transmittal of more relevant information
and quicker transmission and usage of the information. For these reasons the study and

eventual efficient implementation of military distributed data bases are necessary.
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The objective of our work is the design of efficient computer networks. To pursue
this objective we are currently investigating the problem of minimal cost allocation of files
in a computer network. In this report we review much of the previous work in this area to
establish the relationships which need to be considered to accurately model the file alloca-
tion problem in a computer network. Most of the previous work has assumed complete
knowledge of the data base parameters. Solutions to the minimal cost allocation problem
were fixed in time, either in a one-time period or multi-time period problem. In our
research, of which this paper is the first step. we want to consider the dynamic adaptive
allocation of files.

The remainder of this report is divided into five sections which lead to the cata-
loguing of relationships which will be used in modeling adaptive distributed data bases.
Section 2 classifies the distributed data base allocation work into four types of models:
deterministic one-phase, deterministic multi-phase. stochastic discrete. and stochastic con-
tinuous. In Scction 3. examples of the models of the above types are given, and the rela-
tionships and assumptions usced to define them are detailed. In Section 4. the work done by
previous authors is critiqued. In Section 5, a list of relationships is compiled which will be
used to model command control distributed data base systems. A summary of this work

1s given in Section 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 — multi-phase

(iii) Stochastic — discrete time

(iv) Stochastic — continuous time
The classification is based upon model assumptions and does not necessarily reflect the true
environment of the distributed 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 (1) the probability that a user will request a specific 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 the new value of the
parameter and the time when it changes are known. On the other hand, stochastic
models allow for unknown parameters. These parameters are usually estimated and then the
distributed data base dynamically reconfigures to optimize system performance.

Deterministic systems are categorized into one-phase deterministic systems and
multi-phase periodic deterministic systems. In a one-phase deterministic 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 multi-
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 night shift. File usage rates would change
when the shifts change and the times of the shift change would have to be known in addition
to knowing the rate changes. As can be seen from the general description of these deter-
ministic models, the models are not flexible and, in general, are not realistic models to
describe a distributed data base in the real world.

Stochastic models allow for some parameters to vary or to be 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 situation is when the distributed data base under consideration is
linked together by asynchronous communication lines. In a continuous time stochastic
model, events are allowed to occur at any time. For example, a file usage rate may be 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.




I11. DISTRIBUTED DATA BASE MODELS - EXAMPLES
In this section a brief summary of the models used to describe the file allocation
problem in distributed data bases is given. The models will be described chronologically with-

in the breakdown given in the previous section.

Deterministic — One-phase
The original work in file allocation was by Chu. 1] He considered the following

zero-one programming model. Consider a network withi= 1, ..., n computersandj=1, ....

h

m files. Let Xii indicate the j(h file is stored on the it computer,

h

(1 j‘h file stored in it computer

i~ [0 otherwise

Let I be the number of redundant copies of file j. The following constraint is required

Let Li be the length of the ilh file and b; be the available memory size of the ith computer.

Then the memory constraint implies

n
=1

h kth

Let ik denote the expected time for the it computer to receive the jlh file from the

computer. Let Tii be the maximum expected allowable retrieval time of the jth file to the
ith computer. Then djjk must be less than 'l‘i]-.
=X A T
(1 XIJ)‘\I\'_I ..luk\ IU
Note that it B = I then Xii ,\'ki =0 for i1 # k and the above equation reduces to
Xkj aijk < Tij

In many of the models that follow it is assumed that ik Is a constant, but in this case ajik
is estimated as a function of the file access rate and line transmission speed. The structure of
ajjk assumes that

(D ()
ik = Wik T ki T Wi

| kth

where w‘-‘! Vis the expected queuing delay at the jth computer for the channel to the
8,

P4 I : é ;
computer, Wi i the expected queuing delay at the kth computer for this channel to the




ith computer, and tj is the expected computer access time to the jth file. The super-
scripts indicate priority classes of messages. To simplify the analysis it is assumed that tkj
is small compared to the queuing delays, and, further, that the delay of the short high
priority request messages is much shorter than the longer low priority reply messages.

