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Abstract

Wireless Data Broadcast (WDB) is known as a highly efficient information delivery mechanism
of nearly unlimited scalability. Over the last few years, due to the appealing properties and a
wide area of possible application, a large number of new solutions and ideas related to WDB
have been proposed. However, most of those solutions employ overly simplified assumptions
concerning the system operation and user behaviour, and therefore fail to provide a broader

insight into the nature and performance of WDB as found in the real world.

The work presented in this thesis aims to overcome the main limitations of the previous

published research works on WDB. In particular, the following contributions are made.

e We propose a new model of TDM-based single-cell WDB systems, which extends
over both broadcast and unicast data retrieval principles, and assumes realistic-impatient
user behaviour patterns. Based on this model, we define and derive exact mathematical
expressions for several performance measures that seem most appropriate for the analysis
of WDB systems. Consequently, we prove that there exists a single broadcast scheduling
scheme (Soptimat), Which can ensure the optimal system performance with respect to all of

the measures at once, as well as the system’s throughput, QoS and GoS.

e The actual search for Sqptima, both in WDB systems of uniform and variable user
mobilities, turns out to be a complex non-linear double inequality-constrained
optimization problem, without a tractable closed-form solution. However, by exploiting
some mathematical properties of the main cost function, we prove that the given
optimization problem can be considerably simplified. Based on this simplification, we
derive a closed form approximate expression for Sqpima and, consequently, we propose an
algorithm for fast, CPU conserving estimation of Soptimat, EXperimental results verify that
the proposed algorithm requires minimum computation, while providing performance

almost identical to Syptimal Obtained through numerical estimation.

e For the completeness of our discussion on single-cell WDB systems, we also consider

the possibility of frequency- division-multiplexing (FDM) WDB. We prove that for any

11



given FDM-based broadcast schedule there exists a TDM-based broadcast schedule that
results in a better overall system performance. With this proof, we ultimately justify our

initial decision to make TDM-WDB the main focus of this work.

e In the final chapter of this thesis, we extend our discussion to the case of multi-cell
hierarchically organized WDB systems. Namely, although Hierarchical Cell Structure
(HCS) has already become a preferred form of cellular organization in most
mobile/wireless networks, there arc almost no published research works concerning
wireless data broadcast in systems of HCS organization. As our contribution to the given
subject, we propose a model of multi-cell hierarchically organized WDB (i.e. HCS-
WDB) systems and prove their considerable performance superiority over single-layer
multi-cell WDB systems. Subsequently, by exploiting some of the earlier results, we
propose an algorithm for fast identification of the optimal broadcast schedule in WDB
systems of HCS organization, and verify the efficiency of the given algorithm trough a

series of test-case simulation results.
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Chapter 1

Introduction

1.1 WDB Data Delivery Principles

According to recent statistics ((UMTS_Report9] and [UMTS_ConvergingNetwork]), the number
of data enabled mobile devices capable of accessing the Internet will soon outnumber the
quantity of Internet-capable Personal Computers (PCs). Thus, as the statistics indicate, the fusion
of mobile-wireless-data services is becoming a preferred users’ choice over services of the
traditional fixed-wired-data networks. This should come at no surprise, since mobile-wireless-
data systems are able to offer a number of features that cannot be provided by fixed-wired-data
networks, including: any place any time connectivity, location-based information on-demand,
association of a mobile device with the user rather than location, etc. [Schiller]. Clearly, as the
popularity and, consequently, overall demands on mobile-wireless systems increase, the
importance of mechanisms for scalable and efficient data delivery, in these systems, increases

accordingly.

There are two fundamental data delivery mechanisms found in mobile-wireless-data
communications systems: point-to-point access and wireless data broadcast (WDB) (see Figure

1.1 and 1.2).
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In the case of point-to-point access, a logical channel is established between the mobile user
(MU) and the server. Queries are submitted to the server and results returned to the user in the
same way as in a wired network [Xu]. In the case of wireless data broadcast, on the other hand,
data are sent simultaneously to all users residing in the broadcast area. It is up to the user to

select the data it wants [Xu].

Figure 1.1 Point-to-point data delivery

common broadcast channel

Eg/mjzt:ej@@“ﬂw«]f@

R VN

T -

Figure 1.2 WDB data delivery

Compared to point-to-point access, wireless data broadcast offers several significant advantages,

including:

(1) excellent scaﬁzﬁiﬁty, i.e. the potential to serve almost unlimited number of users at only

single channel bandwidth requirements. As an illustration, let us imagine an arbitrary
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M

@

3)

Q)

number of users demanding the same information, at approximately the same time. While,
in such a case, a point-to-point based system would have to serve each of the users
independently on a separate channel, in a WDB based system all of the users, regardless of
their actual number, could be served simultaneously on a single common — broadcast
channel.)

fow operationa[ cost Tt should be noted that wireless communication systems essentially
employ a broadcast medium, i.e. the air, to deliver information [Xu]. Therefore, in contrast
to data broadcast in wired networks, wireless data broadcast can be implemented without
introducing any additional cost.

consequent improvements in QoS! offered by the system  Based on (1), wircless data
broadcast saves considerably on the overall utilization of network resources. Hence, the
saved resources could be used for the further improvement of QoS given to those users that
insist on obtaining point-to-point access.

consequent improvements in GoS? offered by the system By providing service, i.e.
information, even to the users whose requests have not been received explicitly, WDB is
capable of reducing contention at the random access channel (RACH) level [Schiller], and,

consequently, improving the overall system’s grade of service.

Based on the above, wireless data broadcast has the potential to considerably enhance the

corresponding network’s performance. However, it should be noted that the actual effectiveness

of WDB is not provided by default. It strongly depends on a number of factors, including: 1) the

presence of a critical mass of users demanding the same or similar information, 2) the system’s

ability to identify the information for which there is a vigorous common MU’s demand, and 3)

the system’s ability to appropriately prioritize the broadcasting of highly- over less- relevant, i.e.

popular, information.

' QoS - set of parameters used to describe a network’s performance, including: link delay, available bandwidth,
?acket delay variation, packet error rate, ... [Schiller].

GoS — the probability of a call or data request being blocked or delayed for more than a specified interval
[Schiller].
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1.2 @Previous Research Works on WADB

Over the last few years, due to the appealing properties and a wide area of possible application,
wireless data broadcast has attracted considerable attention of the research community. Recently,
a large number of new solutions and ideas related to WDB have been proposed. In this section
we provide an overview of those published research works that are directly or somewhat related

to our work, as presented in Chapters 2 to 6.

1.2.1 @ure-push vs. Pure-pull vs. Hybrid WADB

From the conceptual and modeling point of view, WDB-based systems are grouped into three

categories:

o Pure-Push WDB Systems

In pure-push WDB based systems (see, for example, [Acharya_I], [Hameed], [Jain] and
[Vaidya]), MUs are just passive listeners — they do not have any direct control over what is
being broadcasted. They have to patiently wait for the desired information to appear on the
broadcast channel. The relative popularities of items (documents) considered for
broadcasting are assumed known. Based on the known items’ popularities, the server creates
a periodic/aperiodic broadcast schedule and disseminates the information accordingly.

Among the ideas and concepts regarding push-based WDB systems, the ones presented in
[Jain] and [Vaidya] are already considered classical and have been exploited by many other
authors working in the filed. In [Jain], it has been implicitly’ proven that the expected delay

experienced by MUs demanding a specific item is minimized if the given item gets

* Unfortunately, we were unable to identify a published research work on push-based WDB systems that provides
the exact mathematical proof concerning the optimality of ‘equal-spacing’ broadcast. However, in Appendix 1, by
using our mathematical/theoretical framework, we present such a proof.
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broadcasted at equal time intervals. In [Vaidya], on the other hand, the proof of the well-
known ‘square-root rule’ has been presented. The rule states that the minimum overall MUs’
waiting time is achieved provided the spacing between two consecutive instances of a given
data item is proportional to the square-root of its length (+/1) and inversely proportional to

the square-root of its access probability (\/p ) [Xu].

o Pure-Pull WADB Systems *

As indicated in the above paragraph, in pure-push WDB systems MUs are passive, and the
broadcasted information is tailored so as to satisfy the needs of the majority [Xu]. On the
other hand, in pure-pull WDB systems (see, for example, [Acharya_2] and [Aksoy]), MUs are
assumed active - they have the access to uplink channels. Thus, when a client needs a data
item, it sends an on-demand request to the server. The server queues up the clients’ requests
as they come along, then repeatedly chooses one of the requests, explicitly responds to it
through the broadcast channel, and finally removes it from the queue.

Among the published works on pure-pull WDB, [Acharya 2] and [Aksoy] are considered
classical. In [Acharya_2], the benefits of pre-empting broadcast in heterogeneous” pure-pull
WDB environments have been proven. (In queueing theory, pre-emption is well known as a
means to improve the overall response time, typically by letting a chain of small jobs
interrupt a larger job.) Also, in [Acharya 2] it has been argued that the standard response
(waiting+service) time is not a well-suited performance measure in the heterogeneous on-
demand WDB setting. Instead, the stretch of a request, defined as the ratio of the response
time of a request to its service time, has been proposed as a more fair measure. In [4ksoy], a
heuristics based scheduling algorithm (RxW algorithm) has been proposed. This algorithm
schedules for the next broadcast the item with the maximal RxW, where R is the number of
outstanding requests for that item, and W is the amount of time that the oldest of these

requests has been waiting for. The experimental results have shown that RxW algorithm 1is

* These systems are also referred to as ‘on-demand WDB systems’.
5 . .
Here, ‘heterogeneous’ refers to ‘heterogeneous user requests’, i.e. user requests of unequal sizes.
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capable of balancing the average and worst-case waiting time, thus providing an overall

better performance than some earlier proposed algorithms.

Hybrid MADB Systems

Hybrid WDB (see, for example, [Stathatos] and [LinCW)]) exploits the characteristics of both,
pure-pull and pure-push WDB, and integrates them in a way that better matches the overall
MU’s demands. In particular, in hybrid WDB-based systems, the users are assumed active
and have the access to a number of uplink channels. The access frequencies of the available
data items are estimated from the statistics of on-demand requests received on the uplink
channels. Consequently, the most frequently accessed items are delivered to MUs through
pure-push WDB, while the least frequently accessed items are provided either through pure-
pull WDB or through separate point-to-point channels.

The main problem associated with the performance of a hybrid WDB system comes from the
users who obtain desired information without participating in the request submission
procedure, i.e. the users whose requests are ‘invisible’ to the system. Namely, if upon arrival
in the system users find the information they need already included in the broadcast schedule,
they may see no point of submitting any request to the server. Hence, as the content of the
pure-push broadcast channel captures the actual MUs’ needs more accurately, the population
of the ‘invisible’ users grows accordingly, and the statistics extracted from the submitted on-
demand requests becomes less accurate. As a solution to the given problem, [Stathatos]
suggests that each data item gets periodically removed from the broadcast channel in order to
probe its true popularity, at the price of less than optimal overall system performance. On the
other hand, [LinCW] proposes that each user locally collects statistics regarding data items
recently received from the broadcast channel, and then piggybacks this information to the
server with one of his next ‘on-demand’ requests. This way, assuming the full co-operation
of the MUs, the broadcast server gets a chance to gain a thorough insight into the actual

information demands, but with an inherent delay.
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1.2.2 Optimal Broadcast Scheduling Scheme in Hybrid and Pure-
Push WDB Systems

One of the biggest problems of hybrid WDB systems is related to the accurate estimation of
MUSs’ access frequencies, as described in Section 1.2.1. However, two equally challenging
problems faced by both, hybrid and pure-push WDB systems, are: 1) how to determine the
optimal broadcast schedule assuming the true access frequencies are known, and 2) once the
optimal broadcast schedule is found, how to actually implement the given schedule in real time.
Figure 1.3 shows that the three major problems found in hybrid WDB systems are, in fact,
inherently related to each other.

observed access frequencies
for M available data items

v knowledge of MU

 behaviour patterns

] estimation of actual data items' popularities

(p(1),p(2),..,p(M))

h4
{ calculation of optimal broadcast schedule

optimization criterion

$=(s(1),s(2),..,5(M) l

1 implementation of optimal broadcast schedule

Figure 1.3 Taxonomy of optimization problems in hybrid WDB systems

In general, a broadcast schedule® determines what data items should be broadcasted by the

server and at what frequency [Vaidya]. Clearly, different broadcast scheduling schemes may

® Please note, in this and the proceeding sections we will interchangeably use the expressions ‘broadcast schedule’
and ‘broadcast scheduling scheme’.
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have entirely different affect on the system, i.e. QoS and GoS provided to its users. For example,
a broadcast schedule that prioritizes highly- over less- popular items is intuitively expected to
provide a better overall throughput, and consequently a better MU service rate. In a similar
manner, broadcast scheduling schemes devised so as to satisfy different optimization criteria

might turn out to have entirely different characteristics.

In [Vaidya], the mean MU waiting time has been considered as the performance metric subject to
optimization, under the following scenarios: 1) a WDB system with a single broadcast channel
and no probability of transmission errors, 2) a WDB system with a single broadcast channel and
the probability of un-correctable transmission errors, 3) a WDB system with multiple broadcast
channels and no probability of transmission errors. In all three cases it has been assumed that
MUs do not submit any on-demand requests, and yet they patiently wait in the system until the
needed information is retrieved. By using a probabilistic approach and assuming that instances of
either item are equally spaced, the authors of [Vaidya] have arrived at the exact expression
concerning the lower bound on achievable mean access time (ty), for each of the considered
scenarios. From the necessary conditions for tm, they have derived the implicit requirements
concerning the optimal broadcast scheduling scheme (i.e. the broadcast scheduling scheme that

can ensure tmin).

According to our knowledge, [Jiang 1] is the only published research work on the subject of
WDB that deals with the issue of user impatience. Namely, as stated in [Jiang []: “... for
various reasons, users may lose patience after waiting too long, and leave, although their requests
are still unsatisfied ...”. The actual user behaviour model, employed in [Jiang ], assumes that
each MU, upon arrival in the system, passively waits w [time units] for the requested information
to appear on the broadcast channel, where w is an exponentially distributed random variable.
After this time, if the information still has not been retrieved, the MU leaves. The theoretical
results presented in [Jiang_1] have shown that the broadcast schedule capable of minimizing the
average waiting time in a system populated with MUs acting according to the behaviour as
previously described, also is capable of maximizing the expected service ratio. The implicit

requirements concerning such a broadcast schedule have been presented in [Jiang 1] as well.
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Most published works on WDB evaluate the effectiveness of broadcast scheduling schemes
based on how they reduce the overall mean response time. In [Jiang 2], however, the variance of
MUSs’ waiting time has been considered as the performance metric subject to optimization.
Namely, according to [Jiang 2], “... minimizing the mean response time most benefits a
“virtual” user whose request patterns happen to be coincident with the overall item demand
pattern on which the broadcast schedule is based. An individual user whose demand pattern
differs from the overall demand pattern may experience a mean response time greatly worse than
the optimal value.” The theoretical results presented in [Jiang 2] contain the exact mathematical
expression for the minimal variance of the response time in a pure-push WDB system (Oyin) and

the implicit requirements concerning the broadcast scheduling scheme that can ensure Gp;p.

1.2.3 Optimal Broadcast Scheduling Scheme Implementation

As Figure 2.1 illustrates, the actual scheduling of data items on the broadcast channel should take
place only after an optimal broadcast scheduling scheme, i.e. an optimal set of broadcast
periods/frequencies, has been found. Based on the examples of previous section it should be
evident that one can devise a broadcast scheduling scheme with various goals in mind, including
minimization of expected MUs’ waiting time, minimization of expected MUs’ waiting time
variance, maximization of service ratio, etc. Nevertheless, the actual real-time implementation of
an optimal broadcast schedule often turns out to be a rather complex task. Moreover, the studies
presented in [Baruah_I] and [Baruah 2] show that, even theoretically, not every set of n
periodic tasks can be scheduled on a single shared resource so as to satisfy the constraints of
each individual task. Expressing this in another way, there are cases when it might be hard, if

possible at all, to ensure the required periodicity for all broadcast items.

In [Acharya_1], a relatively simple model, which can be fine-tuned to approximate a particular
broadcast schedule, has been proposed. The model is called Broadcast Disk (Bdisk), and as the
name implies, it resembles a hierarchy of logical disks spinning at different speeds. Given an

actual set of data items and the corresponding broadcast scheduling scheme, the algorithm based
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on Bdisk model operates as follows: 1) all data items are ordered by their expected broadcast
frequencies; 2) data items in the same range of broadcast frequencies are grouped on the same
disk; 3) the disks are split into a number of chunks, where the chunk size equals the Least
Common Multiple (LCM) of the disks’ relative broadcast frequencies; 4) chunks from various
disks are interleaved resulting in an approximation of the desired broadcast schedule. The most
significant advantages of the Bdisk-based scheduling algorithm are its simplicity and the
preserved periodicity of the obtained schedule. However, the algorithm provides no firm

guarantees regarding how well the obtained schedule can match the analytical optimum.

In [Hameed], a useful observation regarding the analogy between broadcast scheduling and
packet fair queueing has been provided. Packet fair queueing algorithms attempt to: 1) assign at
least fraction f(i) of the output bandwidth to input queue(i), and 2) assign the given bandwidth in
‘evenly’ rather than ‘bursty’ manner. Similarly, broadcast scheduling algorithms attempt to: 1)
assign a fraction of broadcast channel bandwidth to item(i) as specified by the optimal broadcast
schedule, and 2) assign the given bandwidth so as to ensure that instances of item(i) are equally
spaced. By exploiting the given analogy, the authors of [Hameed] have proposed a low-overhead
bucket-based broadcast scheduling algorithm. According to the algorithm, the broadcast data
items are partitioned into several buckets, which are kept as cyclical queues. Each bucket is
associated with an expression — the expression corresponds to the optimal common broadcast
frequency of the items found in the bucket. At any time, the first item in the bucket for which the
given expression evaluates to the largest value gets to be broadcasted. The main advantage of the
bucket-based broadcast scheduling algorithm is its ability to obtain a broadcast schedule very
close to the analytical optimum. Nevertheless, the algorithm cannot ensure the periodicity of the

obtained schedule.
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1.3 WDB Application Areas

In this section, we provide several examples of real world WDB-based communication systems.
In each of the systems, the creation and utilization of an adequate and computationally
inexpensive broadcast schedule is shown to be of the uttermost significance. Accordingly, the

given systems represent a direct application area for our work, as presented in Chapters 2 to 4.

1.3.1 Cell Broadcast Service ((BS)

Cell Broadcast Service (CBS) is defined within Phase 2+ of the ETSI GSM standard [ETS]].
CBS has been also specified in the Release 99 of the UMTS standard, under the name Service
Area Broadcast. Thus, the same CBS functionality offered within GSM is also available within
UMTS [CBF).

CBS has some similarities with Short Message Service’ (SMS), since both services use the GSM
network’s signalling path. However, while SMS is one-to-one and one-to-a-few service, CBS is

one-to-many geographically focused service [ETS]].

The main concept of CBS service is analogous to the Teletex service offered on television.
Namely, like Teletex, CBS permits a number of unacknowledged general CBS messages to be
broadcasted to all receivers within a particular geographical area [ETS!]. This can be an area as

large as the entire network, or an area as small as a single cell.

The basic network structure of a CBS system (see Figure 1.4), comprises of the following
elements [ETST]:

7 Short Message Service (SMS) offers transmission of messages of up to 160 characters. SMS messages do not use
the standard data channels of GSM, but exploit unused capacity in the signalling channels. Thus, sending and
receiving of SMS messages is possible during data or voice transmission [Schiller].
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Figure 1.4 Network structure of CBS system

1) Cell Broadcast Entity (CBE)
The functionality of CBEs is outside of the scope of GSM and UMTS specifications. However, it

is assumed that CBEs allow content providers to locally or remotely prepare messages for

broadcast. Any number of CBEs can be connected to a single Cell Broadcast Centre.

2) Cell Broadcast Centre (CBC)

CBC:s are responsible for the management of CBS messages, including:
o allocation of serial numbers to individual messages;
o determining the set of cells to which a CBS message should be broadcasted;
o determining the time at which a CBS message should commence/cease being
broadcasted; ‘
o determining the period at which broadcast of a CBS message should be repeated®;

o determining the actual cell broadcast channel.

3) ®Base Station Controller (BSC)

BSCs are responsible for:
o storage of CBS messages;

o scheduling of CBS messages on CBCH;

’ Based on the discussion from the previous section, CBC is, in fact, responsible for the creation of an adequate
broadcast scheduling scheme.

’ While CBC is responsible for the creation of broadcast schedule, i.e. for determining the optimal inter-broadcast
intervals for a given set of data items (see Sections 1.2.2 and 1.2.3), BSC is responsible for the actual scheduling, i.e.
for implementation of the created broadcast scheduling scheme.
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o providing an indication to CBC when the desired repetition period cannot be achieved;

o routing CBS messages to the appropriate Base Transceiver Stations, etc.

4) ®ase Transceiver Station (BLS)
BTSs are responsible for forwarding CBS control information and for delivering broadcast

messages to mobile subscribers (MSs).

5) Mobile Subscriber/User Equipment (MS/UE)
MS/UEs are responsible for recombination of the blocks received via the radio path to
reconstitute the CBS message. Also, it is assumed that MS/UEs
o enable the user to activate/deactivate CBS through the use of Man Machine Interface
(MMD);
o have the ability to discard a CBS message which has a message identifier indicating that its
subject matter is not of interest to the MS;
o have the ability to ignore repeated broadcasts of CBS messages already received,

o optionally read the extended broadcast channels, etc.

The CBS messages comprise of 82 octets, which equates to 93 characters. Up to 15 such
messages, i.e. pages, may be concatenated to form a macromessage. In such a case, each page
will have the same message identifier (indicating the source of the message), and the same serial

number [CBF].

Due to its main characteristics — omni-point data delivery through unused capacity of broadcast
control signalling channel (BCCH) (for more on the functionality of BCCH see [Schiller]), CBS
technology is considered particularly suitable for the dissemination of the following types of
information [CBF]:

o traffic information to alert for accidents, road work, traffic jams, detours, etc.;

o weather information such as storm warnings, tornado watches, etc.;

o advertisements about sales and promotions at a particular location;

o announcements about parking, restaurant, emergency ambulance availability in an area,

o event information at conferences, trade shows, seminars, etc.;
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o tourist information;

o latest news, stock exchange rates.

Although the potential of CBS to provide information in timely and scalable manner
considerably exceeds the potential of other GSM/UMTS services, the actual effectiveness of

CBS depends on a number of factors, including:

o (Choosing the right set of broadcast frequencies
The frequency at which CBS messages are repeatedly transmitted should dependent on the
information they contain. For example, it is intuitively expected that dynamic information, such
as road traffic information, requires more frequent transmission than weather information. The
repetition period should also be affected by the desire for CBS messages to be received by high-
speed mobiles, which rapidly traverse cells [ETS/].

o Deciding on the number of broadcast channels employed

In general, CBS messages can be broadcasted on two different cell broadcast channels, which are
characterized by different QoS. However, a MS is always able to read the basic channel, while
the reading of the extended channel sometimes may collide with other tasks of the MS. Therefore
the probability of receiving a CBS message on the extended channel is smaller than on the basic
channel. The reading of the extended channel for MS is optional. The scheduling on this channel

needs to be done independently [ETST].

1.3.2 Hybrid UMTS — DxB'° Networks

According to [UMTS_ConvergingNetwork], migration to satellite-based digital broadcasting will
be a major trend worldwide over the next 10 years. (Both satellite-based digital television and
digital radio network, i.e. DVB and DAB, are already available in several countries.) Due to their
digital nature, DxB networks are capable of delivering a wide range of content to end-users, at

exceptionally high data rates. (For mobile users, the achievable data rates are up to 15 Mbit/s.)

' Digital Audio Broadcasting and Digital Video Broadcasting [UMTS_ConvergingNetwork].
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However, in spite of the high available data rates, DxB networks have generally been engineered
for distribution of the same content to many users. Thus, they may not be effective in delivering

highly personalized information, as this requires the utilization of a return channel.

The cooperation with UMTS-based systems can be considered as a way of extending the
application range of DxB networks [UMTS_ConvergingNetwork]. These are some of the possible

cooperation scenarios:

o  Network Sharing and Terminal Integration
Applications can be designed so as to share the resources of a UMTS network and a broadcast
network (see Figure 1.5). In such a case, UMTS could be used for all personalized information
(point-to-point communication, return channel), whereas the broadcast network could be used for

information that is suited for wider distribution (one-to-many) [UMTS_ConvergingNetwork].

Moblle Nefwork ]
: y - - " Infegrated OVB-T -
R Gﬂemﬁf [t e e JI?M’S Tarminal
Haturn Channel
Processing Sourte: LIMTS Forum

Figure 1.5 UMTS — DxB terminal integration

o  DxB as an extension to UMTS.
In contrast to the full integration, as discussed in the previous paragraph, another possibility is to
consider DxB just as an extension of UMTS, where DxB would provide information download

that is in high demand by users (e.g. electronic newspapers, software, guidebooks and maps).
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This would relieve the demand for resources within UTRA, while keeping the air interfaces of

the two networks separate [UMTS_ConvergingNetwork].

o  UMTS as Back Channel for Interactive Broadcast Services (T'V, Data)

In this scenario, the UMTS return channel would allow the user to respond to the information
received via a DxB network. It would not necessarily have to be from the same terminal (see

Figure 1.6).

Content

‘Mobile Network..

Raturn Channel
Processing
Source: LTS Farum

Figure 1.6 UMTS return channel for DxB networks

For example, the user could wish to send a short video of themselves for inclusion in a
programme being transmitted via DVB-T or they could wish to take part in a music vote, via
their 3G terminal, taking place on a DAB radio station.) A UMTS/3G return channel could
provide a number of advantages over other return channels, including

1) relatively high bandwidth — i.e. a UMTS return channel would allow the user to send back
multimedia content if desired;

2) interaction with mobile users — i.e. with a UMTS return channel, the user could interact with

a DxB service from any location [UMTS ConvergingNetwork].
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1.3.3 Networks of Pervasive Devices

The rapid spreading of mobile computerized devices (including laptops, GSM phones, personal
digital assistants and digital watches) has already marked the beginning of a new computing
paradigm characterized by ad hoc - proximity based networking [Hermann]. Further advances in
the microprocessor and wireless communications technology are expected to result in a
significant number of new devices (e.g. smart home-appliances, sensors, wearable devices, etc.)
capable of spontaneous communication [ Hermann]. In the literature, such devices are commonly

referred to as pervasive devices.

In most published works on ad-hoc networking (e.g. [Czerwinski], [Gribble], [Gupta],
[Hermann], [Nidd]), networks of pervasive devices are envisioned as highly dynamic
environments in which clients, i.e. devices, are aware of their surroundings and peers, and at the
same time, are capable of providing services to and using services from peers effectively
[Gupta]. Given this assumption, one of the major challenges imposed on networks of pervasive
devices is the utilization of intelligent mechanisms and protocols (the so-called Service
Discovery Service (SDS) or node discovery protocols), through which computing devices would
be able to detect the presence of neighbouring devices - as well as share configuration and

service information in an efficient manner [Nidd].

