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A Dynamic Programming for Solving Resource Allocation
Problems in Video-on-Demand Service Networks

Myeong-Rai Cho'

ABSTRACT

I 1= slrongly belleved that ¥ideo on DemandVOD) will hecome one of the most promisimg services m Broadhand
Inlegraled Services Digrtal Networl{D-ISDN) [or lhe next generalion VOD serviee can be classified mio Lwo (ypes of
services * Near VOD(NVOD) and Interactive VOD{IVOD), For both services, some video servers should be inslalled al some
nodes{especially, at the Tool node for WVOD servee) m the iree stctured VOD network, so Lthal each node wilh video server
stares video programs and distnbules stored proprams lo customers, We consider ihree lands of cesls . a program
lransiussion cosl, a program slorage cost, and a video server mstallation cost, There exasts a trade—off relabionship among
those Lhree eosls according to the localions of video sarvers and the lands of programs stoved al each viden server,

{(iven a tree struclured VOD network and the total number of programs being served m the networlk, the resource
allocation problem m a VOD netwark providing both IVOD and NVOD =ervices is 1o determme whare 1o install video servers
for IVOL service, which nd how many programs should be stored at each video sexver Tor both IVOD and NVOD sernces, 0
as to mummze the lotal cosl which is the sum of three costs [or both IVOD and NYOD services

In this paper we develop an efficient dynamic programrmung algortthy (or solving the problem We also implement the
algonithm based on a service policy assumed 1n this paper
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1. Introduction

The emergence of B-ISDN(Broadband-Integrated
Service Dhgital Networl) and the advance ol several
technologies such as ATM(Asynchronous Transler
Mode) techmology, image compression/Tetrieval tech-
nology, and multimedia storage/transmission technol—
ogy make it possible to provide customers with ngh
handwidth mleractive services such as video on de-
mand (VOD). home shopping, video conferencing, etc
Especially, VOD secms to be the most attractive service
for the next generation. YOD services can be classified
into twa types © intoractive VOD(IVOD) and near
VODINVODI(L, 4]

I[VOD is a reul nme service Lhat provides a customer
with a reguested program for the customer to control
it, However, IVOD requires expensive and highly de-
veloped Video Server(VS)s and storage medums 1o
support the real time service, and lncurs a large amount
ol program storagc and transmission cosls due to poml—
to-point connections on demand. Consequently, anolher
mteractive service such as NVOD is needed to oplinuze
the network resource. NVOD service should be utihzed
from the economical VOD service point of viewl|Z, 3).

NVOD distributes periodically some programs on
several channels [or cach program so that customers
can hegin to waich their requesled programs [rom
scratch by allowwng o reascnable amount of waling
lme. Cuslomers who do nol want to wait the NVOD
service can switch the requested service 1o IVOD ser-
vice unless they clear it NVOD service 15 not a real
Lme service and does not depend on customers re-
quesls, but relalively cheaper VS and storage mediums
than those for IVOD scrvice can be used. Morcover, rel-
atively srnall amount of program storage and transmis-
sion costs compared with TVOTD service aceurs because
one channel can be allocated to several customers si—
mulianeously

In this paper we consider Lhe resource allocation pro-
blem m a VOD network providing the mixed service
al IVOD and NVODXRAPINVOD), wlhich determines
whare 1o install video servers [or IVOD service(it 1s
assumed a VS for NVOD service is installed only at
ihe rool node of the given (ree sbuctured VOD nel—
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worl), which and how many programs shauld be stared
at each video server for bolh IVOD and NVOD services
hy congidering customers demands [or each program,
s0 as to mimmize the sum of operating costs. There
might be several costs related to the operating cost for
the mixed service of [VOD and NVOD, but we just
consider three kinds of cosls {or sach service . 2 pro-
gram lransmission cost, a program storage cosk, and a
VS mstallation cost.

Ta the best of our knowledge, the problem RAPINVOD
hazg not been completely analyzed by rescarchers vet
Hodge et alll5,7] and Ishihara ef al[6] just proposcd
a service policy for the mixed sorvice of IVOD and
NVOD such that some of popular programs are dis-
tributed through NVOD service since the total cost will
be increased il all the programs are cdistributed only
through IVOD service. In particular, Hedge et af [6]
analyzed Lechnologies and costs requred [or IVOD and
NVOD services Kim el a/[12] proposed a dynamic
programming algorithm {or the resowrce allocation pro-
blem in a VOD network providing only IVOD service
(RAPIVOD).