Thus aik is approximated by wg)using a queuing model with Poisson arrivals of re-

quests at a rate A; between the ith 4ng kth computer. To complete this queuing model the
following parameters are needed: lj the length of the file portion sent in response to the
query. Note lj < Lj. The average time to transmit the reply from the kt to the ith com-
puter is 1/u;, . The request rate for the _ith file at the ith computer is Ui
Then

m
=1
Let
]/[.lJ = IJ/I{

where R is the transmission rate from the k! to the ith computer. Then I/yj is the trans-
mission time. The average time required to transmit a reply is then
m
Vg = (1/7) Z uj; ( "Xij) ij/“j
i=1

The traffic intensity is defined to be

m
Pik = Aik/Mik = z uii(1-X55) Xyj/uj
=l

Then queuing theory for a Poisson arrival, constant service time model implies the waiting time

(7

wk‘i') = pik/(?_uik( 1-pj)) fori#k

5
Taking the formulas above, combining them with the restriction wL‘i) < T.; implies

ij
The above define all the constraints in Chu’s model. All that needs to be defined now is the

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

sion costs,

€= Cstorage * Ctransmission




p—

where
( storage =_"‘ ( i Lj Xij
L
and

- ) . y _ N y
Cransmission = 2 Cite &5 My Ay =Kl r >_ Cige %5 M5 Xy By
1).K 1.J.k

The tirst term ine the transmission cost represents costs due to file request and the second
term represents costs due to file update where Pi_i is the frequency of modification of file j
on computer i. For multiple copies of files this model is not linear. but since the program-
ming problem is a zero-one problem there are standard methods for lincarizing the model
which requires additional constraints. The model is not very efficient. For a simplified
three computer, five file, one copy network the time to find the optimum solution was 25
seconds on an 1BM 360/65.

Whitnc,\'I 21 considers the tollowing problem which is of the one-phase deter-
ministic variety. Let GOT,Lj be the graph of the network on which the distributed data base
is located, where T is the set of nodes which represents the locations in the network where
the terminal users are located and L represents the edges of the graph which are communica-

tion lines between user nodes. Communication costs are given as wcights{g |1neL[> on the

m
edges of the graph. Let S;j represent the weight of shortest path from node i to node j.

ic Sij represents the cost of the least expensive communication route from computer site i
to site j. Given the graph GET.L), then an efficient algorithm developed by Hu deter-
mines the path which vields the minimum communication cost between the two nodes of
interest. This minimum communication cost, Sii‘ Is given as

S“ = mm\ S Wiere I’” 1s a path from node 1 to node J.

>
I i
['he next quantity considered in this model is the message traffic from user terminal

1 to file K. which 1s represented as 'yilki and given by
¥j(k) = Pi(k) R(k)

where Pitk) is the probability that file K is requested from site j and R(k) is the rate at which
some record of file k is requested. All records of a file are homogencous. and. therefore.
R(K) represents the rate of request for cach record of file k. The quantity 7i(k) corresponds
to the rate of message traffic tor records of file k which is generated by user terminal i.

Now the cost to minimize for the assignment of file K is




B |

min Y 7i(k) Sii
LT
The cost of assigning file k to site j is given by
d
i€l
and is a minimum when

tkg) < tek.i)

for every ieT. Although not explicitly mentioned by Whitney. it appears that each of the
costs t(k,j). jeT. must be computed and then a comparison of the costs must be done in
order that the minimum cost be tound. The model is also generalized slightly by allowing
multiple copies of a file to exist in the data base.

I'he tollowing paper by ('uscy|3| presents a simpler model than the above models i

=

most ways except that it treats the number ot copies of each file as a variable. Casey
assumes the files are independent of each other and thus may optimize one ftile at a time.
Three costs are considered: storage. query. and update. The query and update costs consist
of communication costs. Thus if [ is an index set representing the computers on which a
given file resides the cost C(1) is given by
n
((|):X L’/d'l\"‘)\ min dl\ ar Ok
=, | | | fos ]
i=1 \kel - kel
where
0y is the storage cost at the kM ¢ \
k 15 the storage cost at the computer
djk is the cost of communication from node j to node k tor a query

d;k is the cost of communication from node j to node k tor an update

)\i is the volume of query traffic emanating from node j

[}

Vi is the volume ot update traffic emanating from node |

Note that C(¢)=0 so that the problem is nontrivial. Using this model Casey proves some
theorems about the optimal number of copies of files in the network and properties of the
optimal file allocation.