According to the architecture proposed in [Czerwinski], a secure and scalable SDS system is

composed of three main components (see Figure 1.7):
1) services;
2) clients - who want to discover services that are currently running in the network;

3 ) SDS servers - which solicit information from the services, and then use this information

to fulfill client queries.



Chapter 1 Introduction
L e — /]

push
information
.. delivery

pull
information
delivery

Figure 1.7 Service Discovery Service entities

SDS servers, as proposed in [Czerwinski], support both push-based and pull-based information
delivery. While pull-based (on-demand) delivery offers clear advantages in terms of information
privacy and security, push-based (multicast/broadcast) delivery of SDS advertisements provides

considerably higher dissemination efficiency and almost unlimited end-device scalability [Nidd].

Push-based SDS information delivery, according to [ Gribble], relies on the utilization of a well-
known global multicast/broadcast channel. SDS advertisements, i.e. SDS messages, are sent
periodically through this channel, and the maximum individual advertisement rates are
determined by estimating the actual message, i.e. service, popularities [Czerwinski]''.
Nevertheless, in a system populated with hundreds of thousands of portable clients, as
envisioned in the case of networks of pervasive devices, rapid changes in the popularity and/or
availability of certain services can be expected. Accordingly, one of the most important functions
of an SDS server would be to quickly react to such changes, and appropriately modify the
content and/or its scheduling of SDS messages on the push-based multicast/broadcast channel

[Czerwinski].

" In general, measurement-based periodicity provides better dissemination efficiency and keeps the traffic from
overloading SDS servers as the number of clients and services grows [Czerwinski].
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1.4 Summary of Our Work,

The main contributions of our work, and accordingly the content of this thesis, can be

summarized as follows:

In Chapter 2, we present the main contributions of our work concerning single-cell wireless
broadcast systems. In particular, first we outline the main limitations found in the previous
research works on wireless data broadcast, including some common unrealistic system and user
behaviour assumptions. Subsequently, we propose a new model of single-cell WDB systems,
which extends over both broadcast and unicast data retrieval principles, and also assumes
realistic (probabilistic-impatient) user behaviour patterns. For the given model, we define several
appropriate system performance measures and derive the exact mathematical expression for
each. Based on these expressions, we prove that in any given single-cell WDB system there
exists a unique broadcast scheduling scheme (we annotate this scheme with Scpimar), Which
simultaneously optimizes the system performance with respect to the overall throughput, QoS
and GoS. Next, we show that through the appropriate selection of system and user behaviour
parameters, the model of single-cell hybrid WDB systems can readily be transformed into a few
simpler models of some well-known data retrieval systems. Consequently, the analysis of these
systems turns out to be trivial, as it allows for simple re-employment of the results already
obtained in the analysis of single-cell hybrid WDB systems. In Chapter 2, we also discuss the
significance and complexity associated with the estimation of data-item request probabilities in
single-cell hybrid WDB systems. In particular, we prove that an accurate estimation of data-item
request probabilities should not be exclusively based on the statistics extracted from the unicast
requests, but it should also take into consideration the current value of the broadcast scheduling
scheme and the values of other system and user behaviour parameters. Finally, we present a
series of experimental results obtained by simulating the performance of a real-world single-cell
hybrid WDB system. The significance of these results is multi-fold: 1) they provide the full
verification and prove the robustness of the earlier obtained analytical expressions, and 2) they
enable us to draw a few significant conclusions concerning both the performance and analysis of

single-cell WDB systems, which would be impossible to obtain otherwise (i.e. analytically).
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In Chapter 3, we prove that the search for the actual value of Sqpiimal is a rather complex, non-
linear double inequality-constrained optimization problem, without a tractable closed-form
solution. However, by using the method of slack variable, we show that the given problem can
be transformed into a much simpler, single equality-constrained optimization problem.
Consequently, by demonstrating the (strict) convexity of both, the problem’s feasible region and
its main cost function, we prove the existence of a single Soptimal in any particular WDB based
system. By exploiting some specific properties of the main cost function, we show that the given
optimization problem (stated in Section 3.1) can be further simplified, and an approximate closed
from expression for Spima can be obtained. Based on the given closed-form expression, we
propose a CPU conserving algorithm for fast estimation of Sopima. Subsequently, through a
series of experimental results, we verify that the proposed algorithm requires minimum
computation, while providing performance almost identical to Sopima Obtained through numerical

estimation.

In Chapter 4, we extend the discussion from Chapter 3 to the case of single-cell hybrid WDB
systems with variable user behaviours and mobility patterns. In particular, first we introduce the
concept of ‘dwell-time random variable’ and explain its significance in characterizing users’
mobility. Next, we argue that with a minor modification, our realistic-impatient MU behaviour
model can be used in representing diverse user behaviours and mobility patterns, and we show
that such a modified model results in a dwell-time random variable that is proven suitable for the
analysis of micro-cellular systems with a heterogeneous user population. Subsequently, we
propose a modified Fast Broadcast Scheduling Scheme Estimation (FBE) algorithm for the
optimal broadcast scheduling scheme estimation in WDB systems with users of variable
behaviours and mobilities. Examples of the obtained experimental results suggest that the
proposed algorithm requires minimum computation, while providing performance very close to
Soptimat found through numerical estimation. At the end of Chapter 4, we show that in the
presence of a heterogeneous user population, the estimation of data-item request probabilities
becomes an increasingly complex problem, as it requires that the actual knowledge of various

user mobility patterns be taken into consideration.
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The analysis presented in Chapters 2 to 4 was built on the assumption of a time-division-
multiplexing (TDM) based broadcast scheduling. However, for the completeness of our
discussion, in Chapter 5 we consider the possibility of frequency-division-multiplexing (FDM)
based broadcast scheduling. More specifically, we show that for any given FDM-based broadcast
schedule there exists a TDM-based broadcast schedule that results in a better overall system
performance. Hence, by proving the superiority of TDM- over FDM- WDB, we ultimately

justify our initial decision to make TDM-WDB the main focus of this work.

In Chapter 6, we introduce the concept of ‘hierarchical cell structure’ (HCS) and discuss the
numerous advantages associated with the utilization of HCS as a design model for multi-cellular
wireless/mobile networks. Next, by employing the main principles of HCS, we propose a model
of hierarchically organized multi-cell WDB (HWDB) systems with user retrials. Subsequently,
we show that the search for the optimal broadcast schedule (Septima) in an HWDB system
exceeds the complexity of the corresponding problem as found in an equivalent single-layer
WDB system. However, by exploiting our earlier obtained approximate closed-form expression
for single-cell Sepima, We show that the given problem can be considerably simplified.
Accordingly, we propose an algorithm for a fast approximation of Sytpima in HWDB systems, and
prove the efficiency of the given algorithm through a series of test-cases. We finally conclude
Chapter 6 with a comparative theoretical analysis of single-layer WDB v.s HWDB systems. The
results of this analysis show that the higher operational cost of HWDB systems, compared to the
cost of their single-layer counterparts, is well justifiable, as HWDB systems ultimately provide

considerably superior performance in terms of the overall throughput, QoS, and GoS.

In Chapter 7, we introduce DESMO-J — a Java-based discrete-event simulation package. Also,
we provide an overview of our simulation software, which has been built on the DESMO-J

framework, and enabled us to simulate the performance of single-cell hybrid WDB systems.
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Single-Cell Hybrid MADX
Model Description and Perfor

Overview

The content of this chapter is organized as follows.

Section 2.1 First, we enlist the main limitations commonly found in the previous

research works on wireless data broadcast, including some overly simplified system and

user behaviour assumptions.

Section 2.2 By aiming to overcome the limitations of the previous research works

on WDB, in Section 2.2 we propose a new model of single-cell WDB systems. This
model, not only extends over both broadcast and unicast data retrieval principles, but also
assumes realistic (probabilistic-impatient) user behaviour patterns. Furthermore, we show
that this model, in fact, represents the model of a hybrid queueing system with jockeying
and reneging users. Accordingly, we argue that the analysis and results presented in the
subsequent sections can be considered significant, not only with respect to wireless data

broadcast, but also when considered from a more general queueing theory perspective.
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Section 2.3 For the given model of single-cell WDB based systems, we define

several appropriate performance measures and derive the exact mathematical expression
for each. Based on these expressions, we prove that there exists a broadcast scheduling
scheme (Soptimar), Which simultaneously optimizes the WDB system performance with
respect to the entire set of the proposed performance measures. Moreover, we argue that
the same broadcast scheduling scheme also meets the major WDB system goals — the
provision of higher throughput, better QoS and GoS. '

Section 2.4 Next, we show that through the appropriate selection of system and

user behaviour parameters, the model of single-cell hybrid WDB systems (as proposed in
Section 2.2) can readily be transformed into a few simpler models of some well-known
data retrieval systems. Consequently, the analysis of these systems turns out to be trivial,
as it allows for simple re-employment of the results already obtained in the analysis of

single-cell hybrid WDB systems.

Section 2.5 In Section 2.5, we discuss the significance and complexity associated

with the estimation of data-item request probabilities in single-cell hybrid WDB systems.
In particular, we prove that an accurate estimation of data-item request probabilities
should not be exclusively based on the statistics extracted from the unicast requests, but it
should also take into consideration the current value of the broadcast scheduling scheme

and the values of other system and user behaviour parameters.

Section 2.6 Finally, in Section 2.6, we present a series of experimental results

obtained by simulating the performance of single-cell hybrid WDB systems, as studied in
the preceding sections. The significance of these results turns out to be multi-fold: 1) they
provide the full verification and prove the robustness of some of the earlier obtained
analytical expressions; 2) they enable us to draw a few significant conclusions concerning
both the performance and analysis of single-cell WDB systems, which would be

impossible to obtain otherwise (i.e. analytically).

! Please note, the actual procedure for finding Sopiima is the subject of Chapter 3.
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2.1 Motivation

2.1.1 Major Limitations of Previous Research Works on WDB

As discussed in the preceding chapter, wireless data broadcast (WDB) has been recognized as a
highly efficient information delivery mechanism. High efficiency, in this particular case, refers
to more than one aspect of a WDB-based system performance. For example, by serving almost
unlimited number of users at minimum bandwidth requirements, WDB is capable of improving
the overall system’s throughput, while not compromising the provided quality-of-service (QoS).
Also, by being able to provide service even to the users whose requests have not been sent or
received explicitly, WDB is proven effective in reducing contention at the random access
channel (RACH) level, and, consequently, improving the system’s grade-of-service (GoS). (The
exact proofs concerning these properties of WDB, in a hybrid-WDB system with MUs of

realistic-impatient behaviour, can be found in Section 2.3.)

Over the last few years, due to these appealing properties and a wide area of possible application,
wireless data broadcast has attracted considerable attention of the research community. As a
result, a large number of new solutions and ideas related to WDB have been proposed.’
Nevertheless, a deeper study reveals that most of the proposed solutions employ rather

unrealistic assumptions, among which the following three appear to be the most common ones:

Limitation 1: Unrealistic system/network scenarios considered.

The observed WDB systems are typically assumed to be of either pure-push or pure-pull
type. Pure-push systems are, in fact, pure broadcast. Pure-pull systems, on the other hand,
are pure-unicast — they use the broadcast channel just as a return path for point-to-point

communication. (For more, see [Xu].) In reality, however, most systems combine both

® In Chapter 1, we have enlisted the major published works on WDB that are closely or somewhat related to our
work. A more extensive overview of the published research works on WDB can be found in [Xu].
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forms of data communication, unicast and broadcast. For example, the unicast
communication is typically used for personalized information, while the broadcast
communication deals with information that is in high demand by users. Therefore, the
analysis of hybrid broadcast unicast systems, (we call them hybrid WDB systems) seems
much more significant from an application point of view, than the analysis of either pure-
push or pure-pull systems. ([Stathatos] and [LinCW) are examples of just a few published
research works that deal with WDB systems of the hybrid type.)

Limitation 2:  Simplified user-behaviour models employed.

It is typically assumed that every user, during his presence in a pure-pull or a hybrid-
WDB system, makes either none or at most one request-submission per each information
item retrieved. However, it is well known that most wireless systems employ the so-
called ‘distributed random access schemes’ [Schiller], which provide no guarantee in
terms of collision avoidance. Hence, in times of a heavy network load, a user may be
forced to make a number of attempts before, eventually, succeeding in the request
submission. (In the wireless communication literature, such an occurrence is typically
referred to as retrial phenomenon. For more, see Section 2.1.2.) In addition to network
congestion, users’ impatient is another possible cause of multiple submission attempts.
Namely, the waiting time is known to have significant impact on users’ behaviour. In
particular, if after a certain limited time period from the submission of the first request
the data does not arrive, either through a dedicated connection or on the broadcast
channel, users have the tendency of issuing another request. If even after several request
re-submissions there is still no adequate response from the system, users have the

tendency of withdrawing from the waiting procedure.

Limitation 3:  Homogeneous mobility models assumed.

It 1s almost exclusively assumed that WDB systems get populated with MUs who behave
in a similar manner. However, it is well known that the users found in most real world
wireless/mobile systems have rather heterogeneous behaviours. In particular, the users

tend to exhibit different levels of mobility, impatience, etc.
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Clearly, by being limited in scope with such over-simplifying assumptions, the existing works on
wireless data broadcast fail to provide a broader insight into the nature and performance of WDB

based systems as found in the real world.

2.1.2 User Retrial Phenomenon

As indicated in Section 2.1.1, the previous research works on wireless data broadcast have
largely overlooked the possibility of a single user making repeated request submission attempts.
Nevertheless, the retrial phenomenon (see Figure 2.1) has been a subject of numerous studies
dealing with the performance aspects of unicast wireless networks (e.g. [Tran-Gia_I], [Tran-
Gia_2), [Marsan], [Kinoshita], [Onur]). In these studies, it has been commonly recognized that
the user behaviour in general, and the retrial phenomenon in particular, may have a significant
impact on the system performance. For example, as a result of the retrial phenomenon under
overload network conditions, a snowballing effect of call/request arrivals can occur, leading to

dramatic degradation of the entire network performance [7ran-Gia 2].
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Figure 2.1 User behaviour with retrials in unicast wireless system

(imbedded’ Markov Chain representation)

* For more on imbedded MC, see [Bharucha-Reid).
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Figure 2.1 depicts the repeated-attempt user behaviour model, as found in the literature on
unicast wireless systems ([7ran-Gia_I], [Tran-Gia_ 2], [Marsan], [Kinoshita], [Onur]).
According to the given model, the time between two successive user’s retrials is exponentially
distributed with mean 1/A". On each retrial, the user succeeds in acquiring a channel with
probability Pguccess. After each unsuccessful retrial, the user becomes impatient and terminates
the retrial sequence, i.e. leaves the system with probability (1-Preaempt). Please note, the
bracketed values in Figure 2.1 represent the average state occupancy times. Hence, clearly, based
on these values, two of the states are instantaneous, with zero occupancy time, while one state is
absorbing, with infinity occupancy time [Cinlar]. It should be noted that in reality, the time
between a user attempting to seize a channel and realizing the attempt has been unsuccessful
may not be zero. However, it seems reasonable to assume assumed that this time is negligible,
1.e. several orders of magnitude smaller, compared to the time between two consecutive user
attempts. For more information regarding the actual values of the model parameters, as found in

real-world wireless systems, and their impact on the network performance see [Onur].

“ Please note, (1-Pgyccess) TEpresents the well-known ‘blocking probability’.
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2.2 Model Description

In this section, the main assumptions regarding the model of single-cell hybrid-WDB systems

that we consider in this work are outlined.

2.2.1 System Assumptions

The set of data items available through the system is finite ({item(i) | i=1,..,M}). Also, each item
1s assumed to be of a finite length (li<eo, i=1,..,M). The items can be retrieved either through one

of the unicast or through the broadcast channel, as illustrated in see Figure 2.2.

on-demand
channels

database or
the Internet

LEGEND:
* PPS - point-to-point server
o BS — broadcast server

Figure 2.2 Single-cell hybrid WDB system

(Please note, a broadcast retrieval is possible provided the requested item is included in the
current broadcast schedule.) Item(i) (i=1,2,..,M) is scheduled to appear on the broadcast channel

every s(i) time units, i.e. equal-spacing broadcast is assumed (see Figure 2.3), where s(i) is a real
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value in the range [0,+]. Note, s(i)=t+o0 implies that, in fact, item(i) is excluded from the current
broadcast schedule. The proof regarding the optimality of equal-spacing broadcast in a
generalized WDB system is provided in Appendix 1. Once item(i) appears on the broadcast
channel, all MUs which need the given item and happen to be in the waiting phase of the

retrieval cycle (see Figure 2.4) are served simultaneously.

< < -
fitem(i)item()] [item@ficem(k) item(i)]
b t

Figure 2.3 Equal-spacing broadcast channel schedule

2.2.2 ‘User Behaviour Assumptions

The arrival of mobile users (MU) in the system is governed by a Poisson process > (process
arrival rate = A). Every mobile user who appears in the system wants to retrieve a single data
item. In particular, a MU wants to retrieve item(i) with probability p(i) (i=1,..,M), where 2 p(i)=1
at any point in time. The behaviour of individual users follows the model presented in Figure 2.4.
This model is a version of the model in Figure 2.1, extended for the possibility of data retrieval

through wireless data broadcast.

* According to our knowledge, all previous research works on WDB have been based on the assumption of a
Poisson MU arrival process. This assumption can be justified by the fact that the aggregate behaviour of a large yet
finite group of independent and statistically identical mobiles users, situated within the coverage area of a wireless
cell, corresponds to a Poisson-like process. For example, if there is a very small yet non-negligible probability for
each of the users to initiate a call at any given time unit, then the average number of calls arriving within a time unit
is still moderate, i.e. finite. Furthermore, if users decide whether or not to initiate a call procedure independently of
each other, then the actual call inter-arrivals times will be also mutually independent.

Due to the above-mentioned reasons, we base our analysis of WDB systems on the Poisson user arrival assumption
as well. Nevertheless, in Section 2.6.4, through a series of simulation results, we prove the robustness of our
theoretically obtained results to various forms non-Poissonian user arrival processes.
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More specifically, the main difference between the models from Figures 2.1 and 2.4 lies in the
nature of the listen, i.e. wait, state. According to the model in Figure 2.1, the end-device
suspends any activity for as long as the user remains in the wait state. (Please recall, the model in
Figure 2.1 has been employed in the literature on pure unicast systems, hence no possibility of
data retrieval through wireless data broadcast has been assumed.) On the other hand, in the same
state of our model in Figure 2.4, the end-device continues being active by listening to the
broadcast channel. Hence, if it happens that the requested item appears on the broadcast channel
while the end-device is listening, the end-device will fetch the item and make the user move to

the leave, 1.c. served state.

(0)

re-attempt
to seize

unicast
channel

{sarved)
leave
{giee up}

retrieve
data from
broadcast
channel

listen to
broadcast
channel

consider
giving up
further
waiting

©

Preattempt

(0)

Figure 2.4 User behaviour with retrials in hybrid WDB system

(imbedded Markov Chain representation)

More specifically, the main difference between the models in Figures 2.1 and 2.4 lies in the
nature of the listen, i.e. wait, state. According to the model in Figure 2.1, the end-device
suspends any activity for as long as the user remains in the wait state. (Please recall, the model in
Figure 2.1 has been employed in the literature on pure unicast systems, hence no possibility of
data retrieval through wireless data broadcast has been assumed.) On the other hand, in the same

state of our model in Figure 2.4, the end-device continues being active by listening to the
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broadcast channel. Hence, if it happens that the requested item appears on the broadcast channel
while the end-device is listening, the end-device will fetch the item and make the user move to

the leave, i.e. served state.

In contrast to all the other transition probabilities of the model in Figure 2.4, the transition
probability between the state of listening and the state of being served through the broadcast
channel is not the same for all the users. Instead, it depends on the time when the requested item
1s scheduled to appear on the broadcast channel relative to the user’s arrival time in the system.
Consequently, the transition probability between the state of listening and the state of being
served through broadcast is expected to be most significant in the case of users whose arrivals in
the system slightly precedes the actual broadcast time. Also, please note that we consider the

state of listening, 1.e. waiting, as the initial state of the model in Figure 2.4.

2.2.3 Model Description: Queueing Theory Perspective

According to the description provided in the preceding section, the hybrid-WDB system could,
as well, be perceived as a hybrid queueing system with jockeying and reneging users® (see Figure

2.5).

In particular, if we assume that every physical (wireless) channel represents a server (in the
queueing theory sense), then there are two different service disciplines found in the generalized
WDB system; one corresponding to the unicast, the other to the broadcast channel. Hence, based
on the service discipline, the following two queueing subsystems can be identified within the

hybrid-WDB system:

® Both jockeying and reneging represent special forms of user impatience [Gross]. Namely, jockeying occurs when a
user moves back and forth among several queues, while reneging occurs when a user leaves the queue (system) after
joining it, because the waiting time has become too long. According to [Gross], « ... although both phenomena are
quite interesting and clearly applicable to numerous real-life situations, they are difficult to analyze, since the
probability functions become too complicated and the general concepts become hazy.”
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Figure 2.5 Hybrid WDB system as hybrid queueing system

Broadcast Channel Subsystem

From the queueing theory perspective, this subsystem can be characterized as a M/D/1/«0/PR’

system with multiple queues, bulk service, and jockeying and reneging® users, with the following

arguments in mind:

o multiple queues, jockeying and reneging users — The users who arrive in the system
requiring to retrieve item(i), and enter the initial state of listening to the broadcast channel,
can readily be perceived as a separate queue, e.g. queue(i) (i=1,..,M) (see Figure 2.5).
However, the users of such a queue do not remain passive while waiting for service (see
Figure 2.4). Namely, they periodically attempt to obtain the requested items through one
of the unicast channels, i.e. they periodically jockey to and from Subsystem 2. Also, on
every return from Subsystem 1 the users renege, i.e. they decide to give up further waiting

and leave the system with a certain probability.

TA queueing process is described by a series of symbols and slashes such as A/B/W/Y/Z, where A indicates the interarrival-time
distribution, B the service pattern, W the number of parallel service channels, Y the restriction on system capacity, and Z the
queue discipline. For more, see [Gross].

® Both jockeying and reneging represent special forms of user impatience [Gross]. Namely, jockeying occurs when a user moves
back and forth among several queues, while reneging occurs when a user leaves the queue after joining it, because the waiting
time has become too long.
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® bulk service — According to the assumptions from the preceding section, once item(i)
(1=1,..,M) appears on the broadcast channel, all the users waiting to retrieve this item are
served simultaneously. Thus, the operation of Subsystem 1 results in ‘bulk-service

discipline’ with respect to each of its queues.

e M - As indicated in the preceding section, the user arrivals are assumed to follow a
Poisson process with rate A. Consequently, the user arrivals with respect to queue;

(1=1,..,M) follow a Poisson process with the rate A(i)=Ap(i) (see Appendix 2).

e D — Again, according to the assumptions from the preceding section, item(i) is scheduled
to appear on the broadcast channel exactly every s(i) time units (i=1,..,M). Furthermore, if
the size of item(i) is /(i) [bits], and r [bps] is the broadcast channel datarate, then the
broadcast of item(1) takes exactly 1(1)=/(i)/r time units (i=1,..,M). Hence, all queues of

Subsystem 1 obtain entirely deterministic service.

e ] — The presence of only a single broadcast channel, i.e. a single server in Subsystem 1 is

assumed.
e oo - There is no waiting capacity constraint imposed on Subsystem 1.

e PR — If we assume that the broadcast schedule employed by Subsystem 1 is aimed at
maximizing the overall system’s throughput, then the more popular items get to be
broadcasted more often. Accordingly, the users from the queues that correspond to more

popular items obtain ‘higher-priority service’, since they get to be served more frequently.

Unicast Channel Subsystem

This subsystem can be characterized as a G/M/c/oo/RSS queueing system. Here,

e G - indicates that the user/request arrival process, with respect to the unicast channels,
follows a general distribution. Namely, the actual user arrivals with respect to the entire

system are assumed to be of a Poisson type. However, upon arrival in the system, the users
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first attempt to obtain service through the broadcast channel, and then they occasionally
jockey to and from Subsystem 2. Thus, the assumption of the Poisson arrival process, with

respect to Subsystem 2, alone, no longer applies.

e M - indicates that the service times associated with the servers of Subsystem 2, i.e. the
service times on all unicast channels, are iid exponentially distributed random variables.
Please note, the actual performance aspects of unicast service are not a subject of this
work. However, the assumption regarding exponentially distributed unicast service time is
commonly found in the literature [Ortigoza-Guerrero]. Hence, we adopt this assumption as

well.

e ¢ — As stated in the preceding section, the presence of more than one but still a finite

number of unicast channels, i.e. servers, in Subsystem 2 is assumed.

e o0 - Again, as in the case of Subsystem 1, no waiting capacity constraint is imposed on

Subsystem 2.

e RSS — Most wireless systems employ the so-called ‘distributed random access schemes’,
which provide no guarantee in terms of the ordering and delay with which users seize
unicast channels or succeed in submitting their requests. Accordingly, it is assumed that

Subsystem 2 employs ‘random selection for service’ discipline.

According to our knowledge, no readily available results concerning the performance of hybrid
qucueing systems, as presented in Figure 2.5, exist in the literature. Therefore, the analysis and
results presented in the subsequent sections could be considered significant from both, the

wireless data broadcast and queueing theory perspective.
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2.3 @erformance Measures

In Section 2.3.2 to 2.3.7 we provide definitions and derive exact mathematical expressions for
several performance measures that seem most appropriate for the analysis of a single-cell hybrid
WDB system, as described in Section 2.2. These performance measures include: broadcast
service ratio (BR), unicast service ratio (UR), loss service ratio (LR), waiting time (WT),
reneging probability (RP), and waiting user population (WP). Furthermore, in section 2.3.8, we
claim that a broadcast scheduling scheme (S) capable of optimizing the WDB system
performance with respect to BR, optimizes the system’s performance with respect to all the other
measures as well. Subsequently, we argue that such S also meets the major WDB system goals —

the provision of improved throughput, QoS and GoS.

Nevertheless, we begin this section by taking a closer look at the Markov chain (MC)
representation of the retrial phenomenon, i.e. the user behaviour model, as depicted in Figures
2.1 and 2.4. In particular, by using the standard theory of continuous-time Markov processes, we
find the expressions for the most significant transient state probabilities of the given model. (As
we will see In Sections 2.3.2 to 2.3.7, these probabilities considerably simplify the actual
derivation of the main system performance measures.) Furthermore, we introduce a time-variant
version of the user behaviour model, and we highlight the main advantages and difficulties

associated with the utilization of such a model.

2.3.1 Preliminary Analysis

2.3.1.1 ®Preliminary Analysis Assuming Time Invariant User-Behaviour

The model in Figure 2.6 is a modified, but equivalent, version of the imbedded Markov Chain

user-behaviour model presented in Figure 2.1 and Figure 2.4. It is more suited for the analysis in
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continuous-time domain. The following should be noted regarding the states of the modified MC

model in Figure 2.6:

anry oo apy U < Lo S

a=P,-“g;t.mpt(]-'Psut:t:ul)k State 1 a=Pre:ti:empt(l'Psuc:uc)k State 2

Pruccess " Puuccess Pauccess

(1 succm) (I'Prnu;ampt)

P couc) (1'Prnmmpt) (I'Pmc..ass) (1'Prummpt)

served
through
unicast

1 (=) )

g

State S State L

Figure 2.6 Terminating “Poisson process” representation of the model in Figure 2.4

States 0,1,... If the user, who arrived in the system at time t,, is found in ‘State n’

(n=0,1,2,...) at some arbitrary time ty, this implies that the user has made n unsuccessful
attempts of seizing one of the unicast channels in [t,, ty). However, in spite the
unsuccessful attempts, he still remains in the system, waiting to obtain service.
Accordingly, for as long as the user remains in either of States 1,2 ... , he has a chance of
getting served through broadcast, once the requested item appears on the broadcast

channel.

