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Abstract

In this report, the problem of broadcast scheduling in Push broadcast systems is studied. We introduce an
optimization approach that leads to well justified policies for Push broadcast systems with generalized cost functions.
In particular, we apply our results to a Push broadcast system with different deadlines associated to the files while
allowing the files to have unequal demand rates and lengths. We will show that our proposed policy covers some
of the previously investigated Push systems as special cases and is applicable to a wide range of cost functions
assigned to the files. We also calculate the optimal average cost for our experimental settings and show, through

extensive simulation studies, that our results closely match that value for each experiment.

Index Terms

Broadcast Information Delivery, Push Broadcast,Bulk Queueing Systems.

I. INTRODUCTION

The increasing demand for various information delivery services in recent years, together with advances in
wireless network technology, have resulted into numerous research works on more efficient methods for the delivery
of information. In most information delivery applications the flow of data is not symmetric. In a typical data delivery
application, there are a few information sources and a large number of users, thus, the volume of data transferred
from the server to the users (downlink) is much larger than that in the reverse direction (uplink) which can be
zero as we will explain. News, weather, traffic and stock quotes are examples of the types of information that
can be provided by these applications as opposed to applications with one-to-one information content such as
email. Although the above services can be, and in fact are, already implemented over terrestrial links, it is their
combination with wireless technologies that unfolds the real potential of these applications. The mobility of the
wireless devices and the capability for accessing the information any time and anywhere is one of the main forces
behind the demand for such services. Another aspect of wireless data delivery systems which is the primary focus
of this paper is the inherent broadcast nature of wireless communications. If the data to be transmitted is of high
demand it is possible to send every data package to all the users who need it at the same time and over a single
broadcast channel. The efficiency of this method and the amount of downlink bandwidth that is saved depends on

the number of users awaiting that information at the same time or, in other words, the popularity of the information.
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This fact translates into a high degree of scalability for such systems. Given that the geographical coverage and
uplink bandwidth (if needed) are adequately provided, the downlink bandwidth is independent of the number of
users in the system which makes such systems highly scalable and economical.

The two main architectures for broadcast delivery are the one-way (Push) and the on-demand (Pull) systems.
The two systems differ in the lack or presence of a return channel to transfer the user requests to the server. In a
Push system, the server does not actually receive the requests and schedules its transmissions based on the statistics
of the user request pattern (hence the term Push). Conversely, in a Pull system, the server receives all the requests
and can schedule the transmissions based on the number of requests for different data packages. A Pull system
is potentially capable of achieving a higher performance than a Push system but the cost of a return channel can
generally overshadow this performance improvement. For this reason hybrid architectures, those that combine Push
and Pull systems, are commonly suggested in the literature [1]-[3]. The main problem with both of the above
broadcast methods is the scheduling of data file transmissions to minimize a cost function. Based on the nature of
the applications supported by a data delivery system, different cost functions can be introduced to model the cost
of delayed delivery of the information to the users.

This report addresses the scheduling problem in a Push broadcast system. It aims to find the optimal (with
respect to the generalized average cost) scheduling policy and also provides a benchmark for evaluating current and
possibly future heuristic algorithms. Our main contribution is deriving a solution that allows arbitrary cost functions
to be assigned to the information files. Specifically, we work on the systems where different deadlines are assigned
to different files and introduce policies that minimize the average tardiness over all users.

The main body of previous research on this subject has been concentrated on policies that minimize the average
waiting time over all users. However, at least for certain types of information, pure delay can be too simplistic
a measure for cost representation. For example, for the users of the information about stock quotes, only a small
amount of delay can be acceptable and the information starts to lose its value after that delay. On the other hand,
for the users of weather information, a larger delay is acceptable and the information keeps its value for a longer
time. This and other similar facts are the main rationale for this research i.e., to address the scheduling problem
in a general setting. We approach the scheduling problem from an optimization point of view and derive a lower
bound on the achievable average cost by relaxing some of the constraints of the problem. We then use the results
and the form of the optimal policy for that problem to derive scheduling policies for our original problem and
verify the effectiveness of our solution by simulation studies and comparing the results with the lower bound cost.