In1 this paper we propose a service policy lor providing
NVOD service and also develop a dynamic progranm-
ming algorithm [or solving RAPINVOD umder the policy
by extending the key idea of the dyname programming
algorilhm proposed by Kim el al[12]

This paper is orgamzed as follows, In Section 2, we
[irst describe VOD nelwark architeciure and several
assumplions and introduce concepts of the program vi-
s10n probability and the mean service demand and also
deline the rate of logt service request for an NVOD
program Section 3 mbrodnces a dynamic programomng
algorithm for the problem RAPIVOD. In Section 4, we
propose & dynamic programming algorithm for the
problem RAFTNVOD by extending the algorithm given

in Section 3 Section 5 concludes the paper

2. Problem Description

2.1 VOD Network Architeciure and Several Assump—
tlons
In this seclion. we considar two lands of duected and

tree—structured VOD networles, one providing  only
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IVOD service and the other providing the mixed service
of TVOD and NVOI. We assume that those networks
consist of & interconnected central offfces(COs) rep-
resented by nodes which are labeled in the Breadth First
Search(BFS) order. It 15 assumed that at most one VS
[or IVOD service can be mstalled for each CO and
exactly one V5 [or NVOD service can be installed at
the root node of the network, We assume thet the pro-
gram warehouse containing all kinds of programs 1s
connected to the root node of the network. The program
warehouse provides some programs which are initially
stored at the program storage of a video server{VS) in
a CO on schedule whenever cuslomers request those
programs. We algo assurme thal every customer is con—
nected to exactly one of the closest leaf nodes(COs) n
the network by the dedicated link so that the trans—
mission cost from the leaf node to the customer can he
ignored. Each CO corresponding 1o non-ieaf node nol
only transfers IVOD programs from the CO o Lhe 1m-
mediately linked COs(i.c., its successors), but also coples
NVOD programs disuibuled [rom a VS for NVOD
service and multi-broadcasts those to its successors. An
example of VOD network is shown m (Fig. 1)

Cusiomer

{FIg. 1) An example of tree structured YOD network

Let P[:.1] he the set of nodes on the path rom node
i to the root node 1, 1e., Ple, 11={i,{,=PD, i, =

PD,, -+, 1} where PID, is the predecessor of node » for

each #=2,3,--, N Then it 15 assumed that a cus-
tomer connecled to a leal node ¢ can receive the re-
quesled IVOD program from a VS on the path P[4, 1]
Therelore, all of the IVOD programs tequested by
customers connected to the leal node  should be stored
at some VSs on the path P[4, 1]. We assume that the
unit storage cost for every program 13 identical (or all
{0s and the iinit capacity between two consecutive COs
has no limitation

Let J be the lotal number of programs being served
m the network., Then il is assumed that all of the
programs are sorted in the decreasing order of
customers preference and an IVOD program with higher
preference is stared al a closer VS to customers in order
to reduce the transmission cast. Moreover 1l 15 assumed
that an WVOD program with high prelerence has the
priority to be stored at a VS for NVOD service located
at the rool node since the more customers is served on
each channel for an WVOD program.

If an NVOD program with the j-th customers pref-
erence is distnbuted on 2, number of channels from
a VS for WVOD service located at the root node, then
it is copied into all COs corresponding to successors af
the root node and immediately transferred to successars
of successors on m, number of channels, This proce=
dure 1s repeated unlil the program is copied into COs
connected to customers. Then each customer can watch
the requested program by choosing one of s, channels
from the CO connecled to him/her[6]. Therefore, a ser—
vice provider needs a standard for determining the
nuiitber of channels [or each WVOD program, In this
paper we assume that large number of channels are al-
located to WVCD programs with high customers prel-
erence so that the rate of lost service requests for NVOD

programs can be reduced.

22 Program Vision Probability and Mean Service De—
mand

We assume in this paper that the demand lor each

program is determmuned by customers prelerence which

18 sorted in a decreasing order, allthough 1k varies with
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several factors such as service time, service type(TVOD
or NVOD service), and customers location, ete. Glovanni
et al[10] defined the program vision probabilify with
the j-th customers preference( simply called it the j—th
program vision probability) as follows -

_P:-l i
P="pr. j=n3

1—{1/Dyp)
Pl=————— ., 2,P=1,
' 1— (UDHP)] ’Z !

where Dyp is the ratio between the (j-1}-th and
J-th program vision probabilities.

Note that P, = Py =+ = Prand thus Dypz L. In this
paper we also use (1) as the definition of the program
vision probability. Il 15 assumed thal the same program
requested by customers connected 1o all leaf nodes in
the network has the same program vision probabilily.

We now define the mean service demeand as the mean
traffic volume occurred during the unit time of the bus-
1est period. The mean traffic volume can be evaluated
by the mulliple of the following three values = the num-
ber of customers connected to the node i, the probabulity
that customers will request the service during the bus—
iest perigd, and the mean service time. More precisely
speaking, let T =(V, E) be a directed and tree struc-
lared VOD network and Nw={g=V | nePla. 1]}
be the complete subiree of ? rooted at nede . where

V={1,2,--,N} and E={{PD,, )| i=23,--- N}
are the set of nodes and the set of links {arcs), re~
spectively. For convemence, we denole an arc {PL,, §)
as jusl arc { since there is point-to—point correspon—
denee between E.