A later paper by Morgan and chinl'”

considers a model more general than Casey's
and different from Chu’s. Their model considers both programs and data tiles. They differ-

entiate between programs and files because they assume that in a heterogeneous network

—————————————— el



files would be transferable among all the computers but programs would be trans-
ferable only among homogenecous subsets of computers. In their model. described below,
the indices 1,J.k reter to computers, t to tiles and p to programs. The network is assumed to
have N computers. F files and P programs. Queries and updates are assumed to be processed

through programs. 1t

/\iN be query tratfic from node i to file f via program p
)"ipf be update tratfic from node i to file { via program p
(.ii be communication cost per query unit from i to |

(';j be communication cost per update unit from i to j
aif be storage cost of tile fat

’

U_lp be storage cost of program p at )

a be expansion factor for query message

B be expansion factor for update message

Jp be set of nodes where program p may be stored
The expansion tactors are the ratios ot the length of query (update) from a program to the
length of query (update) trom the originating node. To define the model the following

control variables are required:

v = Y1 ifcopy ot file fis stored at node k

kit 0 otherwise

yip = §1 it copy of program pis stored at node j
0 otherwise
I

e

i {0
\;r = I
“ikp {0

if transactions from node | to tile t are routed to node k
otherwise

if transactions from node 1 to file [are routed to node j via program p
otherwise

The following two parameters define trattic flow:

Pif =§‘ A

ip

U/“-=\ "‘ipt'

—
i.p

xiip is query traffic to file f processed at node j

is update tratfic to file £ processed at node j




The model may now be described. The objective is to minimize

C= z }‘ipf"‘(‘ii*xi‘}p = Communication cost of queries from initiating nodes
£51.p i to the programs
i3 Z )\im'- *(‘fi*‘iirf = Communication cost of updates from initiating nodes
&l e to the programs
+ z pit‘*a(‘ik*xikf = Communication cost of queries from programs to files
fJ.k
1 z ‘*”it‘*ﬁ*(‘;k*ykf = Communication cost of updates from programs to files
fi.k
+ 2 Ty Ykt = Storage cost of files
f.k
2 ' ' " ; e - e -
+ Z Tip*Vip = Storage cost of programs
P

: Subject to the following constraints:

® To assure the attainment of a feasible solution there must be at least one copy of each

! file and each program,

zy“; > p=1, .. P
]

=y =1,...F
;ykt f=1

® To assure that every transaction to every file, via every program and from every node,

will have a defined route:

f " . $a :
injp>l i=1,...N;p=I,...P;f=1, .. F
j
Z"jkf>l i=l, ...N;f=1, .., F
K
9




® To assure residency of the appropriate files and programs in accordance with the defined

routes

f E o= N A D fm 5]
.__,xijp QN_\W =l Np=1, . Pif=1, L ]
i
N <Ny k=1, N:f=1l, .. F.
;x_lkl Yki AT
]

® To assure that program p will reside only in a node at which it can be processed

a7 1 = ]
Vip 0 |e.lp, pE=lia sl

And y;5 . ¥y

Vi Njkgare binary variables.

i

Deterministic — Multi-phase

Levin and Morgunis' also consider deterministic multi-phase models. Their model
Is a generalization of their one-phase model. Using the decomposition result mentioned
above they define a model to minimize the cost of allocating one file at a time. The model
above is used with the tollowing changes:

e 1 if file copy is assigned to node k at period t
“kt O otherwise

-
I

{kr_\'k[ = ]} is an arbitrary assignment ot a file at period t

7
I

{K s s K[«}is an arbitrary arrangement of file assignments at periods 1 to T
The cost consists of two parts. First is the sum of the operating costs C( K{) over all

time periods given by the model in the previous section. The second is the transition costs
to change the file allocation from one period to the succeeding period. To determine this
cost a little additional notation is necessary. Let L, denote the length of the file in storage
units. Let y be the transformation factor from storage units to message units. Then the

number of message units, [‘m' required to transmit the tile is given by
L = Lgy

I'hen the transition cost from period t-1 to period t is given by

LR Ky L min- Cep

teK, %Ki

10




This cost is determined by sending the file over the most economical path. Combining the
above equations the total cost over T time periods is given by
T
G(Kp) = C(Kp + T, (K¢ Kp)
=1