This paper is organized as follows. In Section II the exact formulation of the problem is presented and the
previous works on this subject are reviewed. In Section III our optimization approach to the problem and the

proposed scheduling policy are explained. Section IV is dedicated to performance evaluation of our policy.

II. PUSH BROADCAST SCHEDULING, FORMULATION AND PREVIOUS WORK

In a typical Push broadcast system N separate information files are stored in the system. The request arrival
process for each file is modeled by a Poisson and we denote by A; the rate of the process for file i; ¢ = 1,..., N.
Each arrival process defines the times when the users decide to access the corresponding file. We also assume that
every file ¢; ¢ = 1,..., N has a length [; which indicates the time to transmit the file over a channel with unit
bandwidth. In a Push system, the only information available to the scheduler about the requests is the arrival rates

Ai; ¢ = 1,..., N known beforehand and it does not have any knowledge of the request generation times or the



number of pending requests for the files at any time. The term request in this paper is used to specify the times when
the users need the files even though no real request is generated. We define a cost function C;(t); ¢ = 1,..., N
associated with each file. The cost function is assigned to every user who requests file ¢ and shows the amount of
cost incurred by the system for that user if there is a time delay ¢ between the request time and the broadcast time
of the file. The system is non-preemptive, meaning that files are transmitted as a whole and the broadcast of a file
can not be interrupted. Therefore, the broadcast of file 7 will take exactly /; seconds.

The scheduling problem is defined as coming up with a schedule for broadcasting the N files over time such
that the total average cost incurred by the system is minimized. In our setting, the users who need a file after the
beginning of its current transfer , need to wait for the next complete broadcast to receive the file. Also, the waiting
times in our formulation are defined as the time between the user request time and the start of the broadcast of the
file. A slightly different setting is to define the waiting time till the end of the broadcast which results into policies
more favorable to files with longer lengths. We address the problem using the first definition of the waiting time
but the same approach can be readily applied to the other definition as well.

If we denote by C; the long-term average cost incurred from the users requesting page i when a particular

scheduling policy is in use, the overall average cost can be written as
|
C=3 Z} XCi (1)

where A = SN A,

Although the problem of broadcast scheduling has not been considered in the above general form before, there
has been a number of rather interesting works on both the Push and Pull systems with average waiting time objective
function i.e. C;(t) =t, i = 1,..., N. One of the earliest works on the Push broadcast scheduling is the work by
Ammar and Wong [4], [5] where they studied a system with all files having a unit length and showed that the
optimal scheduling policy has a periodic form. In other words, the minimum average delay is achieved when the
broadcast instances of each file are equally spaced on the channel with a proper period specific to each file. They
also showed that the minimum average delay is achieved if the inter-broadcast periods of any two files 7 and j on

the broadcast channel are related as

T; Aj

=5 )
i.e., the files with lower request arrival rates are broadcasted less often (larger periods). Finding a schedule that
maintains the periodicity of broadcasts for all files and, at the same time, meets the requirement of equation (2) is
not always possible. Therefore, they also introduced a heuristic method for designing one period of the broadcast
cycle. Given a length L for the cycle, they try to fit proper number of appearances for all file in that cycle to satisfy
the optimality equation as closely as possible. The final broadcast schedule is then achieved by repeating that cycle

over and over. In a later work [6], it was shown via optimization arguments that if the files have different sizes

T )‘j lz
T _ [ 3
Tj )\z lj ( )

Instead of an off-line procedure for cycle design, a real-time heuristic policy for achieving near-optimal results was

li; v=1,..., N, equation (2) is extended as

introduced. A real-time policy is defined as a policy that chooses a file for broadcast based on the information



available at the end of the current broadcast. In another work, Su and Tassiulass [7] considered the system with
equal length files and proposed a real-time policy for broadcasting the files over a broadcast channel. In their work,
they proposed a parametric real-time scheduling policy and optimized the value of the parameter through a number
of simulation experiments. This policy can be regarded as a special case of the policy given in [6] when all file
lengths are set to one. The same experimental approach has been used in [8] to find a real-time policy for unequal
file lengths that basically results in the same policy derived in [6]. The interested reader is also referred to other

publications on this subject such as [9]-[14] and references therein for a more diverse review of the problem.