Let L., be the set of successors of node nive., L,=

{g= V| PD,=n}) and R, be the mean service de-
mand at node 1 per unit time of the busiest period. Then.
if nis a leaf nodeie, L,= @), then &, can be de-
lermined by the following value ! the mean traffic
volume at node n + (the unit_service time), Otherwise
(Le., f L,+®). R, can be ehlained by R,= a;p_}?a

where W={q=T(m | L,= 2}

®
1
0

2.3 Raie of Lost Service Reguests for an NVOD Pro-

gram

NVOD service distributes programs on several chan-
nels periodically. For inslance, il a program with the
service duralion of lwo hours is distributed on five
channels, then the program can he distribuled repeat-
edly through NVOD service per every 24 minutes As
mentioned earlier, customers can hegin to watch their
recuested NVOD programs from scratch by allowing
reascnable amount of walling tme unless he/she can-
cels the request. The maximum amount of time that a
customer should wait Lhe requested NVOD program is
equal to the time interval between the starts of two
conseculive distributions of the same NVOD program
from the VS. Therefore, il customers requested NVOD
programs feel that the waiting time 1s Loo long, then
they may possibly cancel thelr requesls.

We define the rafe of lost service reguests [or an
NVOD program as the probatalily thal a customer who
requested the NVOD program cancels the request. To
specily the rate of lost service requests for an NVOD
program with the j—th wvision probability, we suppose
that an NVOD program with the j~th vision probability
is distributed on #, number of channels. Then, if V()
is the tirme internal berween the starts of two consec—
utive distributions of the NVOD program with the j-lh
visian probability, Fse,) is also the maximwn amount
ol time that a customer should wait the requested NVOD
program. with the j-th vision probability and can he
ohtained by

Wm)=—=, j=123 ] {2)

s
m_,
where 0¢ F(m, e and ¢, is the service duration of
the j-th program with r,>0.

Now, let T be a random variable of lime that a
customer waits for the requested NVOD program and
F(1) be the probability density function of 7% Then the
probahility that a customer will wait the roquested
MVOD program [or more than £ hours is oblained by

P(Ty)= [ A @
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Therefore, il PV (#,)) is the probabahly that a cus—
tomer will wait the requested NVOD program with the
J-th vision probabilily, PV (#,)) can be calculated
by

Vi)
PAVim, )= fo PUT Dt K Viin,} )
Congequenily, the rale of losl service reoucsts for an

NVOD program wilh ihe j-th vision probability. denoted
by P V{m,)), is obtained by

PAVIm,N=1~P{V{m, (5

For example, il T 15 exponentially distnbuled with pa-
rameter &, ie,if /(=& exp(—54) with 0< #< cocand

8> 0, then we have

b
I

PAV{m)y=

(1 — exp ( - Tj};Ja )) {6

Here, the parameter § stands [or lhe mean queusing

2’]
=
)

rate that a customer will receive an NVOD service.

Since the cost of NVQOD service is usually cheaper
than that of IVOD service and each cuslomer also makes
a decision 1o wail or nol to wat the requested NVOD

program, we assume the following in this paper .

(1) if a program is distributed through NVOD service,
then a cuslomer requested the program wants to
receive NVOD service rather than [VOD service

{1} impatient customers who can nol wal the requested
NVOD programs receive the IVOD service in the
ratio of y, 0= =<1, Consequently, some customers
among impatient customers who can not wail the
requested NVOD programs clear thewr requests in
the ralio of 1—p

3. Dynamic Programming for RAPIVOD

In this paper we consider three kinds of costs for
IVOD service © a program Lransmission cost, a program
storage cost, and a VS installation cost. Then the re-
source allocation prohlem mn a VOD network providmg
anly IVOD service(RAPIVOD) Is to decide where we

should mstall ¥VSs, which and how many programs
should be slored au each VS, so thal all the demands
are satislied with the minimum total cosl. We propose
a dynamie programming algorithm for solving RAPIVOD
in s seclion

Onc way ol Inding the optimal solution for the
problem RAPTVOD is to use the enuwmeration melhod
which considers all the possible solutions, bul. it is very
ineficienl and almost impossible 1o find the aptimal
solution when lhe number of COs and programs in-
creases, since the size of the solulion space grows ex—
poneniially. Moreover, cost funclions are non-linear in
general and thus il 1s necessary lo find an efficient
solution lechmque for this kind of problem. For this
purpose, we first mtroduce three kinds of cost functions,
the cosl [unchion of the program transmission, the cost
function of the program storage, and the cosl function
of the video server mstallation. Let 7C, (%) he the cost
[unclion of the program transmission on arc 7 (PD,,, 1)
when & kinds of programs are stored on T(z). Then the
lransnussion cost of the (f~k) number of programs on
are i should be evaluated in terms of the mean service
demands for programs with the program vision prob—
abilitics from (e+1)-th through J-th Therefore, 7C, (&)

can be expressed as follows :