The optimal solution ET is given by

G(KT) = min G(K)
h.r

The final multi-phase deterministic model to be discussed is by chull.| 6] Segall ex-
tends the scope of this model from deterministic to adaptive models to be described in a
later section. To obtain the adaptive results, a model which is much more restrictive
than the model of Levin and Morgan is considered. The following general assumptions are
made in this model; there is only one copy of each file in the network, files are short so that
there are no storage or communication limitations, the files are requested according to a
mutually independent process. and files may only move from computer to computer in
response to a request. These assumptians imply the files may be considered independently
of each other. With these assumptions the model may now be defined for a network of two
computers. Let

Y.(t) = {l if file st'orcd at computer i at time t

1 0 otherwise

where i=1,2 and t=123, ... and

{ni(t) 2= l,l....}

be two independent binary sequences describing the file requests at each computer, where
n;(t) = 1 if there is a request for the file from computer i at time t and n;(t) = 0 otherwise.
Let aj(t) be the random rate of ny(t). Let B(t) contain all past information relevant to the
evolution of n(*).

Then

P{n()=1 : B(t=1)} = a;(t)

Let (‘ii denote the cost of transmitting the file from computer i to computer j. Let C;
denote the cost of storing the file at computer i. Then the expected cost over all time
periods is

3

T 2
c=eY I (cvn+ > ¢ Yo o
(=1

i=1 i=1
11




The control variables of the process are

w(t) = d1 ifdecision is to transter file to memory i at time t
L 0 otherwise

The evolution of the process is detined by

YI(H'I):Yllll(l—u\(l))+ \'s(nulln

Yw(l+l)=\'liliuﬂl)* Y A0 (1=un(t)).

Since the files may only move in response to a request the controls are functions of the
Y; (+). Thus

ul(l):uwlil)\'ﬂl)nlln
ua(t)=u|~m\'|mmm.

The optimization problem is then to find the control laws ji(*) and initial locations to
minimize the expected cost of the network operation. For deterministic models Segall
also considers the following deterministic continuous time model. because in a network

with more than two computers the analysis is casier. Let

N:At) :t>0 1=12....M
1

be M independent counting processes representing the file requests at the individual com- '

puters. Let A(t) be the random rate of the requests. The costs (&

the previous paragraph. Thus over a period of time T the total expected costs would be

M M
| LA
C=F / N Y, (0 de+ N \ Cjj Yi(t=) dNj(t)

Yo | 4

i=1 i=1 j#i

and ('ii are the same as in

The controls of the process are defined to be

I file in computer i at time t- and requested by computer 1#0 at time t
aii(l) = and decision is to erase at 1 and store at j
; 0 otherwise.

The dynamics of the files are given by
dY;(t) = =¥ (t-) Zann)dN»m £ a0 Yi(t=) dN (). :
| AR | | 1
171 171
The problem is then to find the optimal controls agi(*) which mimimize the operation cost

of the model.




Stochastic — Discrete Time

There are two types of stochastic discrete models. The first is by Levin and
Morgan[ 51 which is an extension of their previously described deterministic models. The
second is by Segall[(’l which, though it has more restrictive assumptions, is broader in
scope. This will be clarified below.

In the model of Levin and Morgan they assume the request rate )\il’l and update rate
)‘;pl are random variables. Rather than optimizing (}(K%‘.) Levin and Morgan optimize

E(‘-(l_(;) =min EG(Ky)

Ky

This is equivalent to optimizing the original model with the request and update replaced by
the expected values of the request and update rate. To obtain the optimal allocation, the
request and update rates are estimated statistically and substituted for the expected values
of the request and update rates. The optimal allocation is then determined as in the deter-
ministic cases.