III. OUR APPROACH

All of the previous works on Push broadcast systems have studied systems with the average waiting time criteria
where the cost function for each user is the elapsed time from the time the user needs a specific file till the next
broadcast of that file. In general, the cost function is not necessarily the ¢(t) = ¢ line and depending on the user
behavior and nature of the requested file it may take different shapes. In this section, we will address the problem of
broadcast scheduling in Push systems in its general form when the cost function is any monotonic non-decreasing
function of time and present an optimization approach to find near-optimal scheduling policies. We will then apply
our method specifically to a system where the files have different lengths and the cost function represents the
waiting time as well as the deadline associated with each file. This case can be also looked at in a different context
by considering a system where the user’s device constantly receives and stores the broadcasted files of interest and
the user always accesses the most recent version stored in the device. The delay in that case is in fact the age
of the file stored in user’s system and the cost is a function of that age. For cases such as traffic information or
stock quotes, there is usually a certain amount of delay that is acceptable and the cost starts to increase only after
that period has passed. It is not difficult to show that the scheduling problems for that type of system will reduce
to the same problem as our original system. Either way, to our knowledge, the broadcast scheduling problem in
Push systems has not been addressed in its generality and there are no policies that address the problem beyond
the average waiting time criteria particularly, for the rather important case when deadlines are involved.

Our approach for addressing this specific scheduling problem is as follows. First, we consider the scheduling
problem in a system similar to our system but with weaker constraints. We call the new system the relaxed system
and the scheduling problem associated with it the relaxed problem since they are obtained by relaxing some of the
constraints of the original system. After finding the optimal solution for the new problem, we use that to come up

with a scheduling policy for the original system. Our assumptions and notations are as follow:

e N: Total number of files stored in the system

e The demand generation process for each file ¢ is a Poisson process with known rate \;; ¢ =1,..., N

e [;: Length of file ¢

e C;(t): Cost function associated with each of the demands for file 7 as a function of the delay between demand
generation time and the next broadcast of the file. It is always assumed that for all ¢, C;(¢) =0 if ¢t < 0.

e It is assumed without loss of generality that the total channel bandwidth is 1 and only one file can be in
broadcast at any time (Time Division Multiplexing)

In the relaxed problem, we assume that the instantaneous bandwidth is not limited to 1 and only the long-term

average of the total used bandwidth should not exceed this value. This assumption is similar to a relaxation made

in [15] and [16] in a Dynamic Programming approach to the broadcast scheduling problem in Pull systems and



Fig. 1. optimal broadcast schedule on a single channel

introduced in [17] in the general context of Restless Bandit Problems. Another way to look at the new problem
is to assume a system with N parallel unit-bandwidth channels, one for each file, with the only restriction that in
the long run, the total used bandwidth should be less than or equal to 1. It is not difficult to show that the optimal
solution should always fully utilize the bandwidth i.e., meeting the constraint with equal sign. Since our original
problem with the strict constraint on the instantaneous bandwidth is a special case of the new problem, the optimal
cost for this new system is obviously a lower bound for the original system. This will later allow us to compare
the performance of our policies with this lower bound and find out how well they perform.

Let’s denote by r; the average long-term bandwidth assigned for broadcast of file . The only constraint is then

to have
N
d om<l 4)
i=1

Having r; values fixed for each file 2, ¢ = 1,..., N, it can be shown that the average cost is minimized with a

periodic broadcast schedule for each channel.