S
Te (= (C;. D, 2 (R,%P)|. il nFl

j=k 1
0, otherwise,

{n
where C, is Lhe unit trangmission cosl of an IVOD
program and D, 1s the distance belween node 7 and
ils predecessor PO,

For example, il L, == @ for # =+ 1 and m(a b, o) is
defined by {axbx )’ with 4, > 0, then TC(& is
expressed by (C,,D,, ;:$H(RJ,><P,))V , where ¢, is
the parameler of the transmission cost. The third quan-
Lty F%_](Rh * P in (7} represents the toral amounk

of mean service demands on node 72 which is equal to

the total tralfic volume on arc n during the busiest
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period of tume when & kinds of programs arc assumed
o he stored on 70,

Let SC{& x,) be Lhe cost funclion of the program
starage on node n when x, linds of programs out of
k ones are stored al node n and the remaming £—x,
kinds of programs are stored on T(g) [or all g =L ,0.e,
k—x, kinds ol programs are stored at some nodes on
the path Plu, 4] for each leaf node # = 7(g) and all
g&L,). Nole that programs associated with the pro—
gram vision probabilibes trom the (k—x,+1)-lh
through the f—th are stored at node 1 because of our
program storage policy assumed 1n this paper, Here, we
assume (hat the unit program storage cost is the same
[or all programs. Let [x] be the smallest imeger larger
than or equal to x. Then SC(k, x,) can be cxpressed
as [ollows :

0, otherwise,
(8}
where (18 the umt storage cost ol an IVOD program

and & i the number of mulliple accesses [or an IVOD
Program
For example, il x, == 0 and g(a.8) is delined by

{ax B) " with 45> 0, then SC{k, x,} is expressed by

k R.P 1\ .
C, = P { 7 ” , where d is the pa—
. RnFP
rameter af the starage cost. The quantivy ‘ ‘h : ]‘

in (8} represents the number of programs with the j-th
program vision probability stored at a VS located at
node .

If at least one program 15 stored al node slle, 1f
x,7#1, lhen a V5 should he installed in node n. Let

IC(k, x,) he the cost luncticn of the installabion of a
VS on node i wider the same situahion given for SC

( &,x,). Then IC{k, x,) can be expressed as follows -

IC(k, 2, ) =&yl C,, 2,0, ()
1, i a0

where y(xn)Z{ 0" otherwise

1
i
-0
ot
o
I
_\;1
"
g
(=]
=

where C,1s the installation cost of a VS for IVOD ser-
vice,

For example, if the function g5{a, &) 15 defined by ax b,
then IC{% x,) is expressed by e,» ¥(x,).

With thosc three cost [unctions, we now presenl an
efficient dynarmuc programmung [or solving RAFTVOD.
For a given node n, we assume that & kands of programs
are stored on T(rl for k= 0,1,2, -+, J. Let fin K be
the minimum total cost relaled 1o stornng & kinds of
programs on T(r). Suppose thal we have found f(g, k)
forall gL, and k=0,1,2, -, f. Then fin, &) can be

delermined by the following recursive formula :

An k=

0£x,<k

O (SCU ) HIC U )+ B fla k)]

+ TC{ B, € L+
SCUA B IC(E B+ TC (), olherwise,

Il 1s important o notice thal all the nodes in the
nelwork are labeled in BFS order and our dynamic
programming incorperates a bottom-up approach which
solves the restricted resource allocation problern on T(r}
by moving the node r in the reversc of BFS order.

We now summarize the main 1dey of our dynamic
programming approach. We begin with the leaf node N.
If k kinds of programs are stored on T(UN)={N), then
all ol those programs should be stored at node N itsell
and the (J-k) mumber of programs with the lower
program vision probahilities than the k-Lh(i.e., programs
with the program vision probability from Uct1)-th 1o
the J-th) should bhe shored at some VSs on the path
P[FD, 1]. Therefore, to find the mmimum tolal cost
FIN D for all k& = §, 1,2, ~ /. the storage cos! of
atoring /& lkinds of programs at node N, the video server
nslallation cost at node N, and the transmission cost
of the J-k number of programs on arc N should be
evaluated hy considering the service demand tor each
program at node N. Consequently, [V, &} can he
obtamed by the sum of those cost, SC (K, k) + Tk, k)
+TOwE), lorall k=0, 1, 2, -, J. Now, we consider the

complete subtree T(N-1} of T rooted at node N-1. If
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the node N-1 is a leaf node, then TUIN-1) = {N-1} and
thus F(NV-1, &) can be oblained by the same argument
for fIN. k), which 15 equal to SC{k k) ~T7C U ko) +
TCwi ), for all &k = 0,1,2 - f. Otherwise(ie, if
Ly #@), TIN-1) consists of {N-1, N} where PDy=
N—1. Suppose that k lnds of programs are stored on
T(N-1) and xy_; kinds of programs out of those
programs are slored at node N-1. Then, to [ind fiN-1,
k), it is enough to evaluate the storage cost of storing
xy—1 kinds of programs at node A-1, the vidco server
mstallation cost al node N-1, and the transmission cost
of the (J-%) number of programs on arc A-1 for each
an_1=0,1, -, k& since f—xy_ kinds of programs
are stored at node N and we have already [ound the
minimum loral cost f(N, £—xx_;). Therefore, fF(AN-1,