The paper by Segall gives an adaptive file allocation algorithm as opposed to the
static allocation algorithm of Levin and Morgan. This is an extension of his two-computer
deterministic models given above. The notation used here will be that given above. It is

assumed that only one of the time varying rates is random. The system dynamics are

Yllt'*'l): YI(U“—U:(NI +Y3(t)u|(t)

Yo(tt D =Y (D) usy() + Y50 [1-u(0)]
with the controls

u](t)=a:|(l)Y:(t) ny(t)

u:(t)=a|2(l)Y|(l)n:(t)

where, here it is assumed, n(t) is Bernoulli with known rate as(t)and ny(t) has a random
rate aj(t). The random rate aj(t) will be modeled as a finite-state Markov process with
states

p(l)<p(2)<_,_<p(m),

transition probabilities
Pr’a](tﬂ )= p‘-” | ap(t = p(i)*= qij(t),
and initial distribution

Pr{ul(l)=p(k)}= T k=12, ... m.




Define the variable
i {l if a(t) = p(k)
*k 0 otherwise

Let x(t) be the vector with the components Xi- 1=1, ..., m. Let X(t/t-1) be the least squares
estimate of X(t) given{n (1), .. nj(t=1)}. Then the problem is to find the optimal controls

to minimize the cost function
T
C= l? “(I +(l ) ilﬂ([)l Yl(l) 5 l(\ + (w] ﬁ](f"l" )l (]-Yl(”)}
Li P 2 2
[:

where fil(! t=1) is the estimate of ap(t) given information up to time t.

Stochastic — Continuous Time

As in the discrete case chull‘ 6} models the continuous time request rates as a
finite-state Markov process. The notation will be the same as the above notation for the con-

tinuous time deterministic multi-phase model. The dynamics of the file are again given by
dY;(t = -Y i“"zai_i“' dNj(o + Zcxjim Y;(t=) dN:(t).
171 171
T'he problem is to determine the dynamic controls
* v r Ly
a”‘t, — (X” (t..\l(\). \l‘\,. S < t,1= ]. ATyl \1’
that minimize the cost
T %1 M
= E SN + > NN T .
C=E .{() L(l\‘mdt E _(”\ln »di\‘lm
=1 1=1 j#i
Defining
Ji =i it‘Yi(li =1,
there is a one to one correspondence between J(+) and Y(+). thus the cost may be written

more compactly as

T ~
C=E {) F(eJeoA oo dt.

To avoid notational difficulties Segall further assumes that only \,(t) is random and that

Ai(t). i=2, ... M are deterministic. The random rate A () is modeled as a finite-state

Markov process with states

p(l)<p(2l< _“‘<p(ml




and transition probabilities
PriXj(t+d) = o) I X (1) = p M} = q (1) dt + 0 (d0) ki
Pr{A;(t+d0) = oK) 1x (0 = p®} = 1+ g0 dt+ 0o

where

qkk(l) = -2 (]ki(“
#k
and initial distribution
Prix;(0) = pK)}= 7.
Define

Lif A (1) = pk)
= |
Xt {0 otherwise.

Then if X(t) is the least squares estimate of

(0 = [x(0), o x (0] T
and

veny

(I). p(m)IT

I
S

p
then the best estimate il(t) of Aj(t) given {N| (s), s <t}
is

(0= pTRct).
Then the cost may be written
T
C= Ejo L(t.J(t).X(t)) dt
where X(t) satisfies the m-dimensional recursive equation

A A ~ P ﬁ(t_))
df(t) = [QT(HR(v) -P(R(t))p]dt + —(T"——B dN (1)

P K(t-)

where

Q) = [qg;(D] kj=12,...m
and
P&(t) = EFt (0T &(1)).

To solve this model results from the theory of stochastic processes are required.
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V. CRITIQUE OF MODELS

The first research in the allocation of files in a distributed data base is due to
Chul1] Chu treats the deterministic one-phase model. His work has the most general
assumptions of all the papers considered herein. As the papers became more current the
models became less general. For example. Chu is the only author to consider a finite
memory hmitation. However, the later papers consider more general types of problems.
for example stochastic or multi-phase models. In this section a review of each of the papers

by category will be given.