Theorem 1: For a single file with length [, average broadcast bandwidth r and monotonic non-decreasing cost
function C'(t) over ¢ > 0, the minimum average cost is achieved when the successive broadcast instances of the
file follow a periodic pattern.

Proof: See appendix 1.

This result, in the special case of average waiting time criteria (i.e., C'(t) = t), is in line with the well-known
results (e.g. [4], [5]) about the optimality of periodic schedules.

Given the length /; and allocated bandwidth r; for a typical file 4, the broadcasts happen with a period 7; = I; /7;
(figure 1). For such a periodic schedule, the long-term average cost for each file is equal to the average cost per
period given by .

Ci = = > o ()" ne; = Aic; S)

Ti n!
¥ n=0

where c¢; is the average cost incurred by each user which is

1
cilr) = /0 Ci(t)dt.

With the above definitions, the scheduling problem can be formulated as a constrained optimization problem as

follows

s.t. I Ti



where A = Zf\i 1 Ai. From a practical point of view, since we have not assigned any cost for using the channel, it
is obvious that the optimal policy would make full use of the channel bandwidth. Equivalently, it means that the
optimal solution of the above problem occurs on the border of the constraint space i.e., when ) i— = 1. The exact
statement of this fact is as follows

Theorem 2: If all C;(.)s are monotonic non-decreasing, then the solution (77, ..., 75) for the above optimization
problem occurs on the boundary of the constraint space i.e., we have ) Tl— =1

Proof: Appendix II. 1’

We can now use the Lagrange method to find the optimal solution. Let’s introduce the relative demand parameters

qi = \i/X fori=1,...,N. we need to find

min L (6)
T1y+sTN M
where N N
l;
Liry,...,mvop) =Y agici+p| Y = —1]). (7)
i=1 im1 i
the optimal solution satisfies
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The above N + 1 equations can be solved to find the optimal values of 7; to 7y resulting in the minimum total
average cost for arbitrary cost functions. These equations place a requirement on the period 7; that depends on the

length and demand rate of file ¢

2
q; 77 dc;
v — 10
Lodn ! (10)
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The above constraints are our guidelines for coming up with a solution for the original system where only one file
at any time can be in broadcast over the single available channel. One approach is to design a single period of
the overall periodic broadcast schedule and arrange multiple broadcast instances of each file inside one period to
satisfy equation (11) as closely as possible. The long-term schedule would then consist of successive repetitions of
this single period. This approach has been used in [5] and [6]. A second approach is to treat the schedule design as
a dynamic scheduling problem despite the fact that the system is completely deterministic as long as the demand
rates are constant. We use this approach throughout this paper since it removes the problem of designing a full
cycle at the expense of some decision overhead at the end of each broadcast. If the complexity of the decision
policy can be kept low, this approach can be easily implemented in real systems.

Let’s define ¢; to be the time elapsed since the last broadcast of file . In the ideal case, file ¢ is broadcasted
each time ¢; hits the 7; value which satisfies equation (10) as shown in figure (2). However, since for some files,
t; may reach the optimal value while another file is in transmission, several files may have their ¢; values passed

42
the optimal value at the end of the current broadcast. We therefore use the qfi 35’] — 1 value for each file as the

eligibility of that file for broadcast at the current decision time. Since any monotonic increasing function of our
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Fig. 2. optimal broadcast schedule on a single channel

eligibility measure can also be used as the index function, we can use the index policy that assigns the index

function ,
_ 4% t; @

YTl dn

to each file and selects the file with the largest v; value for broadcast. The only information required by the policy

(12)

about the state of the system are the last broadcast time for each of the pages since the ¢; values would simply
be the current time minus those times. The complexity of this policy is O(V) since index functions are calculated
independently and the largest among them is chosen.

Having established a general framework for index policies for the Push broadcast systems, we can now be more

specific and consider systems with specific cost functions.