k) can be obtained by

Dﬁrﬁisk [8CUk, 53 )+ ICUR, 20
+ AN = xp )+ TCy_ (A

We continne the above procedure by visiling nodes
in the reverse of BFS order until we meet rhe root node
1ol ?, and finally [ind the optimal value f(1,/) of
RAPIVOD.

To find the optimal solutien x5, forn=1,2, -+, N, we
first define the following value for ecach n=1.2, -, N
and k=0,1.2, - J°
AN SOk x,) + 10U, )

+ EL, Ao e—x)}, il Lo

&, ctherwise

x(n,k)—‘—\

Then the optimal solution can be ohtained by x,==x
(#, J— w) in the BFS order for all n=2, 3, -+, N, where

w= 2, xfand xf=x(1, ). Note that ithe cp-
r=PLFD, .11

bimal sclulion holds the information about the video
server location and Lhe kinds of programs stored in the
video server In fact, if x, 70 for some 17, then a video
server should be mstalled at node » Moreover, pro—

grams with (he program visicn probabibly from {f —

w— 5, + 1)-th through {J —w)-th should be stered
al node n. since it is assumed that the program with
the lower program vision probability is stored at the
further node 1o the customer, For example, if T7=1{1,
2}, J=7 x1 =13, and x; = 4, then programs with 7-th,
G-th, and 5-th program vision probabilities and
programs with 4-th, 3—rd, 2-nd, and 1-st program
vision probabilinies should he stored at nede 1 and node
2, respectively

We now use an example given in (Fig. 2) to show
how our algorithm works in delail. We assume that the
total number of programs bemng scrved in the example
is &. It is assumed that the cost functions of the program
transmission and the program storage are nonlinear(ie.,
¢+1 and ¢,#=1) and the unit transmission cost of
an IVOD prograrm is more expensive than the unit stor-
age vost of the program. It is alsp assumed that the
length of each arc is oqual Lo one, but it can be easily
extended to the case of having the different arc length
All values used for the example are shown in <Table 1>,

: O

Customer
Customer Customer

(Fle. 2) An example of VOD service network

{Tahle 1> Valuss corrasponding 1o parametars

Parameter Value Parameler Value
J 5 i 10
DHP 1 (:6 CI 2
D, 1 C,
Ry 300 C, 100
I 200 é. 5
B | 1m0 b 2

We begin with node 5. Since it is a leaf node, iLe.,



Videc-on-Demand AMdlA2Eel X2l B

Ly= @, the objective function values f(5, & and the
values for decision variables x (5, %) can be obtained by
SC{k B+ IC(E k) + TC, (B and %, respechively for
all k=0,1,2,3,4,5. The detaled procedure 15 shown in
<Table 2>.

We moave mto node 4. Since T14)={4}, we can
find out the corresponding values Fid &) and x (4, &)
in the same way of finding f(5 &) and x(5, %) lor
all £k=0,1,2,3.4,5. The detailed procedure 1s also
shown mn <Table 3>,

We then move into node 3 and <Tahle 4> shows
the delailed procedire of finding the corresponding
values A(3, £ and x(3. k) for all k=0,1,2.3 4, 5.

We now move mlo node 2. Since L+ @ and T(2)
=12,4,5), [or all k=0, 1,2, 3, 4, 5, the objective function
values F(2, &) can be obtained by

=H

i

2lal

SEAEY 3189

min
Gxa,sk

{SCk, x5+ IOk, x0) + F4, b—x4)
+F(5, k—x ) + TCo (R

and the values for decision variables x(2, £ canbe ob-
tained iy

argmin,
0ok

(SCCE, xo) +ICCE, ma) + (4, k—x0) .
+7(5, A—xy)}

<Table 5> shows the detailed procedure
Fmally we move into the root node 1 and the optimal
value f(1, 5) can be ohtained by

rmin

l=x =<5

{SCGE, 2 ) +IC(B. %)+ A2, 5—x;)

and the values [or decision vardables x(1,5) cam he

{Tahle 2y (5, & and x(5, &

. s g 1 TG (A)2 + 50 ke x) Ig,‘ (. x8) 4 _ .
0 1440+ 14 0
1 12+6+100 121 1
2 11436+100 147 2
3 94+64-100 173 3
4 §-100+100 206 4
3 O+144+100 214 3

(Table 3 f(4, &) and x(4, &)