Deterministic One-phase

Most of the authors consider models of this type. As mentioned above Chu's model
is the most general. He considers himited memory . file length, communication delay as a
function of the file request rates, update rates, storage costs. communication costs, and
multiple copies. These factors are used to build a zero-one programming problem which
can be transterred. using standard techniques. into a linear zero-one programming problem.
This model laid the framework for the succeeding models. The principal drawback of
Chu’s model is that it requires that all the parameters, eg number of copies of files. request
rates, etc, be known and constant throughout the use of the system. Another drawback is
that the algorithm tor optimizing the performance of this model is computationally
very slow.

Whitney's model of file allocation is only part of an overall system design model for
a network. The solution technique used to allocate the files is not very elegant; the cost of
assigning a file to each site must be computed and then the site associated with the minimum
cost is allocated the file. In order to compute the cost of assigning a file to a particular site.
all of the routes between the proposed site and sites which request the file must be enu-
merated. In any system with a large number of nodes the allocation of just a single file
would be a formidable task to perform because of the problem of enumerating all the pos-
sible routes between two nodes. In addition to the enumeration problem all parameters
associated with a file (request rates from each user, length, etc) must be known prior to
system design.

Casey. noting that Chu assumes the number of copies of files to be known, attacks
the problem of determining the optimal number of copies of files in a distributed data
base. Though his model is not as general as Chu’s, it considers the costs of locating files at
nodes, communication costs of queries and updates and volume of communication and up-
date traffic. This model allows each file to be treated independently. Using these assump-

tions Casey is able to prove theorems which determine the optimal number of copies of files
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and procedures for efticiently determining the locations of the files. The principal draw-
backs in this work are the limited assumptions, independence of files and unlimited mem-
ory, which 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-phase and stochastic models, to be discussed below. In the one-
phase deterministic model they differentiate between programs and data files. This is done
for two reasons. First, programs are not necessarily compatible with all computers in a net-
work, while data files can be made compatible. Second, programs can initiate requests for
other files while the reverse does not occur. This model also has no memory limitations.
The model is more general than Casey’s but not more general than Chu’s. The communica-
tion costs are given and are not a function of the message tratfic. These assumptions
allowed Levin to prove that the file allocation problem can be decomposed to individual
file minimization problems. The optimal file allocation can be obtained by optimizing
the location of one file at a time. Such results are interesting and can extend the intuition
with regard to file allocation. But assumptions which neglect the interrelationships of files
are lacking in realism.

The models discussed above are all deterministic one-phase models. This type of
model assumes that all the characteristics of the network are known at design time and that
they remain the same thereafter. This assumption is a severe restriction. The model described

in the next section is one generalization.

Deterministic Multi-phase

Levin and Morgan generalize their one-phase model into a multi-phase model.

The model is deterministic in that the assumption is made that for each time period all the
characteristics of the model are known. The same basic model is considered as in the one-
phase model with the addition of a transition cost between time periods. This takes care of
the cost of transferring files from their allocations at one time period to the next. The
authors do not give an algorithm for solving this problem. They do refer to another paper
in which a dynamic programming solution is discussed. The major drawback in this model
is that the system designer must know the file usage in advance. as in the one-phase model.
Realistic systems of the future will necessarily have to be adaptive and deterministic models

will only be useful for either preliminary analyses or finding approximate solutions.

Stochastic Discrete

The stochastic model of Levin and Morgan is based on their multi-phase deterministic

model. The equations are the same. The only difference is that they assume the request
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and update rates are random variables rather than known quantities. Thus in order to opti-
mize the objective function they must consider the expected value of the deterministic
objective function. Levinl7] demonstrates that the optimal solution to the file assignment
reduces to that of estimating the first moment of the access rates distributions. The draw-
back to this work is that the optimal solution is not adaptive but requires estimation of the
parameters at system design time

The paper by Segall. though 1t has much more restrictive assumptions (considers one
file at a time, fixed communication costs and only one copy of file in the network), gives a
model whose solution to the file assignment problem is adaptive. Segall develops a finite-
state Markov process and uses dynamic programming to obtain the optimal solution. This
paper is the only paper to date which obtains an adaptive solution to the file assignment

problem.