State § If the user, who arrived in the system at time t,, is found in ‘State S” at time

t, this implies that, at some point within [t,, t,), the user has seized a unicast connection

and got served ‘on demand’.
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State L If the user, who arrived in the system at time t,, is found in ‘State L’ at time

ty, 1t implies that, at some point within [t,, ty), the user got impatient and left the system

without obtaining any service.

Now, let us employ the following notation:

P(X(t,)=i|t, =t,)=P(t,,t,), i=012,. @2.1)
P(X(tx)z‘s’ta =ty)=PS(ty’tx) (22)
P(X(t,) =L|t, =t,) =P (t,,t,) (2.3)

where X(t) represents the continuous-time Markov chain as illustrated in Figure 2.6, while t,
represents the user’s arrival time in the system. Due to the Markovian property [Leon-Garcia] of
the random process associated with the model in Figure 2.6, it can be easily verified that
Pi(ty,t)=Pi(tx-ty) (1=1,2,...), Ps(ty,t)=Ps(tx-ty), and Pi(ty,t)=Pr(ts-ty). Accordingly, based on the

preceding discussion, and by substituting (ts-t,)=1, we can write

P(user listens to broadcast channelat t = (t, +7)[t, =t )= ZPi (1) (2.4)
i-0

P(user served through unicast before t =(t, + 7) | user arrived at t, =t ) =Pg(7) (2.5)

P(user give up waiting before t = (t, + 7) | user arrived at t, =t, ) =P, (7) (2.6)

According to the theory of continuous-time Markov processes [Bharucha-Reid], the actual
expressions for the transient state probabilities of the model in Figure 2.6, and subsequently (2.4)

to (2.6), can be obtained as a solution to the set of differential equations, known as Chapman-
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Kolmogorov differential equations ([Bharucha-Reid), [Leon-Garcia], [Cinlar]) - see (2.7),

provided the initial conditions P(t=0) are given.
P'(1)=P(7)-Q 2.7)

In (2.7), Q=[qy;] represents the so-called generator matrix, and each qi=piq; corresponds to the
rate of moving from Stafe k to State j (kje{1,2,...,S,L}); here, py-s represent the imbedded

MC’s transition probabilities, while each q; represents the rate of moving out of State ;.

Now, the values of pyj-s and q;-s, and accordingly the actual value of the generator matrix Q, can

be obtained directly from Figure 2.6 and are given in (2.8), where a=Prcattempt(1-Psuccess)-

0 1 2 3 4 S L
—— )\' )\‘a O O 0 N )\‘Psuccess >\‘ (1 - Psuccess )(1 - Preattempt ) | O
0 - >\* )\*a 0 0 e >\*Psuccess )\* (1 - Psuccess )(1 - Preattempt ) 1 (2 8)
Q = 0 0 - >\‘ )\*a 0 o )\‘Psuccess >\‘ (1 - Psuccess )(1 - Preanempt ) 2
0 0 0 0 0 0 0 S
0 0 0 0 0 0 0 | IL

By employing (2.8) in (2.7), (2.7) gets transformed to the following set of differential equations:

P,'()=-N"P,(7) (29)
P'(D=NaP,(1)-NP/(7), i>0 (2.10)
P'(1) = NP e (i P, (r)j (2.11)

PL ' (T) = )\* (1 - Psuccess Xl - Preattempt (i Pi (T)j (2 12)
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Based on the differentiation and integration theory, and by recalling the initial assumptions from

Section 2.2.2 (see (2.13)),

P (0)= I, k=0 (2.13)
0, k=128, L

the unique solutions to (2.9), and (2.10), i.e. (2.14) is obtained. (The actual procedure for
obtaining the transient state probabilities of a continuous-time Markov process, i.e. a Poisson

process, is presented in Appendix 3.)

Pi(T) — e—)\'T (>\ TT) , \v/l >0 (214)
1!

By employing (2.14) back in (2.4), the probability that a user happens to be in either of the

waiting states (State 7, 1=1,2,...), T time units upon his arrival in the system, turns out to be

P(user listens to broadcast channelat t =(t, + 7)|t, =t )= (2.15)

Similarly, by employing (2.15) in (2.11) and (2.12), the probabilities that a user happens to be in
State S or State L, t time units upon his arrival in the system, turn out to be of the form (2.16)

and (2.17), respectively.

Py (7) = P(user served through unicast beforet =(t, + 7)[t, =t )= (2.16)

;
* -\ (1-a)r
= A PSUCCCSS J‘e - dT’ =
0

— Psuccess [1 _ e—)\'(l—a)r]

1-—-a
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P, (7) = P(user give up waiting before t = (t, + 7)[t, = t, )= (2.17)

_ )\* (1 - Psuccess Xl - Preattempt) ]’ e—x'(l-a)r' dr' =
l1-a 5

(1 - Psuccess )(1 - Preanempt ) [1 _ e—)\'(l—a)r]
l-a

2.3.1.2 Preliminary Analysis Assuming Time-Variant User-Behaviour

The user behaviour model, which we employ in this work (see Section 2.2 and 2.3.1.1), is based
on time-invariant assumptions. In particular, we assume that neither of the three user behaviour
determining parameters (Psuccess, Preattempt, 7»*) changes with time. (Please note, according to our
knowledge, the other research works that deal with either of the two subjects - retrial

phenomenon or wireless data broadcast, employ similar time-invariant assumptions.)

Nevertheless, one might argue that such assumptions do not match the reality, and it is to expect

that Pgyccess and Preatiempt €Xhibit some form of time-dependency and/or randomness. For example:

random cﬁange 11 Pryccess - due to the stochastic nature of user arrival process and unicast

service time (see Section 2.2), it is likely that the number of unoccupied unicast channels in

the cell, and consequently Pgycess, also change in a random fashion;

time-d'ecreasing cﬁange 1 Preattemp: - based on the knowledge of common user behaviour,

it seems reasonable to expect that the longer a user waits for service, the more likely he will
withdraw from the waiting procedure the next time he needs to decide (see Section 2.2)
Hence, Preattempt should be modelled as a time-decreasing value, e.g. as depicted in Figure

2.7.
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Figure 2.7 Time-decreasing Preattempt

It is important to note that even for Preanempr=const, the overall probability that a user remains
waiting for a requested item decreases, as the user’s overall waiting time increases. This can be

easily verified by examining the first derivative of (2.15), as shown in (2.18).

OP(user listens to broadcast channelatt=t, +7)|t, =t, )
or

= (2.18)

= N'(1-a)e " <0

Nevertheless, for the reasons discussed in the preceding paragraph, it is reasonable to assume

that Preanempt, alone, is also a time-decreasing value.
The mathematical framework presented in Section 2.3.1.1 can be easily extended to deal with the

case of a time decreasing Preanempt. In particular, if we assume that Preatempt changes according to

(2.19) (see Figure 2.7),

P et = Prgier €5 B >0 (2.19)

then the MC user behaviour model in Figure 2.6 gets transformed to the model shown in Figure

2.8, while the corresponding generator matrix gets transformed to (2.20).
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Figure 2.8 User behaviour under the assumption of time-decreasing Preattempt
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Subsequently, by solving a set of differential equations analogous to (2.7), under the same initial

conditions (2.21)

P (0)= I, k=0 (2.21)
0, k=12,.,S,L

the main transient state probabilities of the new model in Figure 2.8 are obtained, as given in

(2.22), (2.23), and (2.24). (A detailed procedure for obtaining (2.22) to (2.24) is presented in

Appendix 4).
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1—%(1—6"" )]

A"
P(user listens to broadcast channel at t = (t, + 7)|t, =t )=e¢ [ (2.22)

P
PS (T) — SU;CCSS [e

G g s e
ANa b b b b

. a br «a —-1 * *
P (m)=1oe” 80" P [V} ( b jb 2 w2l v2en || @29
a Na b b b b

['(a,x) in (2.23) and (2.24) represents the so-called incomplete Gamma function [Stone]. The

exact definition of this function is given in (2.25).

=] n

:X a-1_ -t ~ a_-x X 225
Plax) Ojt e dtxxte éa(a+1)(a+2)..(a+n) (2:23)

Now, it should be noted that no explicit formula (in terms of standard mathematical functions),
for the values of I'(a,x) (a,xeR) exist, and accordingly (2.23) and (2.24) cannot be simplified any
further, i.e. no closed-form expressions for Pg(t) and Py (7) can be found. Hence, based on (2.23)
and (2.24), we conclude that the assumption of a time-decreasing Preagempt results in a user
behaviour model of considerable analytical complexity. Consequently, it is to expect that the
utilization of system-level solutions, derived on the assumption of such a user behaviour model,

would require extensive, mostly numerical, computation.

Nevertheless, our simulation results, presented in Section 2.6.3, suggest that the analytical and

computational complexity associated with the assumption of time decreasing Preagempt could be
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avoided altogether. Namely, although the presence of time decreasing Preatempt, in a real-world
WDB-system, 1s proven to affect the overall system performance, the theoretical analysis and
solutions based on the assumption of a constant yet adequately chosen Preaempt, Such that

Preattempt<max(Preattempt(t))g, still can ensure satisfactory system performance.

Similarly, the simulation results of Sections 2.6.1 and 2.6.2 confirm that, in reality, Pgyccess indeed
changes 1 a random manner. However, as in the case of Pragempt, the theoretical analysis and
proposed solutions based on the assumption of an adequate but constant Pgyccess again provide

satisfactory performance.

2.3.2 Broadcast Service Ratio (BR)

The following are the exact definition of all random variables, and the corresponding annotation,

employed in this and the proceeding sections.

1. MU arnival time (t,)

Interpretation: r.v. related to the time of a given MU’s arrival in the system

event space: S,={MU arrives at x [time units] | xeR"}

definition: t: Sw > R’, e.g t, (MU arrives at x [time units])=x

2. MU departure time (ty)

interpretation: r.v. related to the time of a given MU’s departure from the system due to
1) impatience (before obtaining the requested item), or 2) after obtaining
the requested item through a unicast connection

event space:  Syu={MU leaves at x [time units] | xeR"}

definition: ta: S RY, e.g. ta(MU leaves at x [time units])=x

? Here, max(P eanempe(t)) annotates the maximum value that Preapemp(t) takes. In the case of a time-decreasing
Preattempi(t), as discussed subsequently, max(Prcanempi(t))=Preattcmpt(0).-
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3. requested item (item)

Interpretation: r.v. related to the information item that a given MU wants to retrieve while
being present in the system
event space:  Sjem={MU requests item(i) | i=1,..,M}

definition: item: Sjem — {1,2,.,M}, e.g. item(MU requests item(i))=i

service mode (sm)

interpretation: r.v. related to the actual service provided to a given MU

event space: Sg;n={MU receives no service, MU receives broadcast service, MU
receives unicast service}

definition: sm: Sgm > {0,1,2}, e.g. sm(MU receives no service)=0, sm(MU

receives broadcast service)=1, sm(MU receives unicast service)=2

broadcast time of item(i), i=1,... M, (to:(i))
interpretation: r.v. related to the actual time of item(i)’s appearance on the broadcast
channel next

event space:  Su.(={item(i) appears on the broadcast channel at x [time units] | xeR"}

definition: tor(1): Sty RY, e.g. ty(1)(item(i) broadcasted at x [time units])=x
()

attempts count (att)

interpretation: r.v. related to the number of attempts that a MU makes, or is capable of
making, in an interval of fixed duration At, in order to seize a unicast
connection

event space: S, ={MU makes 1 attempts in At time units | i=1,..,00}

definition: att: Saqx > N', e.g. att(MU makes i attempts in At time units)=i
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(Dgﬁnition 2.1 Broadcast Service Ratio (BR) is a real number BRe[0,1]

which represents the expected fraction of users who arrive in the system'® and get

served through the broadcast channel within an interval of length CeR [time units],

where C satisfies Assumption 2.1 (see below).

Assumption 2.1 For V s(i)eR", 3 k(i)eN", such that C=k(i)-s(i), (i=1,..,M).

In practical terms k(i1)=C/s(i) represents the number of times that item(i) gets broadcasted within

C time units. In [Jiang 1] C is referred to as the duration of an entire broadcast schedule.

failed unicast submission

arri\‘{g\ + reattempts
item(i) W T e
broadcasted | I | broadcasted>
0 ta s(i) t

Figure 2.9 Data retrieval through broadcast channel

In order to obtain the exact expression for BR, first let us observe a single user, who arrives in
the system at t,=t€[0,s(i)) and wants to retrieve item(i) (i=1,..,M). According to the discussion
from Section 2.3.1, and (2.16) in particular, the probability that this user happens to be listening
to the broadcast channel, at the time of item(i)’s broadcast (tw(i)=s(i)) (see Figure 2.9),

corresponds to (2.26).

P(user listens to broad.ch.ats(i)|t, =7, item =i) = g™V 0-a)s()-n) (2.26)

' Here, and in the other definitions, we assume a system of the generalized WDB type, as defined in Section 2.2.1.
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Please recall, according to the system and user behaviour assumptions from Section 2.2, (2.26) in
fact represents the probability that the given user gets served from the broadcast channel. Hence,

by employing the notation from the preceding page, (2.26) can be rewritten as
P(sm=1[t, = 7,item =1, t, (i) = s(i)) = ¢ (-Xs)D) (2.27)

Now, let us annotated the number of users who arrive in the system in an interval [t;,1;) and
eventually obtain item(i) through the broadcast channel at time s(i) with ngr(t;,T2,item(i),s(i)).
On average, A(1)At users interested in retrieving item(i) arrive in the system within the interval
[t,T+At), where At can be of any arbitrary duration. If At is chosen sufficiently small so that
(2.27) can be assumed constant for every t,e[1,T+At), then the expected number of MUs who

arrive within [t,7+At) and get served through broadcast at time s(i) can be expressed as
E[n g, (7, 7+ A7, item(i),s(1))] = N(i) - A7-P(sm = 1| t, = 7,item =1, t, (i) = s(i)) (2.28)

Furthermore, if we partition the whole [0,s(i)) into [ s(i)/At | such non-overlapping intervals, so

that the following holds,

[s(i)/ar)

[0,s())= | Jl7,.7, + A7) (2.29)

n=1

then based on ‘independent and stationary increments’ property of the assumed Poisson arrival
process [Leon-Garcia), the expected number of users served through the broadcast channel at

time s(i), regardless of their arrival times in [0,s(i)), can be obtained from

E[n g (0,s(1),item(i),s(i))] = (2.30)
[s(i)/Ar]
=lim > BN (7,,7, +A7,item(i),s(i))] =
A7—>0 n=1
[s)/ar] . ‘ (i) . '
= lim Z )\(i)_e—x(l—a)m(n)-r) AT = J‘}\(i)-e‘”l'*‘)(s(’)")dT
A7—>0 n=1 0
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Hence,

Bl (0,560 tem(i) )] = 3722 1 =) @31)

Based on Assumption 2.1, k(i) intervals of duration s(i) are found in the entire broadcast
schedule (C). As there are no outstanding requests for item(i) transferred from one interval to

another (Section 2.2.1), E[ng (0,s(i)|s(i))] is the same for all intervals. Thus, the expected

number of users who obtain item(i) from the broadcast channel within C is

E[n e (0,C,item(i), j-s(i) | j = L,..,k(1))] = (2.32)
= k(i) - E[n g (0,5(i), item(i), s(1))] =

— L )\p(l) (1 _ e-)\‘(l—a)s(i))
s() N (1-a)

Accordingly, the expected number of users served through the broadcast channel with either of

the M items is

E[ngg (0,C,item(i), j-s(1) | j =1,...k(1),i = 1,..,M)] = (2.33)

= ﬁ:E[nBR (0,C,item(i), j-s(i) | j=1,...k(1))] =
_ Cx  &p() (1- e—)\'(l—a)s(i))
N(1-a) T s()

Finally, considering that CA users are expected to arrive in the system within the entire C, and

E[n(sm=1,t, €[0,C))] of them are expected to be served through the broadcast channel, then

BR = E[ng (0,C,item(i),j-s(1) | j=1,...,k(1),i =1,..,M)] _ (2.34)
CA
- 1 S P(l) 1— e—)\'(l—a)s(i))
N (1-a) 5T s(i)
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2.3.3 Unicast Service Ratio (UR)

(Deﬁnition 2.2 Unicast Service Ratio (UR) is a real number URg[0,1],

which represents the expected fraction of users who arrive in the system and get

served through on-demand connections within an interval of length CeR [time units],

where C satisfies Assumption 2.1.

In this section, we omit the detailed explanation regarding how certain expressions have been
derived. Instead, we only provide the final results. However, based on the results of Section
2.3.1, and by following a procedure similar to the one presented in Section 2.3.2, the validity of

the provided results can easily be confirmed.

The probability that a MU, which arrives in the system at time t,=t€[0,s(i)) and requires to
retrieve item(i), seizes one of the point-to-point channels and gets served on-demand before time
s(1) is given in (2.35). For illustration see Figure 2.10. (Please note, similar as in Section 2.3.2,

(2.35) is readily obtained from (2.17).)

P(t, <s()nsm=2|t, = 7,item =1, t, (i) =s(i)) = %[1 —e “"")(S(’)")] (2.35)
-a

served
failed unicast submission through

arrive —.T reattempts ¥ unicast ch.
item(i) <N item(i)
broadcasted | | i broadcasted;

I
0 ta s(i) t

Figure 2.10 Data retrieval through on-demand connection

The expected number of MUs who arrive within [1,T+AT), and obtain item(i) through on-demand

connections before time s(i), is given by (2.36) (we annotate this value with
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nyr(T,T+AT,item(i),s(i)), while (2.37) represents the expected number of users served on-demand

regardless of their actual arrival times within [0,s(1)).

E[n; (7, 7+ A7, item(i),s(1))] = Ni)AT- Pls‘i""‘ss [1 e_x“”axs(i)'f)} (2.36)
B[ s (0,500 item(i), ()] = 22 [M )s(i )—k—g(:)—)e'*“‘”“"’} (237)

(2.38) corresponds to the expected number of MUs who obtain item(i) on-demand within the
entire C. (2.39) represents the expected number of users who obtain either of the M items within

the same interval.

B (0, G item(i), () | § = L k()] = s | €)s(i) = D Xm0y | (3.3g)
() 1-a N(1-a)
Bl 0, Cem®, 51 =1, kG =1, M) = D )Pl_ [M) s(0) - (1(_) fl—e*’“*“““)} (2.39)

Finally, the expression for UR is provided in (2.40).

UR < B0 (0, C.item(@), j-s(0) | j= L. k() =L, M))] _

o (2.40)
= Psuccess 1 Z p(l) —)\ (]—a)s(i))
l—a | X (1-a)i s(1)
Based on (2.34), (2.40) can be transformed to
P
UR:fwﬁﬁ~BR] (2.41)
-a

Please note, expression (2.41) indicates that there exists a direct interdependence between UR

and BR. In particular, the maximization of BR results in the minimization of UR, and vice versa.
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The given analytical expression seems to be in agreement with our intuitive expectation.
Namely, by increasing the percentage of users served through broadcasting, fewer users end up

requesting and obtaining unicast service, thus ultimately resulting in a smaller UR.

2.3.4 Service Loss Ratio (LR)

(Dqﬁnition 2.3 Service loss Ratio (LR) is a real number LRe[0,1], which

represents the expected fraction of users who arrive in the system within an interval
of length CeR [time units], but do not succeed in obtaining the desired information —

these users get impatient and leave the system before being served. (Again, C needs

to satisfy Assumption 2.1.)

Similar to the preceding section, we omit the detailed explanation regarding how certain

expressions have been derived. Only the final results are provided.

The probability that a MU, which arrives in the system at time t,=t€[0,s(i)) and requires to
retrieve item(i), leaves the system without being served before time s(i) is given in (2.42). For
illustration see Figure 2.11. (Similar as in the case of the two preceding sections, (2.42) is readily

obtained from (2.18).)

(1 - Psuccess )(1 - Preattempt ) [1 _ e—}\'(]~a)(s(i)—7) ] (242)

1-a

P(t, <s()nsm=0|t, =7, item =i, t, (1) =s(1)) =

failed unicast submission

ar r?!ﬁ\ + reattempts
.
item(i) W WY item(i)
broadcasted | | /| broadcasted
[ pres =
0 t,  gveup () t

Figure 2.11 MU departure due to impatience within observed interval
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The expected number of MUs who arrive within [t,7+At) and leave the system without being
served before time s(i) is given in (2.43) (we annotate this value with nir(t,7+At,item(i),s(i)),
while (2.44) represents the expected number of users who leave the system before time s(i)

regardless of their actual arrival times within [0,s(1)).

AQ)AT- (- Psuccess (1- reattempt) [1 —¥ (1-a)(s(i)- 1)] (2.43)

E[n, (7, 7+ A7,item(i),s(i))] = -
a

B, (050, tem() ()] = s~ P [M) i) - e-*“-”sm} (2.44)

l1-a N(1-a)

(2.45) corresponds to the expected number of MUs, interested in item(i), who leave the system
without being served within the entire C. (2.46) represents the expected number of users who

leave the system without being served within the same interval, regardless of the item they want

to obtain.

E[n; (0,C, item(i), j-s(1) | j = 1,..,k(1))] = (2.45)
_ C (1 - Psuccess )(1 - Preattempt) . N )\(1) _ -X (1-2)s(i)
0 1—a [)‘(I)S(l) - ¢ :
E[n,, (0,C,item(1), j-s(i) | j=1,..,k(1);1=1,.,M)] = (2.46)
_ C (1 - Psuccess )( reattempt ) )\p(l) _ -X(1-a)s(i)
26 — [xp( 80 =3 =y (=)
Accordingly, the expression for LR is provided in (2.47).
IR < E[n, . (0,C,item(i),j-s(1) | j=1,..,k(1);i=1,..,M)] _ (2.47)
CA
_ (1 - Psuccess )(1 - Preattempt) p( ) —)\ (1-a)s(i)
B 1-a { N(1- a)zs(l) )
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Finally, based on (2.47), (2.48) can be transformed to

1-P 1-P
LR = ( success )( reaﬁempt) [1 _ BR] (248)

1-a

Similarly as in the case of (2.41), (2.48) indicates that there exists a direct relationship between
LR and BR. Hence, the maximization of BR results in the minimization of UR, and vice versa.
Again, as in the case of (2.41), this result appears quite intuitive. Namely, it seems reasonable to
expect that an increase the efficiency of broadcast service, i.e. an increase in BR, ensures a

decrease in the fraction of users which leave the system without obtaining any service.

2.3.5 Average Waiting Time (WT)

Definition 2.4 Average Waiting Time (WT'!) represents the average time

that a randomly arrived MU spends in the system before either of the following

happens: 1) the MU gets served through the broadcast channel, 2) the MU gets served

through a unicast connection, 3) the MU leaves without being served.

First, based on Definition 2.4, let us define the actual waiting time (experienced by a MU who
arrives at time t,, wants to obtain item(i), and leaves/gets served at time ty) as a function of the

corresponding random variables (t,, t; and sm).

s;—t,, sm=1 (2.49)

wt.(t,,t,,sm) =
(2, 1gsm) {td—ta, sm=0,2

An illustration for (2.49) is provided in Figure 2.12.

"' In a single-queue system, WT corresponds to the average time spent in the queue.
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served

. w=ts-t through

arrive ¥ ppch.

item(i) W W item(i)
broadcasted | | | | broadcasted .
[ il [ >
0 ta Wy s(i) t
give up

Figure 2.12 Waiting time experienced by MU who gets served through unicast
or leaves without service

Accordingly, the average value of wt;(t,,t4,5m) can be obtained from the following expression

2 s@i)ew

E[wt, (t,, te,sm)] = > | [wii(t,,t,,5m = p(t,, ts,sm = jitem =i)dt,dt,  (2.50.a)

=0 0,

(2.50.a), with the right-side expression given in the extended form in (2.50.b).

E[wt;(t,,t4,5m)] = (2.50.b)
7 s{i)w

=>" [ [wtit, ty,sm = f)-p(t, litem =i)-p(t, | t, item =i) - p(sm = j [ t,,t,,item =i)dt,dt,
=0 0t

a

Please note, each of the elements of the above summation can also be written as shown in (2.51).

s(i)

[ [wti(t, tesm = jp(t, . t,,5m = j|item =i)dt, dt,, =

0t

(2.50.c)

s(i) o

=p(sm=3j) [ [wt,(t,,ts,sm=p(t,.t,|sm = j item =i)dt,dt, =

0 t,

=p(sm = E[wt;(t,,t,,sm = J)]
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Hence, based on (2.50.c), each elements of (2.50.a) represents the product of the probability that

a MU, who wants to retrieve item;, obtains service sm (sm=0,1, or 2) and the expected waiting

time associated with the given service.

The actual expressions for each of the elements figuring in (2.50.a) are given in (2.51). (A

detailed procedure for obtaining these expressions is provided in Appendix 5.)

s(i) w
I thi(ta =7t =u,sm=Dp(t, =7,t, =p,sm=1|item =1)drdpu =
07

1

=— = -0+ Na=a)s@) e t-sd
s(i)(x(l—a))Z[ hexXa-asi) ]

s(i) o
I J.wti(ta =7t =, sm=2)p(t, =7,t;, =p,sm=2|item=1)drdp =
07

Puscess [— 24+ N (1-a)s@)+ 2+ N (1—a)s@) ™ “-a)“i)]

"N Fa-a)sa)

s(i) ©
| thi(ta =7,t, =p,sm=0)p(t, = 7,t, =, sm =0|item =i)drdy =
07

= 0 P )~ Prstn) [ 24 N (L-a)s(i) + (2 + X (1 - a)s(i) ™ ”S(‘)]

(X)( a)’s(i)

By employing (2.51.a), (2.51.b), (2.51.c) back in (2.50), (2.52) is obtained

E[wt, (t,,t,,sm)]=

______1_1 )\ 1— N (1-a)s(i)
s@)(N 1 -a)) [ X a0k ]+
1

4
s\ (1 -a)f

— 1 _ 1 _ amXN(1-2)s(i)

_N(l—a)(l N(l—a)sa)(l ) )]

[— 24+ N (1-a)s(@) + 2+ N (1 —a)s(i) p ¥ 0 ]:

(2.51.2)

(2.51.b)

(2.51.c)

(2.52)
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According to the assumption from Section 2.2.2, the probability that a randomly arrived MU

wants to retrieve item(i), and consequently experiences E[wti(t,,ts,sm)], is p(i) (i=1,..,M). Hence,

WT = ip(i)E[wti(ta,td,sm)] = (2.53)

i=1

_ 1 p() -X (1-a)s(@)
X(l—-a)[ )\(1 a)zs(1)( © )J

Based on (2.34), (2.53) can be finally transformed to

1

= m(l ~BR) (2.54)

Hence, (2.54) indicates that the minimization of the average waiting time (WT) can be expected
provided BR gets maximized. Similar as in the case of (2.41) and (2.48), (2.54) appears rather
intuitive, for two main reasons. On one side, it is clear that an increase in the efficiency of
broadcast service (BR) leads to a decrease in the average broadcast service waiting time.
Nevertheless, based on (2.41), an increase in BR also results in a decrease in the number of users
that need to be served through point-to-point connections, thus leading to a decrease in the

average unicast service waiting time.