. Xz - 1 T, uag FSC e x) +1;: (&, xa) - - 0 Ui
0 20-0+0 20 0
1 18+15+100 143 1
7 15+100 +100 215 2
3 124 196+100 308 E
1 8+324-100 432 4
5 O+184+100 3% 5

{Table 4> #3, % and =(3, &

X TC ) + ST (k, 1) * TO UK, x3) .
0 24404 0 2 0
1 52+49+100 171 1
2 18+196+100 414 2
3 15+400 £L00 515 3
4 10+676+100 786 4
5 04 1024+ 100 1124 5
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<Table 5y A2, B and «(2, &

Y O (e o) + o x4 o) = S8 k-
- TCy Ueh + SC e, xo) + L0 U ) 1 FUd, kb = 15, fesea) ) ren | s
I 0 1 2 3 d 5
24+0-0
0 2041 58 0
2210-0 22-49 100 e
L 11432121 120411 205 !
) 18100 183-49+100 16-196-100 " ,
~215+147 +143-121 “20+14
3 15040 15+36+100 15+169+100 15+400) F100 95 o
3084 173 +215-147 -143+14] +20+14
4 10+0+0 10436100 10+144+100 | 100361+ 100 10676100 616 9
- 442+206 “A08-173 +215+147 +1431121 120+ 14
5 071 0+0 0+35-100 00 14+100 0+321-100 0-625+100 ORI | )
BR1+2A4 +132-208 ~308+173 +215+147 rlia+z2l +20+14 “
<Table 6 7(1,5) and x{1,5}
AT T oYL TR [ ~— [
xn TCB) + 50, x) ~ TC (B, x1) 4 (2, 5-x:) + f (3,5 -v) FILE e 5)
k 0 1 2 3 4 5
- 00+ 0+122+100 0+520+100 0+ 1225+ 100 OZOM00 [ 03B L00 | o) )
: 1725+1194 <6164 786 -49G+515 +348+314 ~205+171 +58-14

oblamed by

argImn
=z =3

{SC(S, xl)#‘IC(S, XL)JF}((E, 573‘1)
‘|'f(3, 5_11)}

As shown in <Table 62>, the optimal value of 1624
is obtaned by sioring programs with the 5-th program
vision probability at the root node 1.

To lind the optimal solution =5 for n=1,2 - b, we
ust irace the values x(m, /) given in the above tables
in the BFS order. Smee x,=x (1, 5) = 1 from <Table
&>, four kinds of programs with 4-th, 3-rd, 2-nd, and
1-st program vision probabilities should be stored on
T = {2, 4,5} and Ti3) = {3}, respecnvely Then, by
using x5, ==x(n, 5—=x7) lor 1 =23, we can obtain x; =
x(2, 4} =2 and ¥} = x(3, 4) =4 from <Table 5> and
<Table 4>, respeclively. It means that programs with
4-th and 3-rd program vision probabilibies should be
stored ai node 2 and programs with the program wision
probabilities from 4-th through 1-st should be stored
al node 3 Now we move mio node 4. Simee 2[£PD,, 1] =
{2.1Vand x} =x{4,5 — &5 — x1), we have x) =x(4,

2y =2 from <Table 3> Il means Lhat programs wilh

2-nd and 1-st program vision probabilities should be

slored at node 4 Finally. we move into node b and uhlan
x; =x (5, 2)=2 trom <Table 2> in the same argu-
ment for timding &), <Table 7> sumimarizes the optimal
solutions for the example 1 (Fig. 2). Note that the
mumber of programs with lhe y-th program vision

probabilities stored at a VS located at node n can be

. R,xP . -
ohrained by | 7 | orallm =12 -5

{Tehle 7> Optimal Solutions for the exampls

com s | g, | 10 of s wogram
L 5 1 a 11
2 | 3 4 0,3 6
3 < 4 163 62.71 7
1 2 z 2515
5 2 2 2 31 3

4. Extension to the Mixed Service of IYOD and
NVOD

In this paper we also consider three kinds of costs
[or both [VOD and NVOD services
mission cost, a program storage cost, and a VS instal-

4 program Lrans-
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lation cosl Then the storage allocanon problem in a
VOD nelwork providing the mixed service of 10D and
NVOD(RAPINVOD) 18 Lo decide where we should -
stall VSs flor IWOD service, which and how many
programs should be slored at each VS for both [VOD
and NVOD services, so that all Lhe demands ave satis—
fied with the minmmum total cost. Note that a VS (or
NVOD service is assumed to be inslalled only at the
root node of the given nevworls.