Stochastic Continuous

In the discrete case Segall solved the problem tor a two-computer network. Fora
computer network with more than two computers there is a finite probability that more
than one computer will request the file at a given time. In a continuous model the proba-
bility of that event is zero, which simplifies the analysis. Segall again for the stochastic
continuous model derives an adaptive solition. The principal drawback to this work is that
the models are too simple to be of practical use. But the work is important because it gives

an adaptive solution to the file optimization problem in a distributed data base.




V. RELATIONSHIPS USED IN MODELING DISTRIBUTED DATA BASES

This section contains lists of assumptions, parameters, costs and relationships that
different authors have considered when describing models of distributed data bases and
computer networks. These lists provide a summary of pertinent ideas when developing a
model which describes a distributed data base in a computer network. The four primary
categories considered when modeling a distributed data base are: (1) file information
and parameters, (2) transmission characteristics, (3) computer characteristics, and

(4) costs. Some overlap exists between the lists.

File Information and Parameters

The salient features which describe files for the purpose of setting up a model of a
distributed data base are the number of copies of each file, the length of each file, and the
rate or frequency at which each of the files is accessed. These features are listed in Table 1.

The number of copies of individual files is usually assumed to be known at the time
of system design. In addition, most models assume that only one copy of a particular file
exists in the distributed data base since the analysis and modeling are simpler than in the
case of multiple copies. Another option to choose from when setting up the model is to
let the number of copies of an individual file be a variable used in the optimization procedure.

For the length of the file one of two choices is usually made. The length of a file
is assumed to be known or the length of the files assumed to be short. When the length of
a file is known, memory restrictions are placed on each of the nodes in the distributed data
base and the available memory at each node is a restriction placed on the model for optimi-
zation. The use of short files arises from several assumptions. One can argue that the cost
of memory is inexpensive and, therefore, the amount of storage needed at each node is an
irrelevant factor to consider when optimizing the system performance. The fact that storage
capacity at computer sites may be fully utilized places this argument upon untenable grounds.
Another argument is more direct and to the point; the files are assumed to be short be-
cause this implies that the files are independent of each other and. hence, no interaction
between the files takes place—not to mention the fact that the analysis of the optimization
problem is easier to accomplish.

Query and update rates are other file parameters which are considered when 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 system design. When the rates are not
known, then an estimate must be formed in real time and the system, possibly. has to recon-

figure itself based upon the estimated information.
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Transmission Characteristics

The objective of considering transmission characteristics is to determine the cost of
transferring information between nodes of the distributed data base and ensure a rapid response
to queries and updates. The transmission characteristics are summarized in Table I1. One of
the concerns with transmission characteristics between nodes is the time to retrieve and trans-
fer a file from one node of a network to another node. In addition. constraints or priorities
may be placed upon the transmission channel, or the messages (file queries and updates) and

file transfers may be modeled as a queuing system.

The model structure for determining the cost of transferring information between
nodes can be simple or elaborate. The simplest model tor transmission cost is to lump all
the cost into one quantity which represents the cost to transmit a particular file from one
node to another node. Constraints. such as maximum retrieval and transfer time and trans-
mission channel capacity. are placed on some of the models. At the extreme of the message
transfer model are claborate message queuing structures which take into account the average
query and update rates of a particular file. random lengths ot messages. priorities on differ-

ent types of messages and information transfers, and average message traffic between nodes.

Computer Characteristics

Computer characteristics, hsted in Table I, which are relevant to modeling distrib-
uted data bases tor the purpose of optimal file allocation are the amount of memory, file
access and retrieval time. and the compatibility of programs and files on different machines.
The primary computer characteristic considered is the available memory at a site for accept-
ing the transter of a file. As mentioned above. this option of limited memory may. or may
not. be invoked.

Another computer characteristic which is considered in some models is the access
time required to retrieve a file from a particular storage medium, such as disk access time as
opposed to tape drive access time. However, after breaking the cost (or time) of obtaining
access to file into fine detail, eg query time plus disk access time plus reply time, an assump-
tion 1s generally made to simplify the analysis. An example of a simplifying assumption which
one model uses is that the machine access time is much shorter than either the query or
response message time and. therefore, the disk access time can be ignored altogether.