2.3.6 Reneging Probability

Definition 2.5 Reneging Probability (RP) represents the probability that a

user, who has joined the system, eventually leaves before being served, i.e. without

obtaining the requested information item.
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The probability that a MU requests item(i) (p(i)) is assumed independent of the probability that
he requests item(j) (p(j)), where i,j€ {1,..,M} and i#j. Accordingly, RP can be expressed as a sum
of independent joint probabilities that the MU wants to retrieve item(i) (i€ {1,..,M}) and that he
leaves the system before obtaining the item. By employing the corresponding conditional

probabilities, the given sum can be further extended as presented in (2.55).

M
RP =) p(item =i "sm =0) = (2.55)

i=1

[\/]z EMZ

p(1tem—1) P(sm=0|item=1)=

p(1)-P(sm=0|item=1)

1
-

The conditional probability that a MU departs from the system without being served, given he
wants to retrieve item(i), can be obtained through the mathematical procedure presented in
(2.56). (Please note, as in Section 2.3.5, here we assume a randomly arrived user, hence

p(tansm=0litem=i)=1/s(i).)

P(sm=0|item=1) = (2.56)
s(i) s(i)
= [ [p(t, ntymsm=0{item =i)dt,dt, =
0 t,
s(i) s(i)
[pt, litem=1) - p(t, "sm=0]t,, item =i)dt, dt, =
0 t,
1 s(i) s(i)
~6 Idt jp(t Nsm=0]t, ,item=i)dt, =

tl

success )(1 reattempt) [1 _ e—)\’(l—a)(s(i)-ta) }lt _

2 =

0

s(i)

.[tP(t <s(i)nsm=0]t,,item=1i) =
0

=

0

- L
(i)
1
(i)

(1 - success )(l - Preattempt) 1— 1 (1 + e—)\'(l—a)s(i) )
1-a N (1-a)s(i)

Based on (2.56), (2.55) now becomes
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L (P A= Preaiemp) 1 s
RP = . success reattempt 1— _ 1+ “M(-a)s(i) )| 2.57
2P0 1-a N (1-a)s(i) e ) (2.57)

_ (1 - Psuccess )(1 - Preattempt) [1 _ i p(l) (1 + e—)\'(l—a)s(i) ):I

1-a SN (1-a)s(i)

Finally, by employing (2.34), RP can be expressed as

(1 - Psuccess )(1 - Preattempt) (

RP = 1-BR) (2.58)

1-a

Please note that the final expression for RP (2.58) turns out to be identical to the expression for
LR (2.48). Also, as in the case of Section 2.3.4, (2.58) indicates that maximization of BR results

in the minimization of RP, and vice versa.

2.3.7 Waiting Users Population (WP)

Definition 2.6 Waiting User Population (WP'?) represents the expected

number of waiting users'> in the system, encountered by a new randomly arrived MU.

WP is defined over an interval of fixed duration CeR [time units], where C is

assumed to satisfy Assumption 2.1.

Based on the discussion from Section 2.3.2, and (2.31) in particular, it can be easily seen that the
expected number of users waiting to obtain item(i) at some observation time tqe[0,s(i)),

regardless of their actual arrival times within [0, ty), is

' In a single-queue system, WP would correspond to the expected queue length.
" “Waiting user’ is a MU which happens to be in the waiting phase of the retrieval cycle (Figure 2).
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(@)

AN (1-a)t,
N (l—a)(l e ) (2.59)

Wp(ty,item(i)) = B[N (0,t,,item(i), t,)] =
Now, if we assume that a new user joins the system at time t4, and t4 can be any arbitrary time
point between two consecutive broadcastings of item(i), i.e. the probability of any specific

te=pe[0,s(1)) is 1/s(i)), then the expected number of users waiting to retrieve item(i) encountered

by this new MU is

s(i)
E[wp(t,,item(i))] = [wp(u,item(i))pdf, (u)du = (2.60)

s(i)
= [Blng (0. item(i), w)) - pdf,, (u)dp =

0

1 Ap(i) N (-ays()
TS N(- )[() X' ¢ )}

Accordingly, the expected number of users waiting to retrieve either of the M items at the time of

the new MU’s arrival can be obtained from

E[wp(t,,item(i) |1 =1,..,M)]= E[i wp(t,,item(i))] = (2.61)
= > Elwp(t, item(i)] -

_ A P(l) —>\ (1-2)s(i)
)\*(l—a)[ N({1- a)z s(1) )}

As E[wp(tq)] is in fact WP, then based on (2.34) the following implies

R
T N(-a)

(1-BR) (2.62)

(2.62) shows that by maximizing BR it is possible to minimize WP and vice versa. This result

again seems to be in agreement with our intuitive expectation. Namely, it is already proven that
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an increase in the efficiency of broadcast service (BR) would lead to a decrease in the average
user waiting time (WT) (see 2.54). This, together with the well-known Little’s formula [Leon-
Garcial, clearly implies that an increase in BR would also results in a smaller average number of

users waiting in the system, i.e. smaller WP.

2.3.8 Discussion

The major goal of any data communication network is to provide sufficiently high levels of
throughput', quality of service (Qo0S)"’ and grade of service (GoS)' to its users. In the case of a
hybrid WDB system with user retrials, the measures defined and studied in Sections 2.3.2 to

2.3.7 can be used to reflect how well the system accomplishes these goals.

(1) system's throughput

The throughput of a hybrid WDB system can be expressed simply as throughput=(BR+UR)=1-
LR. By employing (2.48), the given expression gets transformed to

1-P 1-P
throughput — 1 _ ( successl)( reattempt) [1 _ BR] (263)
—a

(2) system’s QoS

QoS offered by a network most closely depends on the load that the network is exposed to, 1.e.
the overall occupancy of the network resources (links, bandwidth, etc.). In that sense, by

minimizing the fraction of users who get served through unicast connections (UR), fewer

' In this case, we define throughput as the fraction of users who get served, through either the broadcast or a unicast
channel.

'* QoS — set of parameters used to describe a network’s performance, including: link delay, packet delay variation,
packet error rate, ... [Schiller].

' GoS — the probability of a call or data request being blocked or delayed for more than a specified interval
[Schiller].
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resources end up being used. This, in turn, enables subsequent improvements in the offered QoS
and an increase in the network’s capacity. Hence, based on the above, inverse proportionality

between QoS and UR can be claimed. That is, by employing (2.41), we can write,

1 (-a)
QoS ~ = i BR] (2.64)

PSUCCSSS

(3)  system’s GoS

While QoS describes how efficiently a request is handled once it has been accepted for service,
GoS is supposed to reflect the probability that a request gets accepted for service, in the first

place. Optionally, GoS may also be an indicator of the service (i.e. waiting) delay.

In a hybrid WDB system, as studied in this work, the probability of a request being accepted for

service is (1-RP). Hence,

(1 - Psuccess )(1 - Preattempt )

(1-2)

GoS~1-RP=1- [1-BR] (2.65)

The service delay, on the other hand, is simply WT. Moreover, it can be expected that the service
delay improve, i.e. decrease, as the number of waiting users in the system (WP) decreases'’.

Accordingly, we can claim that GoS is inversely proportional to both, WT and WP.

1 . 1
GoS~——=N(1-a)7——
05~ T ( a)[l_BR] (2.66)

1 N@-a) 1

GoS ~
WP A [1-BR]

(2.67)

' Decreasing WP implies fewer waiting, i.e. competing, users in the system, thus the probability of obtaining an on-
demand connection, i.e. service, in a shorter interval of time improves.
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We started our discussion, back in Section 2.3.2, by assuming a fixed set of broadcast intervals
S={si| i=1,..,M}. (Please note, here and in the proceeding discussion, we employ S={s;| i=1,..,.M}
as a mathematical representation of a broadcast schedule, i.e. a broadcast scheduling scheme.)
However, broadcast scheduling scheme is entirely controlled by the system'® and, from the

optimization point of view, can be modified so as to meet certain objectives.

The maximization of BR emerges as the most natural objective of a WDB system. However,
(2.41), (2.48), (2.54), (2.58), and (2.62) show that the broadcast scheduling scheme which
succeeds in maximizing BR, at the same time ensures the minimization with respect to the other
performance measures: UR, LR, WT, RP, WP. (Please note, individually these objectives seem
reasonable for a WDB system as well.) Most importantly, though, (based on (2.63) through
(2.67)), the very same broadcast scheduling scheme which accomplishes all of the above, also

meets the major WDB system goals - the provision of improved throughput, QoS and GoS.

'8 Note that all the other parameters (Pgyccesss Preatemps A P(I) (i=1,2,..,.M), &) are not directly controlled by the
system, and therefore cannot be employed for optimization purpose.
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2.4 Special Case Analysis

In this section, we attempt to illustrate the versatility of both, our model of single-cell hybrid
WDB system with user retrials (presented in Section 2.2), and the theoretical results obtained
employing the given model (as presented in Section 2.3). In particular, we show that through
appropriate selection of the main system parameters, the single-cell hybrid WDB model gets
easily transformed to the model of a pure-push broadcast, a pure-unicast, or a system as
presented in [Jiang I]. Consequently, the values of major parameters concerning the
performance of these systems are obtained simply by finding the appropriate mathematical limits

of the corresponding expressions derived for the single-cell hybrid WDB model.

2.4.1 @Pure-Push Broadcast System

In the pure-push broadcast scenario there is no direct interaction between MUs and the system,
thus MUs get service through the broadcast channel exclusively. (For more about pure-push

broadcast systems see Chapter 1.)

The generalized WDB model can be transformed into the model of a pure-push broadcast system
simply by setting A'=0, i.e. 1/A" — oo. In practical terms, /A" — oo implies that MUs have
infinite patience (see Figure 2.13), i.e. they never consider either issuing an on-demand request,

or leaving the system, before obtaining the desired information from the broadcast channel.

arrive A =0 arrive
R /’—> Psuccess=0, Preattempt=1
i broadcast h (i+1)™ broadcast i™ broadcast W T W (i+1)" broadcast
ofitemy | I } of item, of item; | { | of item; ,
0 T s(i) t 0 t s(i) t
Figure 2.13 Pure-push broadcast system Figure 2.14 Pure-push broadcast system
*
(7\. -_—0) (PSUCCCSS=07 Preattempt=l)
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The model of another type of pure-push broadcast system can be obtained by setting Pgyccess=0
and Preariempe=1, that is (1-a)=0 (see Figure 2.14). In practical terms, Psyccess=0 implies one of the
following two: 1) MUs never attempt to seize, or 2) MUs never get a chance to seize one of the
on-demand connections. Preayempe=1, on the other hand, implies that regardless of possibly
unsuccessful attempts to seize point-to-point channels, MUs remain in the system until they

eventually obtain the desired information from the broadcast channel.

Now, expression (2.31) (see Section 2.3.2) concerning the expected number of MUs interested in
retrieving item(i) that are found waiting in the system at some arbitrary time t=p.€[0,s(1)), can be

rewritten as follows.

[ g (0,5(0)item(i), s(0))] = —o2)— (1— ™ %) (2.68)
A(1-a)

_Ml_)__ _ * _ _i * ; 2 i . ] 3-

g AN e 2!(>\ (1-a)) +3!(>\ (1-a) -..)

M) - N (1)) + 3 (N (12 () -0

By setting A"=0, or a=1, (2.68) becomes

lim B[ (0,5(),item (), (1)) = (2.69)
= 1im B[ (0,5(i), item i), 5(1)] =
= No(i)7 = Ny

As it could have been anticipated, (2.69) suggests that p seconds after the last broadcasting of
item(i) in a pure-push broadcast system, the expected number of new users waiting to obtain this

item (next time it gets broadcasted) is A(i)p.

In a similar fashion, simply by finding the appropriate limits of the expressions presented in the
Section 2.3 (i.e. by finding the limits at A*—0, or a->1), the values of other pure-push broadcast

system parameters are obtained, as given in Table 2.1.
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Parameter Value
BR 1
UR 0
LR 0
VRN
wT 3+ (s()
o 2
RP 0
VR
WP )\-ZR(I);’&:NWT”
i=1

Table 2.1 Pure-push broadcast system parameters

It should be observed that in the case of a pure-push broadcast system, broadcast service ratio
(BR) is not an appropriate objective function. Namely, according to the assumptions concerning
this type of systems, all MUs are served through the broadcast channel by default. Consequently,
BR is always one (BR=1), irrespective of the actual broadcast scheduling scheme employed.
Therefore, based on Table 2.1, the only appropriate objective function in a pure-push broadcast

system would be either waiting time (WT) or waiting user population (WP).

2.4.2 @Pure-Unicast System

In contrast to pure-push broadcast, in pure-unicast systems MUSs are served through point-to-

point connections only.

The generalized WDB model becomes the model of a pure-unicast system by setting s(1) — o,
(i=1,..,M). s(i) — <o implies that item(i) never appears on the broadcast channel, thus a MU can

obtain the given item only through one of the on-demand connections (Figure 2.15). Also,

' Please note that this expression coincide with the well-known Little’s formula [Gross], which applies to queues
with patient users.
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Preattempt Should be set to one (Preaempi=1), if the possibility of a MU getting impatient and leaving

the system is not assumed.

arrive Preattempt=1

W T AT
|

| >

T t

Figure 2.15 Pure-unicast system (s(1) = %)

Hence, in the case of a pure-unicast system expression (2.34), for example, can be rewritten as

follows.

1

p(l) —>\ (-a)s(i)y _ p(l)
)\ (1 a) i Z s(1) )= N (1 a) z s(1)

Accordingly, for s(i) > «, i=1,..,M, (2.70) becomes

) (2.70)

)\‘(l—a)s(i)

2.71)

Again, as it could have been anticipated, (2.71) implies that the expected fraction of MUs served

through the broadcast channel (BR) of a pure-unicast system 1s always zero.

Similarly, by finding the limits at s(i) — oo, i=1,..,M, the values of other pure-unicast system

parameters can obtained, as given in Table 2.2. However, it should be noted that as a

consequence of the assumptions concerning pure-unicast systems, neither of the parameters form

Table 2.2 depends on the broadcast scheduling scheme S={s(1),..,s(M)}. Accordingly, neither of

them represents an appropriate objective function with respect to S={s(1),..,s(M)}.
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Parameter Value
BR 0
UR 1
LR 0
WT 1
NP, e
RP 0
WP " A
)\ Psuccess

Table 2.2 Pure-unicast system parameters

2.4.3 WDB System with Impatient users as Studied in [Jiang_1]

In [Jiang 1] it has been assumed that each newly arrived user waits At seconds for the desired
information to appear on the broadcast channel, where At is an exponentially distributed random
variable with E(At)=1/A". After At seconds elapse, the MU leaves the system regardless of

whether he obtained the information or not (see Figure 2.16).

arrive Psuccess=0, Preattempt= 0

i broadcast *5/_\‘ (i+1)™ broadcast
ofitemy | | give up | of item;y
| s v
0 T s(i) t

Figure 2.16 Broadcast system from [Jiang /]

The generalized WDB model becomes the model of the system presented in [Jiang ] by setting
Psuccess=0 and Preattempt=0. (Psuccess=0 corresponds to the first assumption from [Jiang ], that there
is no point-to-point connections available, while Preyemp=0 corresponds to the second

assumption that MUs leave the system immediately after the first waiting interval.) Thus, by
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setting both Pgyccess and Preaempt t0 zero, equation (2.34), expressing broadcast service ratio (BR),

becomes

p(l) ,)\ (1-2)s(3) p(l) NS
limBR = lim N a)Zs(l) N Z ™) (2.72)

By inspection, it can be easily verified that (2.72), and the expression for WT from Table 2.3,
entirely match the corresponding expressions from [Jiang []. The values of other parameters

concerning the broadcast system presented in [Jiang 1] are given in Table 2.3.

Parameter Value
BR Z p(l) e-x‘s(i))
UR 0
LR 1-BR
WT 1-BR
x*
RP 1-BR
A
WP 7 (I-BR)

Table 2.3 Parameters concerning broadcast system presented in [Jiang /]
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2.5 Estimation of Data-item Request Probabilities
and ‘Invisible User Problem’

The discussion and results presented in the preceding sections have been based on the
assumption that the relative popularities of individual data items (p(i), i=1,...,M), in a single-cell
hybrid WDB system are known. (Please note, in the analysis of pure-push WDB systems, for
example (see Chapter 1), this assumption is not only common, but absolutely required. Namely,
due to the lack of up-link communication, pure-push WDB systems do not have the ability to
collect any feedback information from the users, including the information on data item
popularities.) Nevertheless, in contrast to pure-push, hybrid WDB systems have the potential to
autonomously obtain such information through simple monitoring of user request that arrive on
unicast connections. Hence, in this section, we take a closer look at the class of single-cell hybrid
WDB systems with reattempt users, that perform autonomous estimation of data item

popularities, and we discuss the challenges that such systems face.

2.5.1 Single-Cell Hybrid WADB Systems with Autonomous

Estimation of Data-Item Popularities

The operation of a hybrid WDB system with autonomous estimation of data item popularities
(see Figure 2.17) is based on the following principles. First, by monitoring the users’ requests
received through unicast connections, the system continually re-evaluates the actual popularities
of individual data items. Subsequently, by identifying the most popular items, and placing them
on the broadcast channel, the system attempts to maximize the number of users who get served
without participating in the request submission procedure (i.e. attempts to maximize BR).
Eventually, the maximization of BR, i.e. the minimization of UR, is expected to result in the

improvements of the overall system’s GoS and QoS, as explained in Section 2.3.
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on-demand
channels

________________ » —pl/ Monitor unicast
requests

———————————————— > )

identify the most
popular items

; broadcast the most

~-—>= = <¢— popular items so as to

broadcast minimize the number
channel of unicast requests

Hybrid WDB System

Figure 2.17 Hybrid WDB system with autonomous estimation of data-item popularities

Clearly, for systems as shown in Figure 2.17, the accurate identification of the most popular
items is highly critical, as it represents the main precondition for the maximization of the number
of users who get served without participating in the request submission procedure. (Please note,
we refer to such users as ‘invisible’, since the system provides them with service without being
aware of their presence.) However, it should be observed that the maximization of the invisible
user population, although being the ultimate goal, has a negative return effect on the
identification of the most popular items. Namely, as the population of the ‘invisible’ users grows,
and the system’s performance improves, fewer requests for the most popular items end up being
submitted to the system. Consequently, the statistics extracted from the submitted requests
becomes less accurate, possibly resulting in a false identification of the most popular items, at

the next round of popularity re-evaluation.

Obviously, the phenomenon described in the above paragraph could eventually lead to unstable
system performance unless adequately recognized by the system. In the remainder of this
section, we provide a thorough insight into the significance and nature of the invisible user

problem, as found in hybrid WDB systems with user retrials.



Chapter 2 Single-Cell }ybrid-WD®B Systems: Model Description and Performance Analysis

2.5.2 Invisible User Problem

In order to prove the existence of the invisible user problem in a WDB system with user retrials,
let us find the expression concerning the number of requests for item(i) (i=1,..,M) received by the
system within an arbitrary interval of time #~[t;,t;). (Here, first we will assume that 4/ is of

arbitrary duration, yet satisfies constraint (2.73) as illustrated in Figure 2.18.)

W =[t,,t,) <[0,5(1)) (2.73)
item; 4% item;
broadcasted | } % { broadcasted'
0 t tz s(i) t

Figure 2.18 Reduced window of observation in estimation of data-item popularities

Through the reuse of (2.31), the expected number of requests for item(i), generated and received
by the system within [0,t;) and [0,t;), can readily be found, as given in (2.74) and (2.75)

respectively.

P i .
TEFRURIENORS) B AL PR ——C 2.74)
I-a AN(1l-a)
. . P (i) 1 SN (1)t
E[n, . (0,t,,item(1),t, )] = === t, —— 2 .
[ny (0,1, (1),t,)] l—a |:2 )\(l—a)e (2.75)

Consequently, the expected number of requests for item(i), received by the system within the
actual #~=[t;,t;) (we annotate this value with E[req(t,t;,item(1))]), can be simply obtained as a

difference between (2.75) and (2.74) (see (2.76)).
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E[req(t,,t,,item(1))] = (2.76)

— B[ (0,t,,item(i), t,)] - Eln g (0, 1, item(i), t,)] =
— Psuccess)\p(i) ‘W‘ _ 1 (1 _ e—)\‘(l—a)[W‘ }‘)\.(1—3)11
N(1-a)

1-a

(In the above expression, |#/ stands for (t,-t;), i.e. the length of the observation window
n=[t,t).)
i w

&
)

\ 4

—t—
0 s(i) 2s(i) ns(i) t

v

Figure 2.19 Extended window of observation in estimation of data-item popularities

Now, let us relax constraint (2.73 i.e. let us assume that %=[t;,t;) stretches over an arbitrary

number of item(i)’s broadcast periods®® (see Figure 2.19). In particular,

W =[t,,t,)=[0,ns(i)) (2.77)

where neN". Under such assumption, and by recalling that no users requesting item(i) remain
pending in the system once this item gets broadcasted, the expected number of received item(i)

requests within #4[0,ns(1)) turns out to be

E[req(0,ns(i),item(i))] = (2.78)

=n-E[req(0,s(i),item(i))] =

2 Here, even further generalization of the constraint is possible, e.g. ¢/ = [t,t,) = [t,,ns(i) + At) where t;,Ate[0,s(i)). However,

for the simplicity purposes, we assume that the observation window is aligned with the broadcast schedule (t;=0) and stretches
over a finite number of full broadcast periods (At=0).
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=n M s(i) —— 1 (1 _ e-x‘a-a)s(i))
AN(l-a)

1-a

(Please note, E[req(0,s(i),item(i))] in the above expression is obtained from (2.76 using t;=0 and

ty=s(i), i.e. |[=s(i).)

By taking a closer look at (2.78) it can be easily observed that the number of received requests
for item(i), in a hybrid WDB system with user retrials, is not a straightforward indicator of the
item’s actual popularity p(i) (i=1,..,M). Namely, although this number is always linearly

proportional to p(i), it is also shown to be a non-linear function of other parameters, including:

1) the current system’s broadcast schedule policy, i.e. the length of broadcast period

associated with item(i) (s(1));

2) the specific nature of users’ behaviour, i.e. the actual values of A and Preattempt-

Please note, by assuming Preatemp=0 and Pgccess=1, 1.€. by taking the limit of (2.78) at a—9021,

(2.78) becomes

lim E[req(0, ns(i),item(i))] = “xf\i(i) B (N's@)) —%()\*S(i)f + } (2.79)

Thus, (2.79) proves that the non-linear relationship between E[req(0,ns(i),item(i))] and s(1) also
holds for uncongested hybrid WDB systems in which users submit only one request per each

data item retrieved.

Figure 2.20 illustrates to what extent the number of received requests can be affected by the
actual value of s(i1). More specifically, the figure shows how the number of requests, received by

the system within an interval of duration |#{ = 64 [time units], changes with respect to both,

Psuceess€[0,1] and s(1)={2,4,8,16,32,64} [time units]. (Here, the other parameters are assumed

21 Recall, a:(] -P success)Preattempt
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constant: p(i)=0.3, A=5 [users per time unit], A"=0.2 [requests per time unit], Preattemp=0.7.) In
particular, according to Figure 2.20, if an item gets broadcasted (e.g.) every s(i)=16 [time units],
then the system receives twice the number of requests for this item than what it would receive 1f
the item was broadcasted every s(i)=4 [time units], regardless of the actual value of Pgyccess. Put
another way, Figure 2.20 verifies that the more frequently an item appears on the broadcast

channel (i.e. the smaller s(i) gets), the fewer requests for this item end up arriving to the system.

expected number of received requests for itern; within W=[0,64)

©
(=3

—_— 572
80} o 5i=4
70 S8
— s=16 ]
= //’
? sobl — 5732 /‘//
= SI-64 //
£ 50t 7 1
P -
= 30 P e s //ﬂ
20 v - e ]
. / ] /
-
ol ; . . L

0 0.1 02 03 04 05 06 07 08 09 1

P
success

Figure 2.20 Effect of s(i) on number of received requests E[req(0,s(i))|item=i]

Thus, based on both, expression (2.78) and Figure 2.20, we conclude that the estimation of data
items’ popularities (p(i), i=1,..,M), in a hybrid WDB system with user retrials, should not be
exclusively based on the statistics extracted from the requests received through unicast
connections. Instead, the estimation of p(i)-s should take into consideration the current values of
broadcast periods (s(1), i=1,..,M) and the values of other system and user behaviour parameters,

. . *
including A, Pguccess, A , and Preattempt-
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2.6 Simulation-Based Performance Analysis

In this section, we present a series of experimental results obtained by simulating the
performance of single-cell hybrid WDB systems with user retrials, as studied in the preceding
sections. The significance of these results is twofold. On one side, they provide the full
verification and prove the versatility (i.e. robustness) of some of the earlier obtained analytical
expressions. On the other hand, they enable us to draw a few significant conclusions, concerning
both the performance and analysis of single-cell hybrid WDB systems, which would be

impossible to obtain otherwise (i.e. analytically).

The simulation software that we have developed and used in the analysis of single-cell hybrid
WDB systems has been entirely implemented in Java. The implementation has been significantly
facilitated through the use of DESMO-J — a Java-based discrete-event simulation package
[DesmoJ]. A detailed overview of both DESMO-J package and our simulation software is

provided in Chapter 7.

Our choice of simulation parameters (K*=0.5 s Preattempt=0.7) was based on [Onur]. The decision to
employ the values of 2" and Preattempt s in [Onur] was justified by the fact that, at the time when
we conducted this work, [Onur] represented the only known study on ‘user retrial phenomenon’,
which dealt with real-world statistics. In particular, the values of A" and Preattempt presented in
[Onur] were estimated by following the behaviour of 45 GSM network subscribers, over certain

interval of time.
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2.6.1 @iyccess — Stochastic Behaviour

Statement 2.1 In real-world single-cell hybrid WDB systems, Pguccess

exhibits stochastic behaviour'’.

The simulation results presented in Sections 2.6.1.1 to 2.6.1.3 provide the proof for Statement
2.1. These results were collected by observing the change in the number of occupied (i.e. seized)
unicast channels in three different single-cell hybrid WDB-system simulation settings. Each of
the simulation settings was defined with a unique set of data-item request probabilities, as shown
in Table 2.4, 2.5, and 2.6, and in each of the settings an overall number of 10, 20 and 30
available unicast channels was employed, respectively. In all the observed cases it was evident
that the number of occupied unicast channels was changing in time (see Figure 2.24, 2.27, and
2.30), which indirectly implied that Pgy.ss Was also changing, in an alike manner. Please recall,
at any point in time the actual value of Pgcess 1S proportional to the number of unoccupied
unicast channels in the system. Thus, as the number of unoccupied unicast channels increases,

Pguccess 18 €xpected to increase accordingly, and vice versa.