We propose a dynamic programming for solving
RAPINVGD m this section, For the mixed service of
[VOD and NVOD, we [irst need o [ind out an eificient
rule of determimng the number of chunnels for each
NVOD program. Note thal we have assumed that
impatient custorners who can not wait the NVOD
service receive IVOD service in theratioof 7, D= p<]1,
Tor this case, we may consider several possible rules
of determnmyg the mumber of channels for each NVQOD
prograry, but we just propose a rule which takes Lhe
number of channels [or an NVOD program such that
an expeclted number of customers who cancel their
NVOD service requests does not exceed L where L s
a fixed number. In fact, let w7, be the number of
charmels for an NVOD program with the j-th program
vigion probability, Then 15 determined by the minimum
wmamber of channel sahsiving PV (m, D (I » P)<
L, where FAV(m,)) s given in {5) and Ry x P,
stands [or the expecied service demand for an NVOD
program with the j-th program vision probability, smee
a VS for NVOD service can be installed only at nade
1 Note that the mean service demand for an IVOD
program with the j-th program wision prolabihiy is
DAV (w0 < (R % P))» 7 The procedure of finding

m, can be described as [ollows.

FProcedure Find_ #:,

Step |, (Ininalization) m, < O

Step 2 m, e w41,

Step 3. AV m) < 1- PAV(m)) ;

Siep 4. If P V{m)) s (B, » P> L, then go o

Slep 2.

Step 5. m, _ﬁj , slop ;

Once we oblain the number of channels, wz,. for all
i=1,2,- ) we are able 1o decide which and how
many programs should be served through IVOD and
NVOD, respectively, so as 1o minumize the sum of
operating cosls of IVOD service and WVQOD service.
Belore we formulate the problem RAPINVOD, we first
introduce three knds of cost for NVOD service, the
transmission cost, the storage cost, and the video server
installation cost.

Let NTC, be the transmission cost for s kinds of
NVOD programs stored at a V5 on node 1 10 all ieaf
nodes connecled to customers hy using #r, number of
channels. For convenience, we set s, = 0. Then,
NTC, can be expressed as [ollows :

e

N 5
NTC,= Z Zj(ncl‘ X I, m,)) (10}

where ncf is the transmission cost for an NVOD pro-
gyam per unit distance and #; 15 the parameler [or the
ransmission cost with &, =0,

Let NSC, be the storage cost for s kinds of NVOD
programs at a VS on node 1. Then NSC, can be ex—

pressed as lollows :

4

: , "
NSC, = (E(mx | 22 1)) (11)

where res 1$ the unit storage cost for an NVOD program

and . 15 the parameter for the storage cosl with $.2=0,
The quantity (%1 in (11} represents Lhe amount of

programs with the j-th program vision probability
stored at a2 V5 on node 1 for NVOD service.

Let NFC, be the mstallation cost of a VS [or NVOD
service on 1iode 1 when & kinds of programs are served
by NVOD Then, since a VS for NVOD service should
he nstalled at node 1 if at least one program is served
by NVOD, NFC, can be expressed as follows :
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NFC, = ncv = y,, (12}

where nicv is the installation cost of & ¥S [or KVOD

service and v, is defined by

g = [ 1, if s+0
1, otherwise

With the above three costs related to NVOD service,
the problem RAPINVOD can be formadated as follows *

0 (NTC,+ NSC, + NFC,+ £.(.])), U3
where 7,(1, J}is the mimmum lotal cost for providing
IVOD programs with the program vision probabilities
rearranged by considering the raile of lost service re-
quests for § kinds of NVOD programs and can be
obtained by the dynamic programming algorithm given
in Section 3.

We now summarize the main idea of owr dynamic
programming procedure for solving RAPINVOD. Ini-
tially, the number of channels for each NYOD program
is obtamed by applying the procedure ‘Find_m,”, We lirsl
evaluate the IVOD cperating cost comesponding to
providing only TVOD service by applying the algorithm
given m Section 3 and then begin wath allocating pro—
grams to the VS for NVOD service n the decreasmg
order of pregram vision probahiiitics and find out the
fotal cost which is the sum of the NVOD operating cost
and the IVOD operatmg cost. In [linding the IVOD
operating cost, all the programs for IVOD service should
be rearranged in decreasing order of program vision
probabilities because all the customers who cancel the
requested NVOD programs receive IVOD service in the
ratio of ¥ and thus the program vision probabilities of
programs for [VOD service that are also allocated for
NVOD service should be changed. Once we ind out the
maximum mumber, 57, of kinds of proprams which
should be stored at the VS for NVOD service so that
the total cost can be minimmzed, the locations of VSs
for IVOD service and the kind and munber of IVOD

programs stored at each V5 can be found simuliane-

ously when f-(1, J)is evaluated by the algorithm grv-

en in Section 3. We now describe our dynamic program-

ming procedure for solving (13) as follows :

Procedure Solve_RAPINVCD

Step 1. (Imtializadon) Find_ m, [or all f==1,2,--,7;
TCOST— o0 s« 0,5«0;

Step 2 NCOST — NTC,+ NSC,+ NFC, .