Another alternative is to allow data to be transferred to any node of the network while
programs can be transferred only to a limited subset of the network nodes. Two points

should be noted here. First, the term file can be used in a generalized sense to include a




program, as well as data files. Hence, all of the models considered could be used for both

program and file allocation in a network. Second, restricting the nodes of a network to which
a file (program or data file) can be transferred is usually a simple constraint which could be
placed on most of the models without increasing the complexity of analysis. In models which
assume that the files are independent, restricting the allowable nodes to which a file can be
transferred imposes no additional constraints, however, for other models this restriction

may be nontrivial.

Costs

The final category of relationships to be considered when developing a model for file
allocation in a distributed data base is a collection of miscellaneous costs (Table 1V). These
costs include storage costs, query and update costs, reconfiguration costs. and communica-
tion costs.

The only costs which all models consider are the cost of storing a file at a particular
node location and the transmission cost of sending the information of one file from one
node to another node. In the case of storage costs of a file at a particular site, a cost is
charged for the storage of a file regardless of the memory restriction. In particular, if the
model assumes no restriction on memory, a cost is given to the amount of storage that a
file requires. As with message transmittal the transmission costs may be simple or complex
and, in fact, the costs for transmission are based directly upon the modeling of the message
transmittals. The communications cost can be divided into query cost and update cost.
The query cost can be further divided into a query {interrogation) cost and response cost,
along the same lines as mentioned above.

The cost of reconfiguration or transition when a file is moved to a new site is
necessary for the deterministic multi-phase and stochastic models. This transition cost
includes only the cost of sending the file from one node of the data base to another node.
No overhead cost for reconfiguration has been provided in the transition cost.

The relationships discussed above describe the factors which have been considered
in modeling distributed data bases. Optimal allocation of files in a network is a fairly new
field of research and the relationships listed should not be considered to exhaust the factors

which might be needed to model realistic distributed data bases.
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TABLE I. FILE INFORMATION AND PARAMETERS

1. Number of copies of a particular file
a.  Given at design time

b. Variable  one of the parameters to be used in the optimization procedure

2. Length of file
a. Short  nointeraction between files
b. Known length
3. Request rates tor information contained within the file

a.  Rate at which a particular program requests a file
b. Rate at which a node in the network requests a file
4. Update rates for modifying a file
5. Query rates for obtaining intormation
6. File dependence
a. Independent of each other  no interaction between the files

b. Dependent upon each other

TABLE II. TRANSMISSION CHARACTERISTICS

1. Time to retrieve file from one node of the network to another node
2. Maximum retrieval time
3. Transmission channel capacity

4. Message queuing
a. Average delay in sending request or query

b. Average delay in receiving a reply from a query after it has been sent
¢. Poisson arrivals of messages — request and reply
5. Random lengths of messages

6. Priorities
a. Short requests — high priority

b. Longreplies  low priority

7. Rate of message traffic from file to user




to

TABLE IlII. COMPUTER CHARACTERISTICS

Memory
a. Finite amount of memory

b. No restriction on memory
File update and retrieval time

Programs only run on specific machines

TABLE IV. COSTS

Storage cost

a. File storage cost

b. Program storage cost

Communications cost

Query cost

Update cost

Reconfiguration or transition cost when a file moves to a new site

Communication cost of queries
a. Program (user) to file

b. File to user communication costs

Communication cost of updates (same as 6a and b)




VL SUMMARY

In this paper we have examined the existing distributed data base file allocation
models. A breakdown ot the models by type (deterministic one-phase. deterministic multi-
phase. stochastic discrete. stochastic continuous) was given. The relationships and identities
used to describe the models were divided into tour categories: file information and parame-
ters. transmission charactenstics, computer charactenstics, and costs. In the investigations
which led to this paper it was seen that the models defined were initially very general. The
models included relationships which were very detailed in their description of the file alloca-
tion problem. In previous analyses using these models. simplifications were often made for
computational tractability. Many of the assumptions and models ended up so restricted in

scope or detail as to be unrealistic. There is a great need tor more work in this area.
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