2.6.1.1 Pyyccess — Stochastic Behaviour: Experiment 1

data-item request probabilities ' p=[0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1]
. data-item lengths [time units] I=[1,1,1,1,1,1,1,1,1,1]
~ data-item broadcast periods [time units] s=L/p
. MU reattempt probability Preattempt=0.7
MU mean reattempt time [time units] 2'=0.5
f Mean MU arrival rate A=10 [uséré per time unit]
~simulation time 300 [time units]

Table 2.4 Simulation parameters (2.6.1.1)

19 . o
That is, Pgyccess €volves randomly in time.
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Figure 2.22 Data-item request probabilities (1) Figure 2.23 Implemented broadcast schedule (1)

Figure 2.24.a) Unicast channel occupancy —
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Figure 2.24.b) Unicast channel occupancy —
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Figure 2.24.c) Unicast channel occupancy —
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2.6.1.2 @Pryccess — Stochastic Behaviour: Experiment 2

. data-item request probabilities

p=[0.3, 0.2, 0.2, 0.1, 0.1, 0.1, 0.0, 0.0, 0.0, 0.0]

data-item lengths [time units]

I=[1,1,1,1,1,1,1,1,1,1]

. data-item broadcast periods [time units]

MU reattempt probability

Preattempt=o-7

. MU mean reattempt time [time units]

A"=0.5 [users per time unit]

‘' mean MU arrival rate

A=10 [user per time unit]

- simulation time

300 [time units]

Table 2.5

data-item request PMF

Simulation parameters (2.6.1.2)

impiemented broadcast schedule

itemn's relative popularity
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Figure 2.25 Data-item request probabilities (2) Figure 2.26 Implemented broadcast schedule (2)
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Figure 2.27.a) Unicast channel occupancy — 10 unicast channels available (2)

s=I/p=[ 3.33 5.0 5.0 10.0 10.0 10.0 Inf Inf Inf Inf]
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20 unicast channels available (2) 30 unicast channels available (2)

2.6.1.3 Piyccess — Stochastic Behaviour: Experiment 3

. data-item request probabilities p=[0.3, 0.2, 0.1, 0.1, 0.05, 0.05, 0.05, 0.05, 0.05, 0.05]
~ data-item lengths [time units] I=[1,1,1,1,1,1,1,1,1,1] o
data-item broadcast periods [time units] s=I/p=[3.33 5.0 10.0 10.0 20.0 20.0 20.0 20.0 20.0 20.0]
MU reattempt probability Preattempt=0.7
MU mean reattempt time [time units] A'=0.5
mean MU arrival rate A=10 [users per time unit]
simulation time 300 [time units]

Table 2.6 Simulation parameters (2.6.1.3)
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Figure 2.30.b) Unicast channel occupancy —

20 unicast channels available (3)

Figure 2.30.c) Unicast channel occupancy —

30 unicast channels available (3)
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2.6.2 Analytical BR Obtained on Assumption of Constant Prucces
as Sufficient Approximation of Actual BR,

Statement 2.2 In spited of the fact that the actual Pgycess e€xhibits non-

stationary behaviour (see Statement 2.1), the assumption of a constant, yet adequately

chosen Pgccess, €nables sufficiently accurate analysis of the corresponding real-world

single-cell hybrid WDB system.

Statement 2.3 Our analytical BR (see (2.34)), based on the assumption of a

constant Pgyccess, provides an accurate approximation of the actual BR, as observed in

the corresponding real-world single-cell hybrid WDB system.

The simulation results presented in Sections 2.6.2.1 to 2.6.2.3 provide the proof for both of the
above statements. Namely, in the three simulation settings, as mentioned in the previous section,
and for k-10, k=0,1,..,5, available unicast channels, the overall number of users served through
broadcast, served through unicast and give-up users were observed (see Table 2.9, 2.11, and
2.13). Based on these observed values, the actual (i.e. simulation-based) BR and UR were

obtained simply as

BR, . = number of users served thr'ough broadcast (2.80)
overall number of arrived users
ber of d through unicast
UR, . = number of users serve ough unicas (2.81)

overall number of arrived users
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Subsequently, the corresponding simulation-based Pgyccess(t) (t€[0,maxSimulationTime]) was

estimated as the inverse of UR(Pgyccess) (see (2.41) and (2.82)).

Euccess = UR;i:nulation (Psuccess (t)) (282)

This, finally, enabled that BRsimulation=BRsimulation( f’success) be plotted (see Figure 2.31, 2.32, and
2.33). (Note, l_’success in (2.89) is a constant value, and it, in fact, represents an approximated
average of the actual time-varying Pgyccess(t), t€[0,maxSimulationTime]. Also, note that f’sumss 1S
being calculated as the inverse of URgimylation, instead of BRgimutation, Since UR is the only
performance measure, out of the ones presented in Section 2.3, directly observable by the

system.)

Now, Figures 2.31, 2.32, and 2.33 clearly indicate that in all three simulation settings
BRunalytica=BRanalytical(Psuccess) (derived from (2.34) and presented in Tables 2.8, 2.10, and 2.12)

and BRgimulation=BRsimulation( l_)success) were almost identical, as indicated in (2.83).

BR analytical (Psuccess) =BR simulation (Euccess ), where Euccess ~ E[Psuccess ()] (2.83)

Hence, (2.90) provides the ground for both of our claims: 1) in the analysis of a real-world
single-cell hybrid WDB system, the true time-varying Pguccess(t) can be sufficiently substituted by
a constant, yet adequately approximated lgsuccess; 2) our analytical BR, obtained on the

assumption of a constant Pgyccess, provides an accurate approximation of the actual BR.

2.6.2.1 Theoretical vs. Simulation-obtained BR; Experiment 1

data-item request probabilities: " p=[0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1]
- data-item lengths [time units]: 1=[1,1,1,1,1,1,1,1,1,1]
. data-item broadcast periods [time units]: s=L./p

MU reattempt probability: Preattempt=0.7

MU mean reattempt time [time units]: 2"=0.5

mean MU arrival rate A=10 [users per time unit]

simulation time 300 [time units]

Simulation parameters (1)



Chapter 2 Single-Cell Hybrid-WDB Systems: Model Description and Performance Analysis

data-item request PMF

0.7}

item's relative popularity

Data-item request probabilities (1)

broadcasted item

)

Implemented Broadcast Schedule
10 . » - »* r 1 d T 4

o0 5 10 15 20 25 30 35 40 45 50
time

Implemented broadcast schedule (1)

# of users # of users #0of " Relative
# of unicast served served . = Mean Error
channels through through give-up  BRy; UR P BRineory (BRtheory VS
broadcast unicast users heary T2
. BReimulation)
50 604 2362 0 02036 0.7964 0.9868 0.2004 1.57 %
40 604 2361 1 02036 0.7960 0.9857 0.2006 1.47 %
30 615 2321 30 0.2073 0.7825 0.9510 0.2054 092%
20 787 1874 302 0.2656 0.6325 0.6401 0.2610 1.73 %
10 1144 1009 815  0.3854 0.3400 0.2639 0.3760 2.44 %
0 1558 0 1403 0.5262 - 0.0 0.5179 1.58 %
Table 2.7 Simulation-obtained results (1)
BR=BR(Psuccess), Psuccess ASSUMED STATIC!
BRineoretical 06 " T ) i ! - . -
success theoretical
experimental
1.0 0.1987 05F%
0.9 0.2130
0.8 0.2294 04}
0.7 0.2483
0.6 0.2702 %03
0.5 0.2958
0.4 0.3259 0.2}
0.3 0.3615
0.2 0.4042 01l
0.1 0.4555
0.0 0.5179 o . R R
) 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1
Psuccess

Table 2.8 Theoretical BR obtained

assuming Pgccess=const (1) (see (2.34))

Figure 2.31 Theoretical vs. simulation-obtained

values of BR (1)
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2.6.2.2 Theoretical vs. Simulation-obtained BR; Experiment 2

. data-item request probabilities

p=[0.3, 0.2, 0.2, 0.1, 0.1, 0.1, 0.0, 0.0, 0.0, 0.0]

- data-item lengths [time units]

i=[1,1,1,1,1,1,1,1,1,1]

data-item broadcast periods [time units] s=I/p=[ 3.33 5.0 5.0 10.0 10.0 10.0 Inf Inf Inf Inf]

MU reattempt probability

Preattzmpt=0-7

. MU mean reattempt time [time units]

2'=0.5

mean MU arrival rate

A=10 [users per time diiit]

- simulation time

300 [time units]

data-item request PMF

Simulation parameters (2)

implemented broadcast schedule
10 T T T T T

:
;05 g 6 . . . . .
g 0.4 é 5 [ [ 0 [ *
E £ i
203l =m 4 . [ . . .
0.2 T ¢
0.1 T S 1
ol . g
0 1 2 3 4 5 [ 7 8 9 10 1
item
Data-item request probabilities (2) Implemented broadcast schedule (2)
. #of users # of users # of give i ~ Relative
# of . served served " (- M E
unicast through through upusers  BRgimuyation URsimutation =~ P, BRtheory (Bia: n‘-,osr
channels = broadcast unicast ; BR o T
R o simufation)
50 1005 1962 0 03387 06612 1.0 0.3525 407%
40 1005 1962 0 03387 06612 1.0 0.3525 407%
30 1012 1953 2 0.3410 06582 1.0 0.3525 337%
20 1125 1730 119 0.3782 0.5817 . 0.8359 0.3848 1.75 %
10 { 1472 981 512 0.4964 0.3308 0.3791 0.5083 2.40 %
o976 0 995 0.6650 oo 0.6729 1.19%

Table 2.9 Simulation-obtained results (2)
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BR=BR(Psuccess), Psuccess ASSUMED STATIC!

08

Psuccss BRtheoretlcal 07l gﬁ?ﬁ\gtd ]
1.0 0.3525 06“"====\\
0.9 0.3716 T TN
0.8 0.3926 o5l e
0.7 0.4157 —

06 0.4412 & o4r \;
0.5 _0.4696 oal
0.4 ~0.5012
03 0.5366 0.2f
0.2 _0.5764 ol
0.1 0.6215
OO 06729 i 00 0:1 0?2 Ot3 0?4 0t5 0?6 0?7 0?8 0t9 1

Psuccess
Table 2.10 Theoretical BR obtained Figure 2.32 Theoretical vs. simulation-obtained
assuming Pgyccess=const (2) (see (2.34)) values of BR (2)

2.6.2.3 Theoretical vs. Simulation-obtained BR; Experiment 3

' data-item request probabilities ~ p=[0.3, 0.2, 0.1, 0.1, 0.05, 0.05, 0.05, 0.05, 0.05, 0.05]

- data-item lengths [time units] I=[1,1,1,1,1,1,1,1,1,1] :
" data-item broadcast periods [time units] s=I/p=[3.33 5.0 10.0 10.0 20.0 20.0 20.0 20.0 20.0 20.0]
- MU reattempt probability Preattempt=0.7 ‘ o k
© MU mean reattempt time [time units] A'=0.5

~'mean MU arrival rate A=10 [users per time unit]

- simulation time 300 [time units] o

Simulation parameters (3)

data-tem request PMF implemented broadcast schedule
v v T T T T

10 . . . * - »

0.9 9t ° .
0.8 8 . ‘ i
07 ;
_.g 7 . L]
208 § :
8 g 6 ] : . L4
205 3 /
B @ i
¥ S 5 [ ¢ L4
€04 3 S
g g i
2o3t m * ? ’

o
n
)1

o
u

=1
~

w

»

o}
3

~

©

3

° ioé - 55; 3% . RS 45é 50
item time
Data-item request probabilities (3) Implemented broadcast schedule (3)
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#of # ;f users # s:f r‘t:eszelrs _ Relative
unicast through through i:fugs::'es BRsimutation - URsimutation Piuccess BReneory ?BeRat:‘ Er:l()S':
channels broadcast unicast | BR, eory )

simulation)
50 861 2102 0 02905 0.7094 1.0 0.2892 045%
40 861 2102 0 0.2905 - 0.7094 1.0 0.2892 0.45 %
30 866 2092 5 0.2922 0.7060 10 0.2892 - 1.03 %
20 991 1797 17503344 0.6064  0.8941  0.3059 8.52 %
10 1293 1001 665 0.4369 0.3382 0.3899 04176 4.42 %
0 1698 0 1262 0.5736 - 0 05754 031%

Table 2.11 Simulation-obtained results (3)

BR=BR(Psuccess), Psuccess ASSUMED STATIC!

Psum BRtheo"eucal N e theoretical
10 02892 0.7+ R experimenta ]
0.9 0.3049 osl
0.8 0.3223 T
0.7 0.3416 05} ‘*~~.L:;;::::;\ )

06 0.3631 : Y

205 0.3873 ‘ °
0.4 0.4146 03}

0.3 0.4459 ool

0.2 0.4821 :

0.1 05246 o1t

0.0 0.5754 ! , ‘ L

0 0.1 0.2 0.3 0.4 05 0.8 07 0.8 0.9 1
Psuccess

Table 2.12 Theoretical BR obtained Figure 2.33 Theoretical vs. simulation-obtained
assuming Pgyccess=const (3) (see (2.34)) values of BR (3)
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2.6.3 Prsttemp: - Validity of Constant Approximation

Statement 2.4 In the cases when users’ patience, and accordingly Preatempts

show significant time-decreasing tendency (see Section 2.3.1.2), the assumption of a

constant, yet adequately chosen Preaempt, Still can ensure sufficiently accurate analysis

of the corresponding real-world single-cell hybrid WDB system.

The simulation results presented in Sections 2.6.3.1.a) to 2.6.3.1.d) provide the proof for
Statement 2.4. These results were collected under the same set of main system-related simulation
parameters (see Table 2.13, 2.16, 2.19, 2.22), while different form of user impatience (i.e.
different form of time-decreasing Preaempt) Was employed in each case (Figure 2.34, 2.37, 2.40,
2.43). The simulation results obtained in all the cases clearly indicated that the time-decreasing
nature of Prearempt had a significant effect on the overall system performance. Accordingly, the
analytical BR obtained on the assumption of a non-decreasing Preaempt (Preattempr=0.7) failed to
provide an adequate approximation of the actual (i.e. simulation-based) BR (see Figure 2.35,
2.38, 2.41, 2.44). Nevertheless, in each of the four cases, through simple trial and error, we were
able to identify a constant value of Preawempt Whose corresponding analytical BR eventually
provided a good match to the simulation-based BR (Figure 2.36, 2.39, 2.42, 2.45). More
sophisticated methods for capturing a constant, replacing value of Preaitemp: remain in the scope of

our future work.

2. 6- 3- 1 meﬁmmt 1: q’rgattempt(t)=0- 7' e—ﬁt, ‘Wﬁefe 6=0- 05

data-item request probabilities p=[0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1]
~ data-item lengths [time units] I=[1,1,1,1,1,1,1,1,1,1]
| data-item broadcast periods [time units] s=I/p
- MU reattempt probability Preattempt=0.7-€™, b=0.05

MU mean reattempt time [time units] A"=0.5

mean MU arrival rate - A=10 [users per time unit]

simulation time 300 [time units]

Table 2.13 Simulation parameters 2.6.3.1
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# of unicast # of users # of users # of give '
u . hr. - P
channels s::::c:‘s; se::(iacc;tr up users BR UR Psuccess Psuccess BR
50 604 2362 0 0.2036 0.7963 0.9865 1.0 0.1987
40 604 2360 2 0.2036 0.7956 0.9847 0.8 0.2245
30 612 2321 33 . 0.2063 0.7825 0.9510 0.6 0.2573
20 754 1863 348 ~0.2543 0.6283 0.6330 0.4 0.2998
10 1016 1009 942 0.3424 0.3400 0.2639 02 0.3560
0 1318 0 1643 0.4451 - 0.0 0.0 0.4323
Table 2.14 Simulation obtained BR Table 2.15 Theoretical BR
for Preatiempi(t)=0.7-¢™, where b=0.05 obtained for Preyttemp=0.6
Pvuuam((t)=0.7'e'b.l, b=0.05
0.7
0.6
0.5
204
£
oa
0.2
0.1
0 0 1‘0 2‘0 3‘0 4’0 5‘0 6‘0 7‘0 8‘0 80 100
time
Figure 2.34 Pretiempi(t)=0.7-¢™, where b=0.05
0.6 ¥ 0.6 T
o5k o :::eyv:'riae’rln:;.e;’(::::i:;0.7-e‘bl‘ =0.05 osl * :ngéﬁilat:(,’?":::;:ﬁo_y-e-m, b=0.05 |
04 * 04k T
» ] T,
T T
% 0.3 T © 03 el
. S i,
02 ) 02t TR—— i
01 0.1
00 0: 1 0?2 Ot3 OJ.4 0?5 Ofﬁ 37 04.8 079 1 OO 0.1 (;2 OT3 OJA OTS OJ.G Of7 OTB 079 1
Psuccess Psuccess

Figure 2.35 Analytical BR obtained for
Preattemp=0.7 (see Table 2.8)

vs. simulation obtained BR in Experiment 1

Figure 2.36 Analytical BR obtained for
Preatiempr=0.6 vs. simulation obtained BR

in Experiment 1
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2. 6- 3- 2 meﬁmmt 2.' q)reattempt(t)=0- 7' e-6t, Wﬁefe 6=0- 1

data-item request probabilities p=[0.1, 0.1, 0.1, 0.1,0.1,0.1, 0.1, 0.1, 0.1, 0.1]
data-item lengths [time units] I=[1,1,1,1,1,1,1, 1,1,1] -
data-item broadcast periods [time units] = s=I/p
MU reattempt probability Preattempt=0.7-€™, b=0.1
MU mean reattempt time [time units] A'=0.5 ‘ -
mean MU arrival rate A=10 [users per time unit]

. simulation time 300 [time units]

Table 2.16 Simulation parameters 2.6.3.2

# of unicast # of users # of users # of give
ed thr. hr. - P
chanmele S:rr:ad c';hs; Seur:"‘i!:a ;t r up users | BR UR Psuccess Psuccess BR
50 604 2362 0 02036 0.7963 0.9865 1.0 0.1987
40 604 2360 2 ©0.2036 © 0.7954 0.9841 0.8 0.2221
30 612 2321 33 . 0.2063 0.7825 0.9510 0.6 0.2512
20 725 i 1863 377 02445 0.6283 0.6330 04 | 02880
10 961 1004 1003 . 0.3237 0.3382 02621 0.2 0.3354
»»»»»»»»» 0 1198 0 1766 04041 - 0.0 0.0 0.3976
Table 2.17 Simulation obtained BR Table 2.18 Theoretical BR
for Preattempt(t):0.7'e-bt, where b=0.1 obtained for Preanempt=0.55

=0 7*e P b=
Pveatlermlm_o‘-’ e, b=0.1

0.7

0 10 20 30 40 50 60 70 80 0 100
time

Figure 2.37 Preattempt(t)=0.7~e'bt, where b=0.1
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0.6 T T v T T r 0.6 T T T
—e-de-.  analytical, P =0.7 -t analytical, P =0.55
i . experimentaI’,eI?"::’;:;mfo.?'e'b'. b=0.1 * experimemalr.e;t:::iwfo.?'e'm, b=0.1
0.5F. p 05} j
.. .
0.43 o 0.4
\__*\ TR
x 03 . h " Z 03 T "
e N I —
o —— \‘*M\A\‘\*“m
02 Hrt 02} Tty
01 0.1
00 Oj1 0?2 013 014 015 0‘6 0?7 oia 0?9 1 00 0?1 0i2 013 0i4 015 0?6 0T7 OTB OTQ 1
Psuccess Psuccess
Figure 2.38 Analytical BR obtained for Figure 2.39 Analytical BR obtained for

Preattempt:0.7 (See Table 2.

8)

vs. simulation obtained BR in Experiment 2

2.6.3.3

Preattempt=0.55 vs. simulation obtained BR

in Experiment 2

weﬂme‘nt 3: @rgattempt(t)=0. 7' e-ﬁt, Wﬁefe 6=0- 5

data-item request probabilities

p=[0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1]

data-item lengths [time units]

I=[1,1,1,1,1,1,1,1,1,1]

data-item broadcast periods [time units]

s=L/p

MU reattempt probability

Preattempt=0.7-€™, b=0.5

MU mean reattempt time [time units]

A'=0.5

mean MU arrival rate

A=10 [users per time unit]

simulation time

300 [time units]

Table 2.19 Simulation parameters 2.6.3.3
£ of unicast #ofusers = # ofusers # of di
thr. hr. of give- P
channels s:rr:ae:cas; . se::ie:agtr up users BR UR Psuccess Psuccess BR
50 604 2362 0 0.2036 0.7963 0.9865 1.0 0.1978
40 604 2360 2 0.2036 0.7956 0.9847 08 02130
30 614 2311 41 0.2070 0.7791 0.9424 0.6 02294
20 672 1835 462 0.2263 0.6180 0.6158 0.4 0.2483
10 766 994 1207 0.2581 - 0.3350 0.2590 02 02702
0 865 0 2101 0.2916 0.0 0.0 00 . 02958

Table 2.20 Simulation obtained BR
for Preanempt(t)=0.7~e'bt, where b=0.5

Table 2.21 Theoretical BR
obtained for Preattemp=0.35
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=0 7*a Pt p=
P,"".mp‘(()-oi e” ', b=0.5

L . . L N n L .
Q 10 20 30 40 50 60 70 80 80 100
time

Figure 2.40 Preaempi(t)=0.7-¢”, where b=0.5

e @Nalytical, P'“"‘wl=0.7 ...4....‘ anal;/(ical, P"unn =0.35
experimental, P, =0.7"¢™ b=05 s experimental, B =0.7¢ b=0.5
05 1 0.5
0.4 T 0.4
%03 e . o gal
A * [l
- — T e e e
02 Ty 02t T R skl
0.1+ 01
00 Oj1 0?2 0t3 Dt4 0.5 0.6 0.7 0:8 Uj9 1 00 Oi1 0:2 013 Ot4 0?5 0?6 0.7 0.8 0.9 1
Psuccess Psuccess
Figure 2.41 Analytical BR obtained for Figure 2.42 Analytical BR obtained for
Preattempt=0.7 (see Table 2.8) Preattempr=0.35 vs. simulation obtained BR
vs. simulation obtained BR in Experiment 3 in Experiment 3
2.6.3.4 Experiment 4: Prattempr()=0.7-€, where 6=1.0

data-item request probabilities: p=[0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1]
data-item lengths [time units]: 1=[1,1,1,1,1,1,1,1,1,1]
data-item broadcast periods [time units]:  s=L/p
MU reattempt probability: Preattempt=0.7-€™, b=1.0
MU mean reattempt time [time units]: A'=0.5
mean MU arrival rate A=10 [users per time unit]
simulation time 300 [time units]

Table 2.22 Simulation parameters 2.6.3.1.4
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# of unicast # of users # of users & of glve
u : d thr., d thr. 3 P
channels s:r::dcas; se::(iecastr up users BR UR Psuccess Psuccess BR ‘
50 604 2362 0 02036 0.7963  0.9865 1.0 0.1987
40 604 2360 2 02036 07956 0.9847 0.8 0.2087
30 610 2306 50 02056 07774 09382 0.6 0.2198
20 638 1830 497 0.2151 0.6172 0.6145 0.4 0.2319
10 703 986 1276 02370 03325  0.2566 02 0.2454
0 761 0 2204 0.2566 - 0.0 0.0 02604
Table 2.23 Simulation obtained BR Table 2.24 Theoretical BR
for Preattempt(t)=0.7-e'bt, where b=1.0 obtained for Preattermp=0.15
Py”"ow‘(():OJ'e'b". b=1.0
,
0.9
0.8
0.7
= 06} 4
;%0.5 4
0-20.4
0.3
0.2
0.1 4
0 0 10 20 3‘0 4‘0 5‘0 6‘0 7‘0 B‘O 9‘0 100
time
Figure 2.43  Preatempi(t)=0.7-¢”, where b=1.0
0.6 T T 0.6 T T T
o T e oret ool T opemenal B sore% berol|
0.4 T 0.4}
-
s
& 03 T o3
vvvvvv B e i S
oz} T 0af - T it o
0.1 0.1
00 OT1 052 &3 0?4 015 0:5 0:7 0‘8 019 1 00 0?1 0?2 013 014 Oj5 Otﬁ 0.7 OTB 0t9 1
Psuccess Psuccess

Figure 2.44 Analytical BR obtained for
Preattemp=0.7 (see Table 2.8)

vs. simulation obtained BR in Experiment 4

Figure 2.45 Analytical BR obtained for
Preattempt=0.15 vs. simulation obtained BR

in Experiment 4
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2.6.4 Robustness of Analytical BR to Non-Poissonian Arrivals

Statement 2.5 Our theoretical analysis of single-cell hybrid WDB systems

has been based on the assumption of a Poisson user arrival process. Nevertheless, our

analytical BR (see (2.34)) turns out to be a sufficiently accurate approximation of the

actual BR, even in the cases of “on-off” user arrivals processes™.

The simulation results presented in Sections 2.6.4.1.a) to 2.6.4.1.h) provide the proof for
Statement 2.5. These results were collected under the same set of main simulation parameters
(see Table 2.25, 2.27, 2.29, 2.31, 2.33, 2.35, 2.37, 2.39), however a different user arrival process

was employed in each case. More specifically,

e in the first four simulation settings (Sections 2.6.4.1.a) to 2.6.4.1.d)), the user inter-arrival
times followed a normal and uniform distribution, respectively, with the same, i.e. constant,

mean value (1/A=0.1), but different standard deviation®';

e in the next two simulation settings (Sections 2.6.4.1.e) and 2.6.4.1.f)), a bursty (i.e.
modulated) Poisson user arrival process was employed, with the mean user arrival rate

altering between A;=5 and A,=15 every 30 or 60 [time units];

e in the last two simulation settings (Sections 2.6.4.1.g) and 2.6.4.1.h)), a bursty non-
Poissoninan user arrival process was employed — here, in contrast to the previous two

cases, the user inter-arrival times followed a normal, instead of an exponential, distribution.

(Figure 2.46 provides an illustration of a real-world situation where the user arrival process is

expected to behave in “on-off” manner, due to the users’ mobility.)

% We refer to a user arrival process as “on-off”, or “modulated”, if its average arrival rate is discretely changing
between two values (low and high).

21 . . . . . . . . . .
A Poisson user arrival process requires that the user inter-arrival times follow an exponential distribution.
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Figure 2.46 Bursty (“on-off”) MU arrival process

In each of the eight simulation settings, by changing the number of available unicast channels,
first the corresponding simulation-based BRs were observed (see Table 2.26, 2.28, 2.30, 2.32,
2.34, 2.36, 2.38, 2.40), and then the plots BRgimulation=BRsimulation(# available unicast channels | non-
Poissonian user arrival process) were generated. Finally, these plots were compared against an
equivalent plot obtained by simulating a single pure Poisson user arrival process> (see Figures
2.48, 2.50, 2.52, 2.54, 2.58, 2.62, 2.66, 2.70). Interestingly enough, in all eight cases the plots
turned out to be very close, hence suggesting the following

BR

(Poisson user arrival process) * BR (non — Poissonian user arrival process) (2.84)

simulation simulation

However, since we already know from Statement 2.3 that the analytical BR provides an accurate
approximation of BRgmyntion(Poisson user arrival process), then Statement 2.3 and (2.84) together

imply (2.85), thereby providing the proof for Statement 2.4.