Slep 3. I[ =0, then go to Step 6 ;

Step 4. Py — Pox P(V{m, )} %y,

Step 5. Rearrange all the programs by [ollowing the
updated program Vvision probzhihbies in de-
cregsing order

Slep 6. Evaluate £{1, D

Step 7. U, NCOST+7,(1, /) TCOST, then TCOST

NCOST +r. (1, 1), 5"+ 5;
Stop 8 1 s<J then s 5 -1 and go 1o Step 2, Oth-

erwise, stop

Note thal the returned values TCOST and 5™ from
the procedure 'Solve_RAPINVODY are the optimal value
and the optimal number of kinds of programs for NVOD
service, respectively, Moreover, the total amount of
programs stored at a VS on node | for NVOD service

can be obtaned by ;‘Zﬁ [ 17 1.

We now use the example given in (Fig. 1} 1o show
the procedure of our algorithm, All the assumptions for
IVOD service are assumed 1o he the same as those nsed
m Section 3, except thal the cost [unctions of the
program transmission and the program storage for
WOD service as well as WVOD service are assurned
to be hnearlie. ¢, &, #,,9,= 1) here We assume
that the program Lransmussion cost, the program stor-
age cost, and ihe vidco server installation cost for I'VOD
gervice i more expensive than those for NVOD service.
We also assiuine that the unit transmission cost of an
NVOD program is more expensive than the unit slorage
cost of the program. Mareover, it 13 assumed Lhat all

the customers who can not wait the NVOD service



receive IVOD service(ie, ¥ = 1) and the mean queueing

time that a customer will wail the requested NVOD
program is 20 minutesiie. 8?2—10 =0.05). It 15 also

assumed that L = 710 and the service duration for all

programs 15 wentically equal to 120 minutes{ie, r, =
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120 [orall 7= 1, 2, -, 5. All values used for the example
are summarized m <Table 8>.

{Table 8> Values corresponding to parameter

Parameter Value Parameter Value
J 100 ¥ 1
Dip 1.06 & 0.0h
Dy 1 5, 1=1,2,-,7J 120
o S nes 3/2 7y 12,000
o /nct 4/3 g 7,000
[aaY) 200/ 150 Ry 9,000
h/H 10/10 £y 9,000
ddd |11 Ry 6000 |
¢,/ 4, ‘ 1/1 £y 7,000 ‘

We now apply the procedure ‘Solve RAPINVOD' to
find out the oplimal number. s*, of kinds of programs
for NVOD service which gives the mimmum tolal cost
(Fig 3) shows the change of the Lotal cosl with respecl
Lo the umber of kinds of NVOD programs when [ =
710,

18000 ¢
160060
14008
C 12000
0 10000 .
s 8000 | :
t BhOO | :

g N
o 20 a0 60 30 100
number of kinds of NVOD program

------- NVOD cost = = V0D cost
totalcost

(Fig. 3) The changde of total cost with respect to num-
ber of kinds of NVOD program when /=710

Cansequently s* is 28. (Fig 4} shows the number of
channels for each s* lkind of programs for NVOD ser-

vicE

0 [ 10 15 20 25
number of program vision probabilify

(FIg. 4} The number of channels for each ¢* kind of
programs far NVOD service

The optimsl solutions including the locations of VSs
for IVOD service and the kinds and number of IVOD

programs stored at each VS are shown in <Table 9>

{Table 9 Optimal solutlons related to IVQD service

for example
m| 1] 213451617181 aijfi0
Amomt| 0 0 0 [T | 440 [5G O | 546 36| 40
Kand | (@ | @ | 00 [(1-100{-100K 1100} (0 |(1-JO0)C-T00)1-100)

Finally, (Fig. b} shows the change of the lotal cost
for the example with respect to the change of L.

It can be seen that the optimal value 1s oblaned when
707 < L<712. This implies that our algorithm nol only
solves RAPINVOD under the predeterrmmed service
policy, but also provides the critical infarmation to ser-
vice providers when they have to prepare their service
policy [or providing the mixed service of [VOD and
NVOD belorehand

18000
16000
14000
coT2000 F
0 10000
5 8000 r
t 600D
4000 |
2000 1

0 500 1000 1500 2000 2500 3000
L

—_— = V0D cosi

------- NVOD cosi
lotal cost

(Fig. 5) The change of the total cost with respect to
the change of £
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5. Conclusions

In this paper we have introduced a dynamic pro-
gramming algorithm {or sclving the resource allocation
problem providing only IVOD service(RAPIVOD). Then
we have proposed the procedure of finding Lhe number
of channels for each NVOD program under the asstimp—
tion that the mean number of customers who cancel the
requesled NvOD serviee 15 given and also mroposed an
efficient dynamic programming algoithm for solving
the resouwrce allocalion problem m a VOD nelwork
providing the mixed service of IVOD and NVOD
(RAPINVOD) by extending the key idea of rhe dynamic
progranuming, algerithm for solving RAPIVOD

It 15 expected that our algerithm given in this paper
can be applied to several optimization problems which
arise in resource allocalion problems in networks pro-

viding varlous types of multumedia services.
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