A. Systems with average waiting time criteria

The cost function Cj(.) for this type of systems is defined as
Cz(t) = ait, 1= 1,...,N

where a; is a weighting factor for page 7. This case covers almost all of the Push broadcast systems analyzed in

previous research on this subject. For this case we have

[

C; = / aitdt
Ti Jo
1

= §az‘7'i.
Therefore the optimal policy for the relaxed system satisfies (equation 10)
2
aiq;T;
= 13
o, p (13)
or
. . l a;
T _ \/@\ﬁ\ﬁ”, i,je{l,...,N}
T VGG v
which reduces to equation (3) [6] when we further set a; = 1 for ¢ = 1,..., N. The index function in this case is

Qiait%

;=
l;
which reduces to the on-line policy introduced in [6] for the special case where a; = 1 and to the policy in [7]
when all files have unit length i.e., [; = 1 for all .
By plugging in the optimal values of 7; from equation (13) in equation (9), the optimal value of 1 and subsequently

the total average waiting time C' are found to be

w= L (vata)’ o
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Fig. 3. Cost function for the tardiness criteria

and
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This value serves as a lower bound for the optimal value achievable by policies for the original system and we will

use it as a reference in our performance evaluation studies.

B. Systems with average tardiness criteria

When the timeliness of receiving the information is of importance and each file has its own expiration period,

the average waiting time is no longer a good criteria. A criteria that is often used for such cases (e.g. [18]) is the

average tardiness criteria. The cost function representing the tardiness is shown in figure 3 where the cost starts to

grow with slope a; only after a deadline associated with the file is passed. With this definition, the average delay

criteria is in fact a special case of the average tardiness criteria when all d; = 0. For the tardiness cost function we

have
1 [™
C; = / Ci(t)dt
Ti Jo
or
%aii(n;:i’) T > d;
C; =
0 T < d;.

which implies (assuming 7; > d;)
dei _ aimy —dj
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Using equation 10 we find
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and the index function can be defined as

(16)

A7

(18)

19)

(20)

According to this function, in otherwise similar conditions, a more popular file (larger g;) is given priority over a

lesser popular file. Similarly, a more time-critical file (small d;) has priority over another file with a larger deadline.



The length however, has a negative impact on the priority and a file with a shorter length is chosen over a longer
file in similar conditions. Also note that this index policy does not contain 7; or x terms and therefore there is no
need for explicit calculation of those quantities by the system.

Here we have implicitly assumed that the average total bandwidth is smaller than that needed for periodic
broadcast of all files right on their deadline expiration times i.e., file < being broadcasted every d; seconds. Otherwise,

the problem would have been trivial. This assumption can be expressed as

N I
Y o>l Q1)
i=1 di

Combining equations (9) and (19) results in the following equation for

N 1
> =1. (22)

2
i=1 24 4 (e
a;liq; l;

This equation can be solved to find the optimal value of p. A look at this equation for y shows that for y = 0 the

left hand side of the equation is greater than the right hand side due to equation (21). Also, it is obvious that the
left side approaches zero as p approaches infinity. Since the derivative of the left side with respect to p is always
negative, then the solution for p is unique and greater than zero. This guarantees that, based on equation (18), every
T; 18 greater than its corresponding d; and therefore the assumption of ¢; taking the first case in equation (16) is
valid. It is also intuitively clear from figure 3, and not difficult to show that the optimal solution should be sought
in the 7; > d; region since nothing is gained by going to the 7; < d; region for any .

The optimal 7; values can now be computed from g using equation (18) and the optimal value of the total average

tardiness would be )
1 P di
€ =23 g T80 (23)

Again, this value is a lower bound for the original system where the bandwidth can not exceed 1, even instanta-
neously.

It is constructive, as a side note at this point, to briefly discuss those systems where the delay for every user is
defined from the request time till the end of the transmission of the requested file. This new delay is equal to the
delay defined for our original system plus the length of the requested file. This means , for the average tardiness
case, that the length ; is effectively subtracted from the deadline d; to result into a new smaller deadline d}. The
problem is then similar to our original problem though with slightly different assumptions for the existence of an

optimal solution.