(non — Poissonian user arrival process)  (2.85)

simulation

BR, .1 ica (POisson user arrival process) ~ BR

The validity of Statement 2.4 is also verified through (2.86) to (2.93), which provide the value of
relative mean error (RME) between the analytical BR and BR obtained through simulation.

Clearly, based on these expressions, the RME is kept in the range of only a few percent, in all

22 : . - . . .
Please note, again, such a simulation, that employs a Poisson user arrival process, corresponds to the assumption
of our theoretical analysis.
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simulation cases, hence suggesting that the analytical BR indeed represents a fairly good

approximation of the actual BR, regardless of the actual user arrival process.

Finally, we would like to point out that the exact analytical expression for BR, in the case of a
modulated Poisson user arrival process, could be readily obtained by following our analysis from
Section 2.3.2. In particular, the given expression could be obtained by simply modifying (2.30),
so as to accommodate two possible, alternating values of A, i.e. A (i). Nevertheless, it would be
very difficult, if possible at all, to obtain the exact analytical expression for BR, in the case of

other non-Poissonian user arrival processes, as discussed in this section.

2.6.4.1 Robustness of Analytical BR — Various Experiments

2.6.4.1.a) Normal MU Inter-arrival Time Distribution (inter-arrival time € N(0.1, 0.01))

data-item request probabilities p=[0.1,0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1]
data-item lengths [time units] I=[1,1,1,1,1,1,1,1,1,1]
data-item broadcast periods [time units] s=l/p =
MU reattempt probability Preattempt=0.7
MU mean reattempt time [time units]“ 2'=0.5
mean MU arrival rate A=10 [users per tiihé"il‘ﬁit]
. simulation time 300 [time units] o

Table 2.25 Simulation parameters (2.6.4.1.a)

# of unicast # of users # of users # of give

channels serl;’reodag:;os:gh sew::izgg‘IQh up ugsers BRsimutation UR Psuccess BRtheorv

- 50 564 2417 0 0.1892 0.8108 1.0 0.1987

40 564 2417 ' 0 0.1892 0.8108 1.0 0.1987

30 586 2372 3 0.1966 07957 09849  0.2007
20 77T 1881 338 02544 . 06321 | 06395 02611

o 14 T TH009 o ssI 03746 03393 02632 03763

0 1531 0 1438 0.5157 0 0 ¢ 0.5179

Table 2.26 Simulation-obtained values of BR for inter-arrival time € N (0.1, 0.01) (a)
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Figure 2.48 Poisson-based BR vs. BR obtained for inter-arrival times € N (0.1, 0.01) (a)

(NOTE: Poisson-based BR is obtained employing a single Poisson arrival process, with A=10)

RME(BR

simulation ’

theory (k) - BR simulation (k) |

1 6
Z =2.61%
theory 6 Zl BR simulation (k) ’

(2.86)

2-75



Chapter 2 Single-Cell Hybrid-WDB Systems: Model Description and Performance Analysis

2.6.4.1.6) Normal MU Inter-arrival Time Distribution (inter-arrival time € NO.1, 0.05))

~ data-item request proba“bilities p=[0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1]
~ data-item lengths [time units] I=[1,1,1,1,1,1,1,1,1,1] ' )
data-item broadcast periods [time units] s=l/p
' MU reattempt probability Preattempt=0.7
MU mean reattempt time [time units] A'=0.5
' 'mean MU arrival rate A=10 [users per time unit]
simulation time 300 [time units]

Table 2.27 Simulation parameters (2.6.4.1.b)

# of unicast #:J::ers h #c::hser: h # of give- B

channels serl‘)’madcgostug sew:nica: 9 up users | BRslmulatlon UR Psuocss BRtheorv
50 605 2321 0 02068 0.7932 0.9784 02016
40 605 2321 0 0.2068 07932 09784 02016

30 613 2299 14 0.2095 0.7857 09591  0.2043

20 760 1863 296 0.2604 0.6382 0.6499 02588

10 1116 1009 790 03828 0.3461 0.2699 0.3736

0 1582 0 1379 05343 0 0 0.5179

Table 2.28 Simulation-obtained values of BR for inter-arrival time € N (0.1, 0.05) (b)

Histogram of Inter-Anival Times
T v T

800

g

8

g

[
8

# of MU generated following the given inter-amival time
g

0

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
inter-arrival time

Figure 2.49 Histogram of MU inter-arrival times (b)
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Figure 2.50 Poisson-based BR vs. BR obtained for inter-arrival times € N(0.1, 0.05) (b)

(NOTE: Poisson-based BR is obtained employing a single Poisson arrival process, with A=10)

theory

¢ | BR k) —BR  ion (K
RME(BRsimulation ’BRtheory) = _é_Z' ( ) sxmulauon( ) l —2279% (287)

k=1 BR simulation (k)

2.6.4.1.c) Uniform MU Inter-arrival Time Distribution (inter-arrival time € [0.08, 0.12])

data-item request probabilities'

p=[0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1]

data-item lengths [time units]

1=[1,1,1,1,1,1,1,1,1, 1]

data-item broadcast periods [time units]

s=I/p

MU reattempt probability

Preattempt=o-7

MU mean reattempt time [time units])

2'=0.5

: mean MU arrival rate

' A=10 [users per time unit]

. simulation time

. 300 [time units]

Table 2.29 Simulation parameters (2.6.4.1.c)

| # of unicast # of users # of users # of give
d through hrough ive- . P

channels ser[;:)a:lcgosltlg sews:iza:lm up users BRslmulamon UR Psucoss BRtheorv
50 556 2425 0 0.1865  0.8135 1.0 0.1987
40 556 2425 0 0.1865 0.8135 .0 £ 0.1987
30 572 2388 21 01919 0.8011 0.9992 0.1988
20 746 1890 343 0.2504 0.6344 0.6434 0.2603
10 1111 1015 849 0.3734 0.3412 0.2650 0.3756
0 1533 0 1435 0.5165 0 0 0.5179

Table 2.30 Simulation-obtained values of BR for inter-arrival time € uniform [0.08, 0.12] (c)
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Histogram of Inter-Arrival Times
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Figure 2.51 Histogram of MU inter-arrival times (c)
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Figure 2.52 Poisson-based BR vs. BR obtained for inter-arrival times € uniform [0.08, 0.12] (c)

(NOTE: Poisson-based BR is obtained employing a single Poisson arrival process, with A=10)

=3.58% (2.88)

6 | BR kK)-BR_ .. (k
RME(BR simulation ’ theory) = l z theory ( ) simulation ( ) |
6 k=1 BR simulation (k)

2-78
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2.6.4.1.d) Uniform MU Inter-arrival Time Distribution (inter-arrival time € [0.05, 0.15])

~ data-item request probabilities ‘p=[0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1]
“data-item lengths [time units] I=[1,1,1,1,1,1,1,1,1,1]
" data-item broadcast periods [time units] s=I/p
~ MU reattempt probability Preattempt=0.7
- MU mean reattempt time [time units] A'=05
mean MU arrival rate =10 [users per time unit]
* simulation time 300 [time units]

Table 2.31 Simulation parameters (2.6.4.1.d)

# of unicast # ol users ' #ofuhsers h # of give-up B
channels ser[;-eoda(tj':;os:gh sew::i‘t:a:ug users BRsimulal:lcm UR Psucoss BRtheorv
50 585 2396 0 0.1962 0.8038 1.0 0.1987
40 585 2396 0 0.1962 0.8038 1.0 0.1987
30 594 2365 22 0.1993 0.7934  0.9789 0.2015
20 765 1880 | 332 0.2570 0.6315  0.6384 0.2614
10 1141 1009 822 03839 03395  0.2634 0.3763
0 ; 1556 0 1412 0.5243 0 0 0.5179

Table 2.32 Simulation-obtained values of BR for inter-arrival time € uniform [0.05, 0.15] (d)

Histogram of Inter-Arrival Times
300 T T
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501

# of MU generated following the give inter-arival time
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Figure 2.53 Histogram of MU inter-arrival times (d)
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Figure 2.54 Poisson-based BR vs. BR obtained for inter-arrival times € uniform [0.05, 0.15] (d)

(NOTE: Poisson-based BR is obtained employing a single Poisson arrival process, with A=10)

1 & I BR theory (k) -BR simulation (k) i

=— =1.43 % 2.89
theery ) 6 ; BR simulation (k) ’ ( )

BR

RME(BR

simulation ?

2.6.4.1.e) Poisson-Modulated MU Inter-arrival Time Distribution

data-item request probabilities p=[0.1,0.1,0.1,0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1]
~ data-item lengths [time units] I=[1,1,1,1,1,1,1,1,1,1]
~ data-item broadcast periods [time units]  s=I/p
. MU reattempt probability Preattempt=0.7
MU mean reattempt time [time units] A'=0.5
mean MU arrival rates 21=5 [uééfs per time unit], A,=15 [users per time unit]
state occupancy time (see Figure 2.54) 30 [time units]‘
simulation time ’ 300 [time units]

Table 2.33 Simulation parameters (2.6.4.1.¢)

# of umcast | Fofusers # of users # of give: :
" ' -
i served through served throug ighod BR UR Psuccess ~ BRuneory
50 547 2333 0 0.1899 0.8101 1.0 0.1987
40 565 2290 25 0.1962 0.7951 0.9834 0.2009
30 644 2058 173 0.2240 0.7158 0.7976 0.2298
20 793 1621 452 0.2767 05642 05320 02871
10 1033 958 864 03618 0.3356 0.2596 0.3778
0 1448 0 1401 0.5082 0 0 0.5179

Table 2.34 Simulation obtained values of BR for Poisson-modulated arrival process - A,=5, A,=15 (¢)
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state occupancy time = 30 [time units]

Figure 2.55 Change in MU arrival rates ()
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Figure 2.58 Poisson-based BR vs. BR obtained for Poisson-modulated inter-arrivals ()

(NOTE: Poisson-based BR is obtained employing a single Poisson arrival process, with A=10)
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theory

BR ky-BR_ . (k
RME(BR simulation ? BR theory) = l z ! ( ) Slmulatlon( ) I = 328 % (290)
6 k=1 BRsimulation (k)

2.6.4.1.f) Poisson-Modulated MU Inter-arrival Time Distribution

" data-item request probabilities p=[0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1]
data-item lengths [time units] 1=[1,1,1,1,1,1,1,1, 1, 1]
data-item broadcast periods [time units] = s=I/p
MU reattempt probability Preattempt=0.7
MU mean reattempt time [time units] A'=0.5

mean MU arrival rates A=5 '['L'l"se‘rs per time unit], 22=15 [users per time unit]
state occupancy time (see Figure 2.58) 60 [time units] R o
simulation time 300 [time units]

Table 2.35 Simulation parameters (2.6.4.1.1)

# of unicast #t:::hsers h #t;f:lhsers h # of give- o=

channels | *“Lroadcast. unicast . wpuses  BR UR . Pacee  BRun
50 497 2115 0 0.1902 0.8097 1.0 0.1987
40 518 2060 34 0.1983 0.7887 © 09668  0.2032
30 603 ; 1844 165 0.2308 0.7060 0.7774 0.2334
20 715 1527 370 0.2737 0.5846 0.5626 0.2793
0 929 944 739 0.3556 0.3614 0.2852 0.3674
0 1336 0 1273 0.5120 0 0 05179 |

Table 2.36 Simulation obtained values of BR

for Poisson-modulated arrival process - A1=5, A,=15 (f)

e
wg\ ‘\\/ﬁ
() (%
A __g ’ ‘\bﬁ)
7
\“\»\ 1 -

state occupancy time = 60 [time units]

Figure 2.59 Change in MU arrival rates (f)



Chapter 2 Single-Cell Hybrid-WDB Systems: Model Description and Performance Analysis

Poisson-Modulated Inter-Amival Process Histogram of Inter-Arival Times
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Figure 2.62 Poisson-based BR vs. BR obtained for Poisson-modulated inter-arrivals (f)

(NOTE: Poisson-based BR is obtained employing a single Poisson arrival process, with A=10)

RME(BR =2.43% (2.91)

1 ; l €0 (k) BR; simulation (k)
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2.6.4.1.9) Normal-Modulated MU Inter-arrival Time Distribution

" data-item request probabilities p=[0.1, 0.1,”0'.'1',' 6'."]'.';“()'.1‘,' 0.1',"'0.':‘[, 0;1',' 0.1, O.i]”
. data-item lengths [time units] I=[1,1,1,1,1,1,1,1,1,1]
data-item broadcast periods [time units] s=l/p
~ MU reattempt probability Preattempt=0.7
' MU mean reattempt time [time units] S A"=0.5
MU arrival times (see Figure 2.64) time; =N(0.2,0.01), time, =N(0.0677,0.01)
- state occupancy time (see Figure 2.62) 30 [time units]
simulation time - 300 [time units]

Table 2.37 Simulation parameters (2.6.4.1.g)

# of unicast #O‘f::ers h #ec:;‘;‘sers h # of give- = '
channels ser;:) adc':,s:g sewunim;:ug up users BR UR Psuccess BRtheory
.30 597 2335 0 . .. ..02036 0.7967 09876 ~  0.2003
40 o 604 2308 20 0.2060 0.7872 0.9629 +  0.2038
30 670 2105 151 02289 . 07194 08052 02285
20 853 . 1650 414 .0.2924 0.5656  0.5341 02866
10 L 1098 978 838 0.3768 0.3356 0.2596 . 0.3778
0 1484 0 1419 0.5111 .9 0 05179

Table 2.38 Simulation obtained values of BR

for normal-modulated arrival process (g)

e "““m\x
if ‘:&xn
J= N Py
\\32/1 {\ & j
&\ S
\””‘w»m.,l« »»»»»»»»»»» e

state occupancy time = 30 [time units]

Figure 2.63 Change in MU arrival rates (g)
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Poisson-Modulated Inter-Amival Process Histogram of Inter-Amival Times
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Figure 2.66 Poisson-based BR vs. BR obtained for normal-modulated inter-arrivals (g)

(NOTE: Poisson-based BR is obtained employing a single Poisson arrival process, with A=10)
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2.6.4.1.h) Normal-Modulated MU Inter-arrival Time Distribution

~ data-item request probabilities

data-item lengths [time units]

p=[0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1]
1=[1,1,1,1,1,1,1,1,1,1]

data-item broadcast periods [time units] s=I/p
MU reattempt probability ; Preattempt=0.7
MU mean reattempt time [time units] A'=0.5

MU arrival times (see Figure 2.68)

time, =N(0.2,0.01), time, =N(0.0677,0.01)

state occupancy time (see Figure

2.66)

60 [time units]

simulation time

300 [time units]

Table 2.39 Simulation parameters (2.6.4.1.h)

# of unicast # of Uhsel's h # of u;érs h ;‘t‘)“f‘g‘ive- D

channels ser'\)lg:la;craost;g serv::izagug up users BR UR Psuccess BRineory
50 548 2113 1 0.2058 0.7938 0.9800 0.2014
40 558 2080 24 0.2096 0.7814 0.9482 0.2058
30 623 1888 15102340 0.7092 07839 02323
20 751 1561 350 02821 0.5864 05654  0.2786
10 987 945 722 03718 0.3561 0.2798 03695

0 1378 0 1270 - 0.5203 0 0 05179

Table 2.40 Simulation obtained values of BR

for normal-modulated arrival process (h)

state occupancy time = 60 [time units]

Figure 2.67 Change in MU arrival rates (h)
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Figure 2.70 Poisson-based BR vs. BR obtained for normal-modulated inter-arrivals (h)

(NOTE: Poisson-based BR is obtained employing a single Poisson arrival process, with A=10)

=1.17%  (2.93)
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2.6.5 Robustness of Analytical BR, to Various ‘Single-User
Inter-Reattempt Time’ Distributions

Statement 2.6 Our theoretical analysis of single-cell hybrid WDB systems

has been based on the assumption that ‘single-user inter-reattempt time’ (At) is an
exponentially distributed random variable with mean 1/A" (see Figure 2.70 and
Section 2.2.2). Nevertheless, our analytical BR (see (2.34)) turns out to be a

sufficiently accurate approximation of the actual BR, even in the following scenarios:
1) At follows a normal distribution with mean 1/A", in the case of every user
2) At follows a uniform distribution with mean 1/A", in the case of every user

3) a given user is associated with Aty with probability 1/k (k=2 or 3), where
Aty follows an exponential distribution with mean py and the overall mean

of all At is 1/A".% That is

i=1

k1 1_[& 1 1
E[A7T]=E ZEATi :EE D A7, = HTw

obtain data
through unicast
(PSUCCESS)

) &

arrive listen to i

. broadcast ;
] 1 -
I i : 3 g

0 ta single-user !

inter-reattempt ¥

time (Av) give up waiting

- reattempt)

Figure 2.71 Single-user inter-reattempt time

* Here we assume it is possible that different users choose to re-issue their requests in different pace, thus exhibiting
different levels of re-trial (im)patience.
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The simulation results presented in Sections 2.6.5.1 to 2.6.5.2 provide the proof for Statement
2.6. These results were collected under three different sets of system-related simulation
parameters (as mentioned in the previous sections), and in each of the three settings the
following five scenarios concerning single-user inter-reattempt time were considered (see Table

2.41,2.42, and 2.43):

scenario (1) the inter-reattempt time associated with each user is of the same exponentially

distributed pdf (as assumed in the theoretical discussion of Section 2.3);

scenario (2) the inter-reattempt time associated with each user is of the same normally

distributed pdf;

scenario (3) the inter-reattempt time associated with each user is of the same uniformly

distributed pdf;

scenario (4) each user is associated with one of two possible exponential inter-reattempt time

distributions with probability 1/2;

scenario (5) each user is associated with one of three possible exponential inter-reattempt time

distributions with probability 1/3.

In each of the given scenarios, by changing the number of available unicast channels, the
corresponding simulation based BRs were observed. Consequently, these BRs were compared
against BR as observed in scenario (1), which was considered equivalent to the analytical BR
(see Sections 2.6.1 to 2.6.4). As Figures 2.72 to 2.77 indicate, in each of the three scenarios the
obtained curves BR=BR(# of unicast channels) were very close to each other, regardless of the
underlying single-user inter-reattempt time distribution. Hence, Figures 2.72 to 2.77 provide the

proof for our claim in Statement 2.6.
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2.6.5.1 Various Single-User Inter-Reattempt Time Distributions: Experiment 1

data-item request prbliabilitiés

p=[0.1,0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1]

data-item lengths [time units]

1={1,1,1,1,1,1,1, 11‘ 1,1]

data-item broadcast periods [time units] = s=I/p
- MU reattempt probability Preattempt=0.7
. MU mean reattempt time [time units] A'=0.5

- mean MU arrival rate

A=10 [users per time unit]

- simulation tim

300 [time units]

Simulation parameters (1)

data-item request PMF

0.7+

iterm's relative popularnity
o
W

item

Data-item request probabilities (1)

# of unicast BRsimqution for BRsimulation for BRsimuhtion for BRsimqution for BRsimulation for
channels exp. distributed normally uniformly exp. distributed exp. distributed
single-user distributed distributed single-user single-user
inter-reattempt single-user single-user inter-reattempt time inter-reattempt time
time inter-reattempt inter-reattempt 2 levels of impatience 3 levels of impatience
(mean=2) time time (mean;=0.6667*2 (mean;=0.5*2
(mean=2 (min=1.8 meany=1.3334%2) mean;=1.0%2
o variance=0.4) max=2.2) mean;=1.5*2)
50 0.2036 0.1946 0.1951 0.1911 0.1943
40 0.2036 0.1946 0.1951 0.1911 0.1943
30 0.2073 0.2016 0.2005 0.1971 ~0.2010
20 0.2656 0.2633 0.2689 0.2560 0.2528
10 0.3854 0.3845 0.3927 0.3646 03626
0 0.5262 0.5432 0.5413 0.4912 0.4835

Table 2.41 Simulation obtained BRs in Experiment 1
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mean single-user inter-request time 11)=2 [time units]
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Figure 2.72 BR in case of exp. distributed vs. normally distributed vs.

uniformly distributed single-user inter-reattempt time — Experiment 1
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Figure 2.73 BR in case of exp. distributed single-user inter-reattempt time

in case of 1, 2 or 3 levels of user impatience — Experiment 1

2.6.5.2 Various Single-User Inter-Reattempt Time Distributions: Experiment 2

p=[0.3, 0.2, 0.2, 0.1, 0.1, 0.1, d.o, 0.0, 0.0, 0.0]
1=[1,1,1,1,1,1,1,1,1,1]

. data-item request probabilities
data-item lengths [time units]

s=|/p=[ 3.33 5.0 5.0 10'0; 10.0 10.0 Inf Inf Inf Inf]
 Preattempt=0.7
2"=0.5 [users per time unit]

data-item broadcast periods [time units] |
MU reattempt probability
- MU mean reattempt time [time units]

- mean MU arrival rate A=10 [user per time unit]

‘ "é:i_m_u_;_ation time 300 [time units]

Simulation parameters (2)
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item's relative popularity
© © © © © o © o ©
— N w & L2 =] ~ = © -

=)

Data-item request probabilities (2)

data-item request PMF

o

5]

# of unicast BRimulstion for BRimalation fOr BRgimutation fOr BRimutstion fOr BRimutation for
channels exp. distributed normally uniformly exp. distributed exp. distributed
single-user distributed distributed single-user single-user
inter-reattempt single-user single-user inter-reattempt time inter-reattempt time
time inter-reattempt inter-reattempt 2 levels of impatience 3 levels of impatience

(mean=2) time time (mean;=0.6667*2 (mean,=0.5%2

(mean=2 (min=1.8 mean,=1.3334%2) mean,=1.0*2

_ variance=0.4) max=2.2) mean;=1.5*2)
50 0.3461 0.3930 0.4107 0.3330 0.3345
40 0.3461 0.3930 0.4107 0.3330 1 0.3345
30 - 0.3477 0.3946 0.4117 0.3363 03372
20 - 0.3795 0.4220 0.4360 0.3764 0.3728
10 0.5020 05476 0.5614 0.4889 0.4833
0 0.6564 07193 0.7356 0.6402 0.6313

Table 2.42 Simulation obtained BRs in Experiment 2
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Figure 2.74 BR in case of exp. distributed vs. normally distributed vs.

uniformly distributed single-user inter-reattempt time — Experiment 2
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0.8

- exp. single-user inter-request time - 1 class of users
o7k < - exp. single-user inter-request time - 2 classes of users | |
| ~-©--  exp. single-user inter-request time - 3 classes of users
B
0.6}
Y
o
05 B
RN
RN
g o4 S
S

g %
03r
0.2r
01t

”

n . " . . . . n
] 5 10 15 20 25 30 35 40 45 50
number of unicast channels

Figure 2.75 BR in case of exp. distributed single-user inter-reattempt time

in case of 1, 2 or 3 levels of user impatience — Experiment 2

2.6.5.3 Various Single-User Inter-Reattempt Time Distributions: Experiment 3

data-item request probabilities p=[0.3, 0.2, 0.1, 0.1, 0.05, 0.05, 0.05, 0.05, 0.05, 0.05]
data-item lengths [time units] I=[1,1,1,1,1,1,1,1,1,1]
data-item broadcast periods [time units] s=I1/p=[3.33 5.0 10.0 10.0 20.0 20.0 20.0 20.0 20.0 20.0]
. MU reattempt probability Preattempt=0.7
. MU mean reattempt time [time units] 2'=0.5
- mean MU arrival rate A=10 [users per time unit]
- simulation time 300 [time units]

Simulation parameters (3)

data-item request PMF

iterm's relative popularity
o ©o e © © © © o
N w - o (=) ~ =] ©
> ~ T : T
]
2]
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# of unicast BRsimulxtion for BRsilnuhtion for BRsimu]xﬁon for BRsimulation for BRsimuhdon for
channels exp. distributed normally uniformly exp. distributed exp. distributed
single-user distributed distributed single-user single-user
inter-reattempt single-user single-user inter-reattempt time inter-reattempt time
time inter-reattempt inter-reattempt 2 levels of impatience 3 levels of impatience
(mean=2) time time (mean;=0.6667*2 (mean;=0.5*2
(mean=2 (min=1.8 mean,=1.3334*2) mean,=1.0%2
- __variance=0.4) max=2.2) mean;=1.5*2)
50 0.2905 03175 03333 02662 202621
40 0.2905 0.3175 0.3333 0.2662 0.2621
30 0.2922 0.3218 0.3350 0.2669 0.2671
20 0.3344 0.3655 0.3720 0.3192 0.3144
10 0.4369 0.4759 0.4878 0.4290 0.4223
0 0.5736 0.6115 0.6255 0.5528 0.5479

Table 2.43 Simulation obtained BRs in Experiment 3

mean single-user inter-request time 1/3,'=2 [time units}

0.8

exponential single-user inter-request time
0.7 - normal single-user inter-request time
) -~ uniform single-user inter-request time
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Figure 2.76 BR in case of exp. distributed vs. normally distributed vs.

uniformly distributed single-user inter-reattempt time — Experiment 3
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Figure 2.77 BR in case of exp. distributed single-user inter-reattempt time

in case of 1, 2 or 3 levels of user impatience — Experiment 3
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2.7 Analytical Sensitivity Analysis

At the end of this chapter, we present a series of analytical results concerning the gradient based
sensitivity analysis of the most significant system performance measure BR (see Section 2.3),
with respect to three main system and user-behaviour parameters: Pgyccesss Preattempts and A In
particular, we obtain the exact analytical expression for the partial derivatives of BR with respect
t0 Psuccesss Preattempts and A". Based on these expressions, we observe how the variation in either of
the three parameters affects the actual value of BR. Subsequently, this enables us to make some
general conclusions regarding the sensitivity of an approximation involving our analytical

expression for BR, to possibly inaccurate knowledge of Pguccess, Preattempt, and A

2.71 Sensitivity of BR with Respect t0 Pruccess
Based on (2.34), we obtain the partial derivative of BR with respect to Pgyccess, as given in (2.94).

aBR - Pfeattempt i p(l) (1 _ e_)“ (I_Prca“empl(l_Psncwss )k(l) )+ (2.94)

aPS“CCCSS X( (1 - Preattempt (1 - Psuccess ) )2 i=1 S(l)

P M (e _ :
+ reatempt Z p(l) -e A (1 Prcallempl(l Psucc&ss))s(l)
(1 - Preattempt (1 - Psuccess )) i=1

From (2.94), it is evident that the actual value of OBR/OPgyccess at any given Pgyccess is dependent
on the values of p(i), i=1,..,M, s(i), i=1,.,.M, Preayemp: and A" Hence, we conclude that BR
exhibits different forms of sensitivity with respect to Pgyccess, for every different data-item request
distribution (p(i), i=1,..,M), broadcast schedule (s(i), i=1,..,M), and parameters Prcatiempr and l*,

respectively.
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Nevertheless, let us consider a special case, in which all data-items are equally popular (p(i)=1/M
(Vi=1,..,M)), and broadcasted in identical intervals of time s(i)=s(j) (V i,j=1,..,M). Under such
assumptions, (2.94) gets transformed to (2.95). Subsequently, from (2.95), the graphical
representation of BR’s sensitivity with respect to Pgyccess, under varying values of s(i), X*, and

Preattempt, €an be obtained, as illustrated in Figures 2.78 to 2.80.

aBR - - Preattempl (1 —e _)‘. (I—Preanempt (I_Psucccss ))S(l) )+ (2 . 95)
aPsuccess X‘ (1 - Preanempt (1 - PsucceSS ))2 S(l)
+ Preatlempt e ")" (I—Prealtcmpl (1-Pogecess ))S(l)

(1 - Preattempt (1 - Psuccess ))

Based on Figures 2.87 to 2.80, we observe that OBR/0OPgccess is negative, for all possible values
of Psuccesss S(1), Preattempts and Y Hence, we conclude that an increase in Pgycess Will result in a
decrease in BR, under any given data-item request distribution (p(i), i=1,..,M), broadcast
schedule (s(i), i=1,..,M), and parameters Picattemp: and A". We also observe that BR exhibits
considerable sensitivity with respect to Pguccess for larger values of s(i) (see Figure 2.78) and A"
(see Figure 2.79), while at the same time it appears very insensitive to changes in Pgyccess for low

values of Preattemp: (s€€ Figure 2.80).

BR'(Psuccess) for various values of A*

BR’(Psuccess) for various values of s(i)
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02t ,,// T
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i s)=2 — =01
i - O I U 2 [ .20,
o S s | o vs)
s s / ,,,,,,,,,,,, - ar=3
Y] A— . : e . . . . 07 . . . — . . .
0 a1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0 0.1 0.2 0.3 0.4 Q0.5 0.8 07 08 09 1
Psuccess Psuccess
Figure 2.78 BR’(Pgyccess) In case of Figure 2.79 BR’(Pguccess) in case of
. . * . * N
variable s(1), and Preatemp=0.7, A =0.5 variable A, and s(1)=5, Preattemp=0.7
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BR'(Psuccess) for various values of Preattempt

BR'(Psuccess)
=3
(4]

-  Preattempt=0.9
-0.8 = Preattempt=0.6 |

- Preattempt=0.3
-0.9¢ ————  Preattempt=0.0| -

] 0.1 02 03 0.4 05 0.8 0.7 0.8 0.8 1
Psuccess

Figure 2.80 BR’(Psyccess) in case of

variable Preaempt, and s(i)=5, A" =0.5

2.7.2 Sensitivity of BR with Respect t0 Preastemp

The partial derivative of BR with respect to Preagempt 1S given in (2.96). Similar as in the
preceding section, (2.96) suggests that the actual value of 6BR/OPrcatempt, at any given Preattempt, 18
also dependent on p(i), i=1,..,M, s(i), i=1,..,M, Pgjccess and A Nevertheless, we again consider the
special case when p(i)=1/M (Vi=1,.. M), and s(i)=s(j) (V ij=1,.,.M) (see (2.97)), and
subsequently obtain the graphs shown in Figures 2.81 to 2.83.

aBR = " (1 B Psuccess) > Z p(l) (1 _ e_x(I_Preauempt(l—Psuccess))S(i) )_ (296)
aPreattempt )\ (1 - Preattempt (1 - Psuccess )) i=1 S(l)

_ (1 B Psuccess ) i p(l) . e"x (I_Preattemp!(l_Psuocuss ))5(1)
(1 - Preatlernpt (1 - Psuccess )) i=1

aBR — - (1 B PSuCCCSS) > . (1 — e_)“ (]_Preauempl(l_Psuccess))S(i) )__ (2.97)
aPn:attempt )\ (1 - Preattempt (1 - Psuccess )) S(l)
_ (1 B Psuccess ) e_)“ (1_Preanﬂnpt(1_Psucccss ))5(1)

(1 - Preattempt (1 - Psuccess ))
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Based on Figures 2.81 to 2.83 we observe that OBR/OP eatiempt 1S positive, for all possible values
of Preattempt, S(1), Psuccess, and A Thus, BR turns out to be a monotonically increasing function of
Peattempt, under any given data-item request distribution (p(i), i=1,..,M), broadcast schedule (s(i),
i=1,..,M), and parameters Pgyccess and A". We also observe that BR appears least sensitive to

changes in Preagiempt Under large values of Pgyccess (se€ Figure 2.82).

BR!(Preattempt) for various values of s(i) BR'(Preattempt) for various values of Psuccess
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Figure 2.83 BR’(Preatiempt) in case of
variable A", and Pgyccess=0.8, s(i)=5
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2.7.3 Sensitivity of BR with Respect to A"

The partial derivative of BR with respect to A" is given in (2.98). Similar as in the two earlier
cases, (2.98) suggests that the value of SBR/GA’, at any given A", also depends on the values of
other system and user behaviour parameters. We again consider the special case when p(i)=1/M
(Vi=1,..,M), and s(1)=s(j) (V 1,j=1,..,M) (see (2.99)), and subsequently obtain the graphs shown in
Figures 2.84 to 2.86. Considering that 9BR/&A" is negative, in all three cases presented in Figures
2.84 to 2.86, we conclude that BR is a monotonically increasing function of A", under any given
data-item request distribution (p(i), i=1,..,M), broadcast schedule (s(i), i=1,..,M), and parameters
Pisuccess and Preatiempt. Moreover, based on these figures, we conclude that BR is considerably more

sensitive to variations in A" in the lower than in the higher range of this variable.

JBR _ -1 & p(l) (1 _ e—)\'(l—-a)s(i) )+ 1 ip(l) . e—)\'(]—a)s(i) (298)
ON 1- a)()\* )2 i s(1) NS
oBR -1 | — o N l1-ak) ) oL g x-an) (2.99)

X a-a)(\ s

BR’(\.") for various values of s(i}
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S e 5(i8 a6l Psuccess=0.2 |
[ - s(iEN - —— Psuccess=0
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Figure 2.84 BR’(L) in case of Figure 2.85 BR’(A ) in case of
variable s(1), and Preattempr=0.7, Psyccess=0.8 variable Pgyccess, and Preagiemp=0.7, s(1)=5
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BR’(\*) for various values of Preattempt
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2.8 Summary of Main Contributions

In this chapter, we have presented a general theoretical framework for the analysis of single-cell
hybrid WDB systems in the presence of users retrials. Through a series of simulation results, we
have proven the validity and robustness of the given framework, thus demonstrating its overall

usefulness in the analysis of a wide range of real-world WDB system scenarios.

2-101



Chapter 3

Optimal Broadcast Scheduling Scheme
in Single-Cell Hybrid WADB Systems

Overview

The maximization of BR and the minimization of UR, LR, WT, RP, and WP appear as the most
natural objectives of a hybrid single-cell WDB based system. In the preceding chapter we have
shown that the broadcast scheduling scheme (S) capable of accomplishing one of the given
objectives, inherently accomplishes all the other ones, and therefore can be considered optimal

from the system’s point of view. In this chapter, we extend on the discussion from Chapter 2 and

show the following:

Section 3.11 First, we prove that the search for the actual value of Sqpiimal 1s a rather

complex, non-linear double inequality-constrained optimization problem, without a
tractable closed-form solution. However, by using the method of slack variable, we show
that the given problem can be transformed into a much simpler, single equality-

constrained optimization problem. Consequently, by demonstrating the (strict) convexity

' The work presented in this section extends on the work presented in [Jiang I].
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of both, the problem’s feasible region and its main cost function, we prove the existence

of a single Sypiimal in any particular WDB based system.

Section 3.2 By exploiting some specific properties of the main cost function, we

show that the given optimization problem (stated in Section 3.1) can be further
simplified, and an approximate closed from expression for Spima can be obtained. Based
on the given closed-form expression, we propose a CPU conserving algorithm for fast
estimation of Sopimal. Subsequently, through a series of experimental results, we verify
that the proposed algorithm requires minimum computation, while providing

performance almost identical to Sqpima Obtained through numerical estimation.
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3.1 Optimal Broadcast Schedule - Implicit-form

Solution

(Dgfinition 3.1 The optimal broadcast scheduling scheme® of a generalized

WDB system (Sopﬁmalz(s(l)*,s(2)*,.., s(M)*)) corresponds to the point in RM which
maximizes BR and minimizes UR, LR, WT, RP, and WP.?

According to Definition 3.1, the search for Sonima appears to be a multi-objective optimization
problem. However, it has been shown that the minimization of UR, LR, WT, RP, and WP are
inherently accomplished through the maximization of BR (see Sections 2.3.2 through 2.3.7).
Hence, Sqpiimal can actually be found by solving a much simpler, single-objective optimization

problem, as defined in (3.1).

S ={S" eR™ 1 BR(S") = maxBR(S), where S =(s(1),s(2),..,s(M)) e RM} (3.1)

optimal

However, the physical nature of the problem imposes two additional constraints to the definition
of Soptimal, 1.€. to (3.1). First, every s(i)*, 1=1,.,M, from Sopima (see Definition 3.1) must be
greater than or equal to 1(i)*, where 1(i)>0. Namely, s(i) represents the length of the inter-
broadcast interval associated with item(i) (see Section 2.2). Thus, if a single broadcasting of
item(i) takes 1(1) [time units], then item(i) can be broadcasted at most every s(i)>1(i) [time units].
Second, the broadcast channel is assumed to be of a finite capacity. Accordingly, if item(i)
occupies a fraction of the channel’s capacity that equals to 1(i)/s(i) (i=1,..,M), then the sum of all
1(1)/s(1), i=1,..,M, should be less than or equal to one.

> Please note, we use the terms ‘broadcast schedule’ and ‘broadcast scheduling scheme’ interchangeably.

> The motivation for Definition 3.1 can be found in Section 2.3.8.

* Note, 1(i)=I(i)/r [time units], where (i) is the length of item(i) [bits], while r is the datarate of the broadcast channel
[bits/time unit]. Thus, I(i) represents the length of item(i) in time units.
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Thus, due to the imposed constraints, the problem of finding Sopima turns into an inequality

constrained single-objective optimization problem [Bertsekas], as stated below:

. p(l) —N (1-a)s(i)
maximize BR(s(1),s(2),..,s(M)) = N (1_ Z (1) —e ) (3.2.a)
subjectto  C(s(1),5(2),..,s(M)) =1 Z 18 >0 (3.2.b)
i=1 s(1
and g.(s(1),s(2),...s(M)) =s(1)-1(1)=0, i=1..,.M (3.2.0)

where 1(1)>0, i=1,..,M.

Theorem 3.1 A non-trivial solution to (3.2), Soptim]=(s(1)*,s(2)*,.., s(M)*),

lies on the boundary of (3.2.b) and in the interior of (3.2.c).

Put another way, a non-trivial solution to (3.2) can be obtained as a solution to a

simpler, single equality-constrained optimization problem, as stated below

maximize BR(s(1),5(2),..,s(M)) = N (1 - Z 1:((1)) e (s (3.3.2)

subject to C(s(1),s(2),..,s(M)) =1 Zlg (3.3.b)
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Proof of Theorem 3.1

According to the method of slack variable [ Wismer], the solution to (3.2) can be obtained as a

solution to the following equality constrained single objective optimization problem

maximize BR(s(1),..,s(M)) = N (1 Z p(1) 1 — e (s (3.4.2)
. , IR <L O (3.4.0)
subjectto  C'(s(1),..,s(M),k) =1— ﬂ-k =0
i=1 SU1
and g (s(1),..,s(M),0,) =s(i) - 1()-0.> =0, i=1,..M (3.4.¢)

where 1>0 (i=1,..,M), and k and 6; (i=1,..,M) are unknown real-valued parameters, i.e. the so-
called slack variables. Furthermore, the Lagrangian function corresponding to (3.4) is of the

following form

L(s,K,k,\,8) = BR(s) +KC'(s,k)+§:)\ig'i (s,0.) (3.5)

i=1

where s=(s(1),..,s(M)), A=(A},..,Am) and 6=(6,,..,0m). Note, K and A; (i=1,..,M) in (3.5) represent

unknown real-valued parameters, the so-called Lagrange Multipliers.

From (3.5), the necessary conditions concerning the optimal point corresponding to (3.2) are

obtained, as given in (3.6.a) through (3.6.¢).

OL(s, K.k, \60) _ BR(s) . 10) NG =0 (3.6.)
os(i) s(i) s(i)*
OL(s,K,k, A, 0), 1 & 1_(Q_k2 ~0 (3.6.b)
oK = s(1)
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aL(S, K, ka )"0)a =Kk =0 (360)
ok
aL(S,K,k,A,o), :S(l)—l(i)—@lz :O, i:].,.-,M (3.6.d)
O\,
JL(s, I;gk Ab), “2N0. =0, i=1.,M (3.6.€)

1

Special Case (1)  Let us assume a trivial case: Jje{l,..M} such that s(j)=I(j). Under this
assumption, constraint (3.6.d), for i=j, implies 6;=0, while subsequently (3.6.b) gets transformed
to

M 1 3

Z(—‘,) =k’ (3.7)

i s(1)

i#j

Since 1(1)=>0, Vi=1,..M, it can be easily verified that (3.7) holds if either s(i)—>w,
Vie {1,.M}\{j}, (and consequently k=0), or some s(1)<0. Nevertheless, s(1)<0 is not a part of the
constrained set; moreover it contradicts (3.6.d), since s(i)<0 would imply 6;°<0. Hence,
Soptimai={(s(1),..,8(1),..,s(M))| s(1)=1(1) (1), s(i)=c0 (1#])}, 1.€. Soptima=(0;..,1(j),..,0) remains as the
only valid solution to (3.4). In practical terms, such a solution implies that a single item (item(j))
needs to be broadcasted continually, while all the other items should be completely excluded

from the broadcast schedule.

Special Case (2)  Now, let us assume a more realistic case s(i)>1(i) for Vi=1,..,M. Under this
assumption, constraint (3.6.d) implies 00 (i=1,.,M). Consequently, from (3.6.e), A;=0
(1=1,..,M) is obtained, which suggests that the set of inequality constraints (3.2.c) can be
neglected. At the same time, A;=0 (i=1,..,M) in (3.6.a)° implies K=0, while K0 in (3.6.c) implies
k=0.

* Please note that, it can be easily verified that 6BR(s)/s;#0 for VseRM.
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Based on the above, we conclude that under assumption s(i)>1(i), i=1,..,M, it turns out that, in

(3.4.b) k=0 while in (3.5) A=0 (i=1

,-,M), thus the optimal point for (3.2) can actually be

obtained as a solution to the single equality—constrained optimization problem as stated in (3.3).

End of Proof

Theorem 3.2

i.e. unique, optimal broadcast scheduling scheme (Sqpiima) (defined by (3.2)).

In any given generalized WDB system, there exists a single,

@roof of Theorem 3.2

By employing the following substitution

1)

-

and recalling 1(1)>0 (i=1,..,M), (3.2) becomes

maximize

subject to

and

and

BR(z(1),2(2),..,z(M)) = N (1_ Zp(izlz)(l)

80(2(1),2(2),..,2(M)) = ZZ(i) <1

g.(z(1),2(2),...z(M)) = z(i) <1, i=1,.,M

g.(z(1),z(2),..,z(M))=z(1) 20, 1=1,.,.M

1)

N (-a)=

z(1) )

(3.8)

(3.9.2)

(3.9.b)

(3.9.c)

(3.9.d)
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Please note that (3.9) represents a problem equivalent to (3.2). Namely, once a solution that
satisfies (3.9) is found, then through a simple inverse mapping based on (3.8) a solution to (3.2)

can be found as well.

In (3.9), each of the inequality constraints ((3.9.b), (3.9.c) and (3.9.d)) represents a halfspace in
RM (see [Boyd]). Hence, the feasible region of the given optimization problem corresponds to the
intersection of the three halfspaces. By recalling that, in general, halfspaces are special cases of
convex sets, and that the intersection of convex sets is also convex [Boyd], we conclude that the

feasible region corresponding to (3.9) is a convex set itself.

Now, let us represent (3.9.a) in the following form

BR(z(1),2(2),..,2(M)) = Z br; (z(1)) (3.10)

where

N IO )
b e = e o 0 ) G.11)

(Note, even for a=1 or 1"=0, bri(z(i)) (i=1,..,M) are of finite values and it is possible to find a

solution to (3.9). Namely, it can be easily proven that 1irrllbri (z(1)) = p(1) and limbr, (z(i)) = p(1).)
a—> N —0

The first and second derivative tests on (3.11), as shown in (3.12) and (3.13) respectively, prove
that bri(z(i)), i=1,..,M, are strictly monotonically increasing and strictly concave functions on the

feasible region of (3.9).

Sbr(e) __ p) [} TG gy 1D | (3.12)
az(iy N (1-a)l(i) z(i) -
, 1+>\*(1-aLi,) , 1+>\'(1-aﬁ
__ PO |, 20) |__ pG) |, 2(i) o
N (1-a)ld A1y "(1- ; ] N2
-2l M-I 1+x(1-a)1<{)+i(x<1-a M] ‘..
z(i) 2! z(1)
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0 S

9%br (z(1) _ (3.13)
oz(i)’
—)\'(l-a)ﬁ —)\'(l-a)l(—il Y 1_3)&).
1 : z(i) : 2(i) )2 ()
__p) | A (1-a) 1(i)e N (1-a) 1(i)e (v -a)f (1)) e _

(z())’ (z())’

1 AT l—a@
P _()\'(l-a))z (®) - )Z(‘)]<O

TN (1)) (z())

TN (1-a)li) )

According to (3.10), the cost function of (3.9) (i.e BR(z(1),..,z(M))) corresponds to a sum of
strictly monotonically increasing and strictly concave functions (bri(z(i))) on the feasible region
defined by (3.9.b) through (3.9.d). Hence, BR(z(1),..,z(M)) is a strictly monotonically increasing

and strictly concave function itself (see [Boyd]).

Based on the above discussion, (3.9) turns out to be a problem of finding the maximum of a
strictly concave function over a convex feasible region. In general, such a problem is known to
have a single, i.e. unique solution [Boyd]. From the uniqueness of the solution to (3.9), the
uniqueness of the solution to (3.2) can be also claimed. Thus, we conclude that in any given
generalized WDB system there exists a unique optimal broadcast scheduling scheme (Soptimat)

that satisfies (3.2).

End of Proof

Remarﬁ&] The problem of finding a real-domain closed form expression

for Septimar=(s(1),-.,s(M)), that would satisfy (3.2), is unfeasible.
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According to Theorem 3.1, SeRM that maximizes BR (3.2.a), under constraints (3.2.b), can be

obtained as a solution to the set of differential equations given in (3.14), i.e. (3.15).
VBR(s(1),5(2),..,s(M)) + K - VC(s(1),5(2),..,s(M)) = 0 (3.14)

OBR(s(1),5(2),..,5(M)) LK 0C(s(1),s(2),..,s(M)) _

; - 0, i=1,,M (3.15)
0s(1) os(i)

(In (3.14), i.e. (3.15), K is an unknown scalar, i.e. the so-called Lagrange Multiplier.) By
employing the actual expressions for BR and C, i.e. (3.2.a) and (3.2.b) respectively, (3.15) gets

transformed to

0 p() _ AN (La)sti) _g_ 1) _ L
as(i)(s(i))\'(l-a)(l © )}_Kas(i)(s(i)] 0, i=1.M (3.16)

After finding the left-hand side derivatives, (3.16) becomes

D) N (1-a)e N OO gy ~1 =N (1-a)s(i) 1G .
P N(-a) s()-l+e k2 o i-1M 3.17)
N (1-a) s(i) s(i)

Finally,

%(_1—))(80))\* (1- a)e_)\'(l-a)s(i) RV _1): KN (1-a)=const, i=1,.,M 3.18)
1

Clearly, (3.18) cannot be transformed any further, so as to obtain a real-domain closed form
expression for s; (i=1,..,M) that defines Sopimal- Still, by analysing (3.18) it is possible to obtain

an insight into a few significant properties of Soptima, as stated in Theorem 3.3.
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Theorem 3.3 Under Sopimal broadcast scheduling scheme, the broadcast

frequency of item(i) (1/s(i)) is directly proportional to its popularity (p(i)) and

inversely proportional to its length (1(1)), i=1,..,.M.

Proof of Theorem 3.3

Let us employ the following notation

F(s(i)) = s()N (1-a)e ™ "0 4 g V@00 _1 0§ =1 M (3.19)
Subsequently,
OF(s(1)) NN 2\ (l-a)s(i) .
——==—s(i)\N (1-3)) e , 1=1,.,M 3.20
0 N (1-2) (320)

According to (3.20), F(s(i)) is a strictly monotonically decreasing function in the domain of our

interest, i.e. dF(s(1))/0s(1)<0 for s(1)>0, i=1,..,M.

Now, based on (3.19), (3.18) can be rewritten as

—P;—((_i—))F(s(i))=K)\*(l-a)=const, i=1,.,.M (3.21)
1

(3.19), (3.20) and (3.21) together imply the following: if two items, e.g. item(i) and item(j)
(i,je{1,..,M}, i#j) are of the same length (1(1)=1(j)=l) but different popularity (p(i)#p(j)), then
under the optimal broadcast scheduling scheme the more popular item gets to be broadcasted

more often. More precisely,
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if p(i)=p(j), then -@F(s(i))J—?QF(s(j)):const < [F(s@) <|F(s())

, 1.e. s(i)<s(j) (3.22)

(For better understanding of (3.22), please recall that F(s(i)) is monotonically decreasing, but
F(s(i))<0 for s(i)e[0,0), i=1,.,M. Also, note that the broadcasting frequency of item(i) is
obtained simply as 1/s(1).)

Similarly, if two items are of the same popularity (p(i)=p(j)=p), but different length (1()=1(j)),
then under the optimal broadcast scheduling scheme the shorter item gets to be broadcasted more

often (see (3.23)).

if 1(1)=1(j), then %F(S(i))=%F(s(j))=const & [F(s() = |F(s())
1

. e s(i)2s(j) (3.23)

End of Proof
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3.2 Optimal Broadcast Schedule — Approximate
Closed-form Solution

3.2.1 Motivation

In the preceding section, we have presented the procedure for obtaining the implicit-form
expression concerning the optimal broadcast scheduling scheme (Sopiima1) in a generalized single-
cell WDB system (Theorem 3.1). Also, we have proven the uniqueness of Septimal (Theorem 3.2)

and identified its most significant properties (Theorem 3.3).

However, the practical realization of Sepima requires that the exact numerical values of s(i),
i=1,.,M are known. Clearly, due to the implicit-form nature of the obtained solution, the
numerical values of Soptimalz(S(1)*,8(2)*,..,S(M)*) cannot be found directly from (3.18). Therefore,

the utilization of Sepimar requires that either of the following estimation techniques be employed:

(a) estimate the numerical values of Soptimalz(s(l)*,s(Z)*,..,s(M)*) algorithmically on-line, as

suggested in [Jiang 1];

(b) estimate the numerical values of Soptimal=(s(l)*,s(2)*,..,s(M)*) off-line, by employing some

well-known non-linear programming algorithm (see [Belegundul));

(c) based on (3.18), first obtain an approximate closed-form expression for s(i)’, i=1,.,M;

then, by using the given expressions, obtain their numerical values.

In general, it can be expected that approaches a) and b) result in a less significant estimation
error compared to c), as they attempt to obtain the numerical value of s(i)’, i=1,.,M, directly
from (3.18). However, from the computational and analytical point of view, (a) and (b) exhibit

two major drawbacks over (c).
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1) Both (a) and (b) are computationally rather expensive. Namely, in (a), whenever the
server needs to determine which item is to be transmitted next, it must re-calculate a
‘weight’ for every item (based on a function derived from (3.18)) and return the one with
the maximum weight value [Jiang I]. In (b), computations occur less frequently. In
particular, re-estimation of s()’, i=1,..,M should take place only when the popularity
(p(i)) of either item changes. However, each re-estimation may consist of up to several
thousand iteration steps. The exact number of iterations steps in (b) depends on the actual
number of items (i.e. the dimensionality of the solution space), the requested estimation
accuracy, and the value of the initial estimation. Approach (c) is computationally the least
expensive, as it requires that the re-estimations of s(i)’, i=1,..,M occur as infrequently as
in (b), but each re-estimation consists of just several iteration step. (Namely, every s(i)’

(i=1,..,M) is obtained directly from the corresponding closed-form expression.)

2) (a) and (b) produce numerical results only. Thus, they are unable to provide a better
insight into the nature of Septimal in a single-cell WDB environment, nor they can facilitate
the theoretical analysis of progressively more complex (e.g. multi-cell) WDB based

systems. With (c), this drawback is avoided.

In the following section, we attempt to propose an approximate closed-form solution to (3.2), i.e.

(3.3), and thereby establish the theoretical ground for approach (c).

3.2.2 Theoretical Discussion

Let us employ the following substitution
x(i)=s(@)N(1-a), i=1.,M (3.24)

where variable s(i) is being replaced with a new variable x()=s()A (1-a), i=1,..,M, and A'(1-a) is

assumed constant. Based on (3.24), the cost function (3.3.a) can be rewritten as follows.
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BR(x(1), x(2),.., x(M)) = i%(l —e70) (3.25)

The gradient function of (3.25) is given in (3.26),

0BR(x(1),x(2),..,x(M)) _ i x(i)e™® 470 1
ox(i) =P at

=p(HBx@{), i=L..M  (3.26)

where

x(i)e™® +e7¥ ~1

, i=1.,M 3.27
x(i)’ (327

B(x(1)) =

By employing (3.24), the implicit form solution to (3.3) (i.e. (3.25)) can also be rewritten as
presented in (3.28).

%F(x(i)) =K\ (1-a)=const, i=1,.,M (3.28)
1

Here, F(x(i)) corresponds to (3.19), hence
F(x())=x@)e ™ +e¥ -1,  x@)=s@N(1-a), i=L..M (3.29)

(The graphical representation of (3.29) is provided in Figure 3.1.) Based on Figure 3.1, it appears
justifiable to replace F(x(i)) in (3.28) with its linearized two-segment approximation H(x(i)), as
given in (3.30). For the actual interpretation of H(x(i)) that we employ throughout this work, see
Definitions 3.2 and 3.3.

k-x(Q), x()<x (k<0) (3.30)

Aem)= {—1 x(i) 2 X
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function approximation

— y=F(x)
- y=k*x,

Figure 3.1 F(x(i)) and its linearized approximation H(x(i)) (k=-0.1948, y~5.1355)

Q)eﬁnition 3.2 We define the first-segment of H(x(i)) (see (3.30)) to be the

minimum squared error (MSE) linear approximation of F(x(i)) on the interval [0,A),

given [A,+o] corresponds to the set of points where F(x(i)) can be sufficiently

approximated with —1 (see Figure 3.1). 6

(Dqﬁnition 3.3 For any given x(i)eR" we say that F(x(i)) can be sufficiently

approximated with —1 provided the difference between F(x(i)) and -1 falls below 1%.

Lemma 3.1 Based on Definitions 3.2 and 3.3, the actual value of

parameter k in (3.30) turns out to be k~~0.1948, while the actual value of knee point

(%) in (3.30) turns out to be ¥~5.1335.