C. Multi-channel Broadcast systems

Our approach can be also easily applied to systems with more than one broadcast channels. Let’s assume that the
system has K parallel channels (K < N) each with bandwidth 1. We also assume that all users are able to listen
to all K channels and receive information from them. However, we rule out the possibility of receiving different

parts of a file from more than one channel. The scheduling problem for the relaxed system in this case can be



written as
N
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Following the same approach, the optimality equations for the 7; values will still be the same as equation (18) but
with a different value for x which is , for the average tardiness criteria, the solution of the following equation

N

3 ! _ K. (25)

2
i=1 20 4 (ds
ailiq; l;

Based on our previous discussions about the properties of this equation, the new solution for y is smaller than the

solution for the single-channel case. This effectively means that although all 7; values maintain their relationship
with each other, they will all take larger values than before, resulting in a smaller average cost for each file, and
also a smaller total average cost. The index policy for the original problem is therefore to calculate the same index
function for each file as before and broadcast the files with the first K largest index values.

Having derived our scheduling policy, we can now discuss its performance through a number of simulation

studies.

IV. PERFORMANCE RESULTS

In order to evaluate the performance of our policy, we set up a Push broadcast system with 100 files. We set the
total demand rate A as a variable and pick ¢; values according to a Zipf distribution [19] with unit exponent i.e.,
Vi,j: ¢i/gj =j/iand > ¢ = 1.

Since the policy allows the files to have different parameter values i.e., different ¢;, d;, I; and, a; values, from
each other, our experiments are broken into several sets. In each set, one or more parameters are set equal across all
files to allow for a clear evaluation of the policy. Also, here we only focus on cases with d; > 0, at least for some
files, since otherwise we would be dealing with a system with average delay criteria and our policy was found to
be a reconfirmation of the policy in [6] and only its extension for allowing unequal weights assigned to the files.
The interested reader is referred to the performance evaluation studies in that reference for that special case.

As an initial study, we eliminate the effect of file lengths and file weights by setting all /; and a; values to one.
We also set all deadlines to a common value d and run the experiments by changing the total request arrival rate A
from 15 to 50 with a step of 5 and setting the common deadline value to d =1, d = 2 and d = 3. Figure 4 shows
the total average tardiness obtained from the experiments along with the lower bound values calculated for each
experiment. Our first observation is that the average cost is independent of the total request arrival rate as long as
the ratios between the arrival rates are kept unchanged. This is an expected result due the fact that the contribution
of the arrival rates \; to our policy and the expected cost values is only through the normalized values ¢; and

independent of their true values. Based on this observation, the total arrival rate in all of our following experiments
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Fig. 4. Optimal and experimental average tardiness for a system with equal deadlines assigned to all files

is set to a fixed value of 50 and is not changed. The second observation in this experiment is the small difference
between the experimental results and the corresponding optimal values. As we expect, for a fixed total bandwidth,
shorter deadlines result in larger average costs.

Since the average cost values are different for different experiments, we need to define a unified method to
evaluate the results of all experiments. Since we are able to calculate the optimal value of the average tardiness
for the relaxed problem and it is a lower bound for our real problem, the goodness measure in our experiments is
defined as how close we get to that value. If we denote by C the average tardiness resulting from our heuristic

policy and by C the lower bound average tardiness given by equation (23), the goodness measure G is defined as

c-C
=1 . 2
G = 100 * & (26)

Figure 5 shows the values of G for the above experiments. It is clear from the graph that the results obtained from
our policy are less than 0.3% different from the optimal values for those experiments.

In the second set of experiments, both the deadlines and file lengths are varied and the performance of the policy
under different assignment methods for both quantities is evaluated. The total arrival rate is fixed at 50 and all
weights are set to one. The deadlines are assigned to the files in three different ways. In the first set of experiments,
all deadlines are equal to a fixed number d . In the second set, the deadline assignment is a linear function of the
file number with a positive slope such that d; = (i —1)/10+d for s = 1,...,100. In the third set of experiments,
the deadlines are assigned in the reverse order such that d; = (99 — ¢)/10 + d. The same set of options is applied

to the file lengths as well such that file lengths take a constant value [, as well as increasing and decreasing values
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with offset [. The goal is to find out how the policy performs in the above cases and discover worst case conditions
for its performance. For these experiments, both d and [ take values from {1, 2,3} resulting in a total number of 81
experiments. Figure 6 shows the G values for those experiments. The worst case scenarios can be easily located as
the nine points on the right half of the graph. Those points in fact correspond to experiments in which the deadlines
are assigned in the decreasing order of file numbers while the file lengths are assigned in the increasing order. In
other words, the most popular file has the longest deadline and shortest length while the least popular file has the
shortest deadline and the longest length. The three peak points among these nine experiments are those where the
file length offset is minimum (I = 1) and the highest peak is when the deadline offset is also at its maximum value
of d = 3. The above worst case scenarios are not typical of real systems. Nonetheless, even in the worst case, the
relative deviation from optimal hardly goes beyond a few percent and the policy remains reasonable even in those
situations.

Our final test aims at evaluating the policy in the presence of unequal deadlines, unequal lengths, and unequal
weights being assigned to the files. This set consists of 100 simulations in which the values of file lengths, deadlines
and weights for each file are assigned by separately sampling a uniform(1,10) distribution. The graph of figure
7 shows the G values for these randomized parameter values. Again, the results confirm the close match between
the experimental results and the optimal values with smaller than 1% deviations.

Although our main goal has been to achieve the minimum average cost in each problem, it is constructive to study
the treatment of the individual files by the optimal policy and also, how close the heuristic policy approximates

the optimal policy for each file. The first question can be answered by looking at our previous derivations and
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Fig. 8. Relative difference between the experimental results and optimal values of the average delay for each file. Positive values indicate

smaller (better) than optimal and vice versa.

plugging in equation (19) in (16) to find all individual average tardiness values as functions of . Since the resulting

functions are not easy to investigate, we consider the case with all d; = 0. In that case, we have for all ¢ and j,

c _ar NG Vi ai

¢ 4T G/l

Non-zero d; values introduce skewness to the above relations and should be mainly investigated separately for any

specific scenario.

The second question deals directly with how well our proposed policy approximates the optimal policy. Although
at this point we are not able to make a general statement about this subject, we focus on a simplified setting and
try to answer this question for that case. In particular, we consider a system with all [; and a; values being set
to one and d; = O for all ¢ i.e., the average delay case. Figure 8 shows the percentage of deviation from the
optimal values of average delays for individual files. It can be seen that the index policy favors the files with lower
demands by providing them with a smaller-than-optimal average delay. Obviously, this effect results in a larger
overall average delay. For the same setting, we can record the individual values of the time differences between all
successive broadcasts of each file ¢ and observe how close to 7; those value are. Figure 9 plots the percentage of
change towards better (smaller) values between the average inter-broadcast times for every file ¢ and their optimal
7; values. As we expect, this graph is similar to the previous experiment and the heuristic policy favors the files
with smaller demand. The answer to the above questions in general is beyond the scope of this paper and the

subject is still under study.



Per file performance of the index policy for the average delay case

3 T T T T
sT 25
Is)
g 2
[¢]
>
< 15
i=
o3 1
5
E 05
=
Q
= 0
Q
>
o
s -05
£
s -1
o
g -15
_2 1 1 1 1
0 20 40 60 80 100

File number (i)

Fig. 9. Relative difference between the experimental results and optimal values of the average inter-broadcast times for each file. Positive
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We may call our policy a greedy approximation of the ideal policy due to the fact that only the current value of
the index function for each file is considered and the file with the largest value is broadcasted. In reality, after the
broadcast of a file starts, the index functions of all files and their corresponding costs keep increasing according to
their own square-law functions defined by equation 20 for the whole duration of the current broadcast. Theoretically,
one may also think of a look-ahead approach that takes this fact into account and come up with a more complicated
policy. Although it is not known if such policies may result in a better performance, our experimental results are
reasonably close to the optimal values and we do not see any need for studying such policies. Another observation
we would like to mention is about the performance of a slightly different index policy derived from the same
optimality arguments. Since the optimal values of 7; are precisely defined by the optimal policy for all files, it
is reasonable to think of an index policy that only uses the t; — 7; value as the index function for every file
and broadcasts the file with the largest difference. Unfortunately, experimental results showed that this new policy
performs substantially worse than our original policy (which can be shown also as a;q;(t? — 77)/l;). Therefore, we
focused our attention to the original policy throughout this paper.

Overall, all of the above results indicate that the proposed scheduling policy with an O(N') complexity performs
very close to optimal at least for the family of cost functions defined by figure 3. Our derivations, however, allow
for arbitrary cost functions and we do not expect a drastic reduction in the performance for other typical smooth

cost functions.



V. CONCLUSION

This paper presents a general formulation of the scheduling policy in Push broadcast systems. Our formulation
addresses the systems with generalized cost functions and provides index policies for them. We introduced an
auxiliary problem and finding the optimal solution for that system enabled us to propose a scheduling policy
for the original system. Our results are based on the comparison between the performance of the policy and the
theoretical lower bounds. In all of our experiments, even the worst case result was smaller than 2% different from
the optimal result. A similar technique is also applicable to Pull systems and this problem is the subject of ongoing

research.
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APPENDIX |
OPTIMALITY OF THE PERIODIC SCHEDULE

Proof: We show that having the time between any kth and k + 2th broadcasts of the file fixed, the optimal
time for the k£ + 1th broadcast is in the middle of that interval i.e., we should have
let2 — thv1 = b1 — Ui 27

Let’s assume that the total length of the [¢,{r12] interval is L and the k 4 1th service happens at ¢;, + T with
T < L. Due to the Poisson assumption, the expected cost for each of the arriving requests during the [0, 7'] interval

is given by

T 1
Wy = / O 1)t (28)
0

-7 /0 "o

which in the average delay case will reduce to 7/2 as expected. Now, if we calculate the average cost for the

requests arriving in [0, L], we have

T —
W(T) = T Wi+ =——Wa

_ % (/OT C(t)dt + /OLT C(t)dt) .

A simple differentiation with respect to T shows that the average cost is minimized when
W/(T) = O(T) — C(L —T) =0 (29)

with
W»(T)=C'(T)+C'(L—-T).

If C(t) is monotonic increasing, we have W”(T) > 0 and equation 29 has a unique solution at 7" = % If C(t) is

non-decreasing, 7' = % is still a solution though not necessarily unique. [ ]



APPENDIX II
GENERAL PROPERTIES OF THE OPTIMAL SOLUTION

Proof: Do to the summation form of the objective function we have

ac _ do
dr; - qzdn'

de;
= = Ci(t
alTZ dTZ T /

1
- /0 Ci(t)dt + E@-(n)

_ 712 <Tici(n-) _ /0 : c,-(t)dt> .

If C;(t) is an increasing function of ¢, we have

/[Ci(t)dt</[Ci(n)dt
0 0

< Tloz(ﬂ)

But

Based on the above equations, we have dc;/dr; > 0 and, subsequently, dC'/dr; > 0. Also, for the constraint

function,

N

d <=1l

dri i=1 Ti Ti
The increasing objective function together with the decreasing constraint function with respect to all variables,
forces the optimal point to be at a point where the constraint function meets its upper bound since any slackness
can be used to reduce one of the 7; values which, in turn, leads to a smaller C'. Therefore. Again, for C(t) being
non-decreasing, the same solution is optimal but not necessarily unique. Therefore, the optimal solution always

satisfies

N,
LS

i=1 't
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