® Note, -1 in fact represents the second-segment of H(x(i)).
7 Note, Definition 3.7 represents an implicit definition of segment [ A,+].
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The proof Lemma 3.1 can be found in Appendix 6.
Now, let us assume that for an arbitrary number of items (M,<M) their x(i)-s are such that the

first segment approximation applies, i.e. x(1)€[0,y). If we annotate the set of indexes of these M,

items with 9, then the following holds

F(x(1)) » kx(i), VieM, (3.31)
Accordingly, for the remaining M,=(M-M,) items the corresponding x(i)-s fall into interval
[%,0), i.e. the second segment approximation of F(x;) applies. Thus, similarly to the previous

case, if we annotate the set of indexes of these M, items with 94, then

F(x())~ -1, Vien, (3.32)

domen analysis

0.5

—_— y=B(x)
........ y=F(x;)
y=k*x;

Figure 3.2 F(x(1)), H(x(1)) and B(x(1))

However, based on Figure 3.2, for every item(i) that requires the second segment approximation
(3.32), i.e. x(i)e[y,»), the corresponding B(x(i)) (see (3.26) and (3.27)) is close to zero

regardless of the exact value for x(i). More precisely,
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———— e

B(x())~0, Vx(i)€[x, ) (3.33)

Thus, from (3.26) and (3.31), the following implies

SBR(x(1),.., x(i - 1), x(i), x(i +1),.., x(M))
ox(1)

~0, VieHM, (3.34)

The above expression (together with Figure 3.2) suggests that the value of the cost function (BR)
can be assumed constant for all x(i), i€ M, i.e. BR is constant on the interval x(i)e[y,»), 1€ Ma.

Hence, from (3.34), approximation (3.35) is obtained.
BR(x(1), .., x(i-1), x(i), x( + 1), .., x(M)) = BR(x(1), .., x(i - 1), x(1) = 00, x(i +1),.., x(M)), Vie M, (3.35)
Subsequently, based on (3.36)

X&%Q_e—w) =0 (3.36)

(3.35) can be extended into (3.37).

- 0 ey, . P iy PO iy
BR(x(l),..,x(l),..,x(M))~§X(j)(l e HJ&S& e l1-¢ )—gx(j)(l e ), Viem, (3.37)
J#1 J#

Finally, (3.37) implies the following
BR(x(1),..,x(i - 1),x(1), x(i + 1),..,x(M)) # BR(x(1),..,x(i = 1), x(1 + 1),..,x(M)), VieM, (3.38)
In practical terms, (3.38) suggests that if x(i) associated with item(i) is such that the

corresponding F(x(1)) (see (3.29)) falls within the second segment approximation (3.32), i.c.

1€ M,, then the broadcasting of the given item appears insignificant from the cost function point
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of view (see (3.36) and (3.37)). Put another way, (3.38) proves that if under the optimal
broadcast scheduling scheme (Soptima) item(i) gets to be broadcasted every s(i) time units, where
s(i) corresponds to x(1)=s()A"(1-a) and x(i)e[y,0), then the actual broadcasting of this item

provides negligible contribution to the overall BR, thus it can be entirely omitted.

The conclusion made in the above paragraph is of major importance, as it allows for a substantial
simplification in the definition of our optimization problem (3.2), ie. (3.3), and the

corresponding solution (3.18), i.e. (3.28). Namely, based on (3.38), (3.3) gets transformed to

maximize  BR(S(1),52)...s(M) ~ BRG()|i € ) = 7= Zp((‘)) e H0) (339.2)
1EM s(1
subject to  C(s(1),s(2),..,s(M)) = Z—i%% -1=0 (3.39.b)

Accordingly, by employing (3.30) instead of (3.29) in (3.28), the implicit-form solution to (3.39)

becomes

Il’((l))F( x(i)) = fl’(()) kx ()_p(())k())\ (1-a)=K\ (1-a)=const, ieM, (3.40)

Now, (3.40) can be easily transformed into the explicit-form solution, as given in (3.41).
. K .
s(1)=E-—, 1eM, (3.41)

The exact value of parameter K (i.e. the Lagrange multiplier) in (3.41) is unknown. However, by
employing (3.41) back in (3.39.b) (as presented in (3.42)), the closed-form expression for K
(23.43) is obtained.

C(s(1),s(2),..,s(M)) = Z%p(i) -1=0 (3.42)

ieM
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K =k p(i) (3.43)

ieM;

Thus, by replacing K in (3.41) with the right-hand side expression of (3.43), (3.41) becomes

(‘)Z ()= ;((‘1)) iem (3.44)

S pa)

ieM,

Please note that the denominator of (3.44) represents a re-normalized probability of item(i) being
requested (i€ M;), where the re-normalization spans over a reduced set of items that are shown to
be worth of broadcasting with respect to BR, i.e. over #,. By annotating these re-normalized

probabilities with p(i) (i€ M;), (3.44) can be rewritten as presented in (3.45).

s@i) = & ieM, (3.45)
p()

Thus, (3.45) represents our final approximate closed-form solution to the problem concerning the

optimal broadcast scheduling scheme in a generalized WDB system, as defined in (3.2).

3.2.3 Algorithm for Estimation of Sopsimar Based on Approximate
Closed-form Solution (FBE Algorithm)

Let us annotate the set of inter-broadcast intervals obtained by employing (3.44), i.e. (3.45), with

S Based on the discussion presented in Section 3.2.2, broadcasting according to S is

optimal * optimal

expected to result in BR nearly as large as it would be obtained if broadcasting were done

according to the actual Sopimal. In particular, the following is expected to hold
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BR(S i) ~ BR(S (3.46)

optimal )

Undoubtedly, the major advantage of utilizing S over some other possible approximate

optimal ?
solutions to (3.2), lies in the computational simplicity of (3.45). (For more details regarding other

possible solutions, see Section 3.2.1.) Nevertheless, it should be noted that the actual

computation of §opﬁmal goes slightly beyond a simple division of 1(i) and p(i), ie M, (see (3.45)).

In order to obtain S from (3.45), the exact knowledge of % is required. However, according

optimal
to (3.31), M; cannot be precisely identified unless the actual values of s(i), i=1,..,M, of Septimal,

le. §Optimal , are known. Thus, a technique aimed at calculating §opﬁmal , based on (3.45), should

also be capable of identifying M;.

In Figure 3.3 we propose an iterative algorithm for fast estimation of gopﬁmal (FBE Algorithm).

The algorithm begins by assuming that all items correspond to the ‘first-segment’ approximation
(3.31), that is #,={1,2,..,M}. However, if some of s(i) (obtained by employing (3.45)) turn out to
be greater than x/k*(l-a) (see Figure 3.2), this suggests that the initial assumption was incorrect,
and the corresponding items should be excluded from the broadcast schedule (their indexes
should be excluded from ;). The exclusion of items should start with the one that corresponds

to the largest s(i) that is greater than /A"(1-a), and it should be done on one ‘one by one’ basis.

As soon as any given item gets excluded from the broadcast schedule, a change in Zp(i)
ieM,

occurs. (In particular, the value of the given summation decreases.) Accordingly, based on

(3.45), the following is obtained

s(i)[k+1]=@- p(i) < s(i)[k]=£il- p(i) (3.47)

p(1) i [k+1) p(@) ieaq (k]
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Step 1 Relative popularity (p(i)) and length (1(i)) of every item is known.
Assume that all items require ‘first-segment’ approximation (3.31), i.e.

M={1,2,...M}.
Step 2 For V ie M calculate®
_.o__p() = 10
D 3 O IR Tr

ieM,

Step3 E=O.
Find the largest s(i), ie M;. (Let us annotate the corresponding index with k).

Check whether s(k) satisfies the following inequality.

P S
N(1-a) AN(1-a)

If the inequality is not satisfied, then £={k} g

If more than one s(i) is found in Step 3, proceed with the one that correspond

to the smallest p(i).

Step4  If €= & then M = M/E"° Go to Step 2.
Otherwise proceed with Step 5.

Step S S,uma = (5() |i€ M} . End.

Figure 3.3 Algorithm for estimation of Sgytimal
(Fast Broadcast Scheduling Scheme Estimation Algorithm — FBE Algorithm)

¥ Note, in the first round of computation M, contains all the indexes, thus Zp(i) =1, and accordingly p(1) = p(i).
ieM,

° If the given inequality is not satisfied, this suggests x(k)=s(k)A'(1-a)>y, thus the assumption that the ‘first-

segment’ approximation (3.31) applies, is incorrect.

' In this step the largest s; that violates the inequality from Step 3 gets excluded from S

optimal *
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(In expression (3.47) s(i)[k] and #,[k] are used to annotate the values of s(i) and %, at the end of
the k™ iteration, i.e. after a total number of k items have been excluded from the broadcast
channel.) Thus, as it can be observed from (3.47), if item(i) (ie M;) was initially associated with
s(i)[O]>x/X*(1-a) (when all items were included in the broadcast schedule, i.e. M={1,2,..,M}),
then in the very next iteration it may end up with s(i)[l]SX/x*(l-a)< s(1)[0] thereby satisfying the
inequality constraint of Step 3 in Figure 3.3. Hence, as stated earlier, it is crucial that the
exclusion of items be performed on ‘one-by-one basis’, starting from the one that corresponds to

the largest estimated s(i) greater than x/k*(l-a).
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3.2.4 Experimental Performance Evaluation of FBE Algorithm

In this section, through a series of experimental results, we compare the actual values and
performance of Soptima (Obtained by solving (3.2) with Matlab - see Appendix 7 for a detailed

explanation) and S (obtained by employing our FBE algorithm as proposed in Figure 3.3).

optimal
In Experiment 1.a) through 1.c) the same non-uniform distribution of p(i) and uniform
distribution of 1(i) (i=1,..,10) are used (see Table 3.1 through 3.3), while the value of A(1-a)'! is
varied so as to simulated different system conditions. In Experiment 2.a) through 2.c) the value
of 1."(1-a) is varied as well, while in contrast to the preceding set of experiments, both p(i) and
1G) (i=1,..,10) are chosen to be of non-uniform distribution (see Table 3.4 through 3.6). In
Experiment 3.a) through 3.b), p(i) and 1(i) were chosen to be of non-uniform distribution again,

but the overall collection size was increased to 20 (i.e. i=1,..,20).

Experiment 1.a)  H=A'(1-a)=0.05 = 3/A"(1-2)~5/0.05=100

In this experiment, the value of parameter H=A"(1-a) is set to 0.05. For the given value of H, as it

can be seen from Table 3.1, all s(i)-s obtained already in the initial evaluation of S i.e.

optimal ?

§opﬁmal[0], satisfy the constraint s(i)<x/A"(1-a). Thus, in this case, according to our algorithm
proposed in Figure 3.3, §opﬁmal[0] is assumed an adequate representation of the true Soptimat. Table

3.1 and Figure 3.4 verify that S [0] is very close to the actual Sopima, as estimated using

optimal
Matlab (see Appendix 7). Moreover, under the assumed H, p(i) and 1(i) (i=1,..,10), the obtained
values of broadcast service ratio (BR) at §opﬁmal[0] and Soptimal , .. BR(S__ 107) and BR(Soptimar),

indicate that these two broadcast scheduling schemes can be expected to result in very close

WDB system performance.

"' In further discussion we annotate A’(1-a) with H.
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St —

item 1 2 3 4 5 6 7 8 9 10
p | 03 0.2 0.1 0.1 0.1 0.05 . 005 005 0.04 001
I [time] 1 1 1 i 1 1 1 1 1

Soptimat | 4.8383  6.0456 8.9616 | 8.9616 89619 | 13.6527 | 13.6527 13.6527 157758 99.7431
 Spuma (0] 3.3333 | 50000  10.0000 10.0000 10.0000  20.0000 = 20.0000 20.0000 = 25.000  100.00

Table 3.1 Experiment 1.a) - Numerical MATLAB solution and closed-form approximation

BR(Soptimar) = 0.8192
(number of evaluations (iterations) = 732)
BR(S, . ,[0]) = 0.8090

optimal

(number of iterations = 0)

BR(Soptima] ) - BR(goptimal [0])
BR(S

error: =1.25 %]

optimal )

120

K=0.05

—s—  numerical MATLAB solution
wwude-nr  Closed-form approximation

100}

80}

80}

401+

broadcast period - s{i) [time units]

20+
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Experiment 1.6)  H=A'(1-a)=0.1 = y/A (1-2)~5/0.1=50

In Experiment 1.b), the value of parameter H is increased to 0.1. Now, as a consequence of the

given change in system conditions, it turns out that s(10), obtained in the initial estimation of

S violates the constraint s(i)Sx/k*(l-a). Hence, according to the FBE algorithm, the

optimal ?
corresponding item needs to be excluded from the broadcast schedule. After the exclusion of

item(10) and re-estimation of S all s(i) of the new S [1] (see Table 3.2) satisfy the

optimal ? optimal

above constraint. Thus, in this case, S [1] is an adequate approximation of the true Sqptimal.

optimal
Again, Table 3.2 and Figure 3.5 verify that §opﬁma, [1] is very close to Sgptimal, as estimated using
Matlab, while the obtained values of BR(§mml n)) and BR(Sopima)) indicate that these two

broadcast scheduling schemes can be expected to result in almost equally good WDB system

performance, under the assumed H, p(i) and 1(i) (i=1,..,10).

item 1 2 3 4 5 6 7 8 9 10
P 03 02 0l 0l 0l 005 005 - 005 004 0.01

Iftime] 1 1 IR 1 L 1 1 1

Soptimat | 44250 56337 87932 87848 87940 14.8883 14.9617 14.9304 184321 4.8543e+5

Sepumn[1] 33000  4.9500  9.9000 9.9000 9.9000 | 19.8000 = 19.8000 19.8000 24.7500 Inf

Table 3.2 Experiment 1.b) - Numerical MATLAB solution and closed-form approximation

BR(soptimal) =(0.6859
(number of (evaluations) iterations = 2255)
BR(S, i [1]) = 0.6838

optimal

(number of iterations = 1)
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e

BR(Soptimal ) - BR(goptimal [O])
BR(S

error:

=0.31[%]

optimal )

K=0.1
120 T T T T T T T T I

—s%— numerical MATLAB solution
—a#---  closed-form approximation

100}

80t

60}

401

broadcast period - s(i) {time units]

20

Figure 3.5 Experiment 1.b) - Numerical MATLAB solution and closed-form approximation

Experiment 1.c)  H=\'(1-a)=0.3 = y/A"(1-2)~5/0.3=16.6667

In Experiment 1.c), H is increased to 0.3. Consequently, it turns out that more than one s(i)

obtained in the initial estimation of S violates the constraint s(i)<y/A’(1-a). Through a

optimal
gradual removal of items from the broadcast schedule, according to the algorithm from Figure

3.3, finally all s(i) of §opﬁmal[5] (see Table 3.3) are shown to satisfy the above constraint. Thus, in

this case, S [5] represents an adequate approximation of the true Soptima.

optimal

Again, Table 3.3 and Figure 3.6 verify the similarity between S

optima

,[5] and Sgptimal, as estimated
using Matlab. At the same time, the values of BR( Sopinar (51) and BR(Sima) indicate that these two

broadcast scheduling schemes result in almost identical WDB system performance, under the

assumed H, p(i) and 1(i) (i=1,..,10).
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item 1 2 3 4 5 6 78 9 10

p 03 02 01 0l 0l 005 005 005 0.04 0.01
I[time] 1 1 I 1 I 1 1 ! I
Septmal | 29174 39110 74716 74714 74717 7.9927e+S  7.9927e+S 7.9927e+S  6.7253e+S  7.582let4

Sopama[S] 26667 40000 8.0000 80000 80000  Inf nf Inf Inf Inf

Table 3.3 Experiment 1.c) - Numerical MATLAB solution and closed-form approximation

(number of (evaluations) iterations = 1032)

BR(S,ma[5]) = 0.4366

(number of iterations = 5)

BR(Soptimal ) - BR(gopﬁmal [O])

error: =0.16 [%]
BR (Soptimal )
K=0.3
120 . . . . T T . r ; T
{——*—— numerical MATLAB solution
- closed-form approximation
100+
@
.‘é
E]
@ B80fF
£
R 60
3 L
c
g
® 40t
8
g
o
20+
\
0 — . s L

Figure 3.6 Experiment 1.c) - Numerical MATLAB solution and closed-form approximation
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Experiment 2.a)  H=A'(1-a)=0.05 = y/A"(1-2)~5/0.05=100

In Experiment 2.a) to 2.c) the distribution of item lengths (I(i)) is changed into a non-uniform

distribution (see Table 3.4 to 3.6).

Similar to Experiment 1.a), in Experiment 2.a) the value of parameter H is set to 0.05. Again, for

the given H, all s(i) obtained already in the initial evaluation of S satisfy the constraint

optimal

s(i)Sx/l*(l—a) (see Table 3.4). Thus, S [0] is assumed an adequate representation of the true

optimal
Soptimal- Table 3.4 and Figure 3.7 show that §0pn.mal [0] and Septimal, as estimated using Matlab, are

almost identical. Consequently, the obtained values of BR(EW _[07) and BR(Septimar) verify that

ama]

these two broadcast scheduling schemes result in equally good WDB system performance.

item 1 2 3 4 5 6 7 8 9 10

p 03 02 01 01 0l 0.05 005 005 004 001
I[time] 10 8 6 4 2 1 1 1 L1

Somimai | 333332 | 40.00 60.00 40.00 20.0001 20.0001 20.0001 20.0001 25.00 100.00
Sopma[0]  33.3333 40.00 60.00 © 40.00 = 20.0000 | 20.0000 20.0000 20.0000 25.00  100.00

Table 3.4 Experiment 2.a) - Numerical MATLAB solution and closed-form approximation

(number of (evaluations) iterations = 12)

BR(S a[0]) = 0.4902

(number of iterations = 0)

BR(S imat ) = BR(S gy [01)
BR(S

error:

= 0.0 [%]

optimal )
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T

broadcast period - s(i) [time units]

120

K=0.05

100}

60

40t

20t

—#&—  numerical MATLAB solution
closed-form approximation

-

Figure 3.7 Experiment 2.a) - Numerical MATLAB solution and closed-form approximation

Experiment 2.6) H=\'(1-a)=0.1 = y/A"(1-2)~5/0.1=50

In Experiment 2.b), H is increased to 0.1. In this case, upon the initial evaluation of §0pﬁmal, it

turns out that s(3) and s(10) are greater than X/),*(l-a). However, after the removal of these two

items from the broadcast schedule, all s(i) of the newly obtained §0pdmal[2] are shown to satisfy

the constraint s(i)Sx/k*(l-a) (see Table 3.5). Table 3.5 and Figure 3.8 verify the similarity

between §0ptimal[2] and Sepima, While the obtained values of BR(§M_rml 21) and BR(Supima) prove

that these two broadcast scheduling schemes result in very close WDB system performance.

9

10

item . 2 3 4 5 6 7 8

P 03 02 0.1 0.1 0.1 0.05 0.05 0.05 0.04 0.01
i[time] . 10 8 6 4 2 1 1 I 1
Soptimat | 28.3949 435060 3385le+3  43.5793 156191 | 15.6538 157248 15.7051  19.5216  2.9182e+3 |
S pima [2] | 29.6667  35.6000 Inf 35.6000  17.8000 17.8000 17.8000 17.8000 = 22.2500 Inf

Table 3.5 Experiment 2.b) - Numerical MATLAB solution and closed-form approximation
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(number of (evaluations) iterations = 2137)
BR(S, . .[2])=0.3106

optimal

(number of iterations = 2)

BR (S optimal ) - BR(goptima] [O])
BR(S

error:

=0.32[%]

optimal )

K=0.1
120

v T T t
—3%-~  numerical MATLAB solution
k- Closed-form approximation

100

4ol «
_/“'*

201

broadcast period - s(i) [time units)

Figure 3.8 Experiment 2.b) - Numerical MATLAB solution and closed-form approximation

Experiment 2.c)  H=A'(1-a)=0.15 = y/A'(1-a)=~5/0.15=33.3333

In Experiment 2.c) H is set to 0.15. For the given value of H, more than one s(i) obtained in the
initial evaluation of §opﬁmal is greater than x/k*(l-a). However, through a gradual removal of the
given items from the broadcast schedule (see FAB algorithm proposed in Figure 3.3), finally all

s(1) of Pswopdma, [4] (see Table 3.6) are shown to satisfy the constraint s(i)<y/A"(1-a). The presented
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S —

results, including Table 3.6 and Figure 3.9, verify the similarity between both, §optimal [4] and

Soptimal (as estimated using Matlab), and WDB system performances they provide.

item 1 23 4 5 | 6 7 8 9 10

p 03 02 0.1 0.1 0.1 0.0 005 = 005 0.04 0.01
Iftime] 10 8 6 4 2 1 1 1
Soptimal 214991 © 1.5580e+3  1.0066e+3  947.3735 111719  11.1709 111709 11.1709  14.0898  1.0017e+3

Sepumu[4]  19.6667  Inf Inf Inf  11.8000 ' 11.8000 11.8000 11.8000 147500 = Inf

Table 3.6 Experiment 2.c) - Numerical MATLAB solution and closed-form approximation

BR(Soptimal) =0.2295
(number of (evaluations) iterations = 876)
BR(S, m[4]) = 0.2297

optimal

(number of iterations = 4)

BR(Soptimal ) - BR(goptimal [O])
BR(S

error.

~ 0 [%]

optimal )

K=0.1
120

v T T rt
—s—  numerical MATLAB solution
-4 Closed-form approximation

100+

broadcast period - s{i) [time units]

0L ¥
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Experiment 3.a) =A"(1-2)=0.02 = /A (1-2)~5/0.02=250
In Experiment 3.a) through 3.c), the data-item collection size is increased to 20.

In Experiment 3.a), in particular, H is set to 0.02. Upon initial evaluation of S according to

optimal >
the FBE algorithm, it turns out that more than one value of s(i) is greater than x/k*(l-a). Through

a gradual removal of such items from the broadcast schedule, finally all s(i) of §opﬁmal [3] are

shown to satisfy the constraint s(i)<y/."(1-a). The results presented in Table 3.10 and Figure

3.10 prove that the two broadcast scheduling schemes, Soptima and S [3], are rather similar

optimal

and they provide nearly identical WDB system performance.

item 1 2 3 a4 5 6 7 8 9 10

p 0.18 0.14 0.1 009 008 0.07 006 005 0.04 003
I[time] 5 4 3 2 1 5 4 3 2 1
Sepima 202924 | 302016 308932 259418 181694 553114 526310 49.0463 439411 | 35.1276
S,um[7] 269444 277143 29.1000 | 215556 121250 69.2857 G64.6667 582000 485000 323333
item 11 2 1B 4 15 16 17 18 19 0

p 003 0.02 0.02 002 002 0.01 001 001 0.01 0.01
I[time] 5 4 3 2 5 s 3 2 1
Sopmar | 163.0395 | 199.0485  146.5956 926891 43.6376 5008378 | 400.7976 300.5356 199.5236 96.2749 |
Sopua[7)  161.6667 1940000 1455000 97.0000 485000  Inf Inf Inf  194.0000 97.0000

Table 3.7 Experiment 3.a) - Numerical MATLAB solution and closed-form approximation
(number of (evaluations) iterations = 2001)

BR( §optima] [4]) = 06644

(number of iterations = 3)
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—— e

BR(S,ima) — BR(S,ma [0
error: ( opnmal) ( opumal[ ]) ~ 027 [%]
BR(S

optimal )

-
=]
o

—+4—  numerical MATLAB solution
i closed-form approximation

8 2
S S

&

broadcast period - s(i) [time units]

Figure 3.10 Experiment 3.a) - Numerical MATLAB solution and closed-form approximation

Experiment 3.6) =A"(1-2)=0.05 = /A (1-2)~5/0.05=100

In Experiment 3.b), H is increased to 0.05. Upon initial evaluation of S according to the

optimal *
FBE algorithm, several s(i) turned out to be greater than x/l*(l-a). Through a gradual removal

such items, finally all s(i) of §Opﬁmal[7] are shown to satisfy the constraint s(i)Sx/k*(l—a). The

obtained results prove that the two broadcast scheduling schemes, Sqptimal and S [7], although

optimal
being somewhat different (see Table 3.11 and Figure 3.11), still result in nearly identical WDB

system performance.
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item 1 2 3 4 5 6 7 8 9 10
p 018 | 014 01 009 008 007 006 005 004 003
I[time] S 4 3 2 1 5 4 3 2 1

Sopimat 2315 2404 | 2406 2019 1567 14929 11228 6751 4178 28.67
Spumal7] | 2472 2543 2669 1977 1112 6358 5936 5344 4445 29.63

item 11 12 13 4 15 16 17 18 19 20
p 003 002 002 002 002 00l 001 00l 00l 001
I [time] 5 4 3 2 1 5 4 3 2 1

Septma | 25043 25420 20768 14924 3887 5i525 41819 32231 227.72 12538
Spww(7]  Inf  Inf  Inf 8890 4445 Inf  Inf ~ Inf  Inf | 8890

Table 3.8 Experiment 3.b) - Numerical MATLAB solution and closed-form approximation

(number of (evaluations) iterations = 2009)

BR(S,a[4]) = 0.4463

(number of iterations = 7)

BR(S optimal ) - BR(goptimal [O])
BR (S optimal )

error:

~ 0.09 [%]

K=0.05
700 T

-4 numerical MATLAB solution
- closed-form approximation

2 3
S S

5
=]

broadcast period - s(i} [time units]
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H=A"(1-2)=0.1 = /A (1-2)~5/0.1=50

In Experiment 3.c), H is increased to 0.1. Eventually, all s(i) obtained in the ninth round of

procedure based on the FBE algorithm (S

optimal

[9]) are shown to satisfy s()<y/A"(1-a). (See

Table 3.12 and Figure 3.12.) As in the previous cases, the performance of §Opu.ma, [9] turns out to

be almost identical to the performance of Soptimar Obtained through numerical estimation.

item

2

10

1 3 a4 5 6 7 8 9

p 0.18 0.14 0.1 009 008 = 007 006 005 004 . 003
I [time] 5 4 3 2 1 5 4 3 2 1
| Sepma | 277778 | 285714 30.0000 222222 124999 | 71.4287 66.6668 60.0001  50.0001 33.3334
Sual0] 238922 245696 257883 19.1137 107475 614631 | 573412 516684 429422 28.6706

item 11 12 13 14 15 16 17 18 19 20

p 003 002 002 002 002 00l , 001 001 00l 00l
I [time] 5 4 3 2 T 5 4 3 2 1
Septimat | 166.6667 ' 20000 150.00  100.00  50.00 | 500.00 400.00 = 300.00 200.00 10000
Sy Inf Inf Inf Inf 429422 Inf Inf  Inf Inf  Inf

Table 3.9 Experiment 3.c) - Numerical MATLAB solution and closed-form approximation

BR(Soptima]) =0.2765

(number of (evaluations) iterations = 22)

BR(S,mal4]) = 0.2911

(number of iterations = 9)

BR(S optimal ) - BR(goptimal [O])

error:

BR(S

optimal )

~ 0 [%]
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K=0.15
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=

8 5 2
S S S

[N
[=1
=]

broadcast period - s(i) [time units]

100+

Figure 3.12 Experiment 3.c) - Numerical MATLAB solution and closed-form approximation
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3.2.5 Simulation-Based Evaluation of FBE Algorithm

With the experiment presented in this section we study the effectiveness of the FBE algorithm in
a real-world setting. The actual results are obtained employing our Java-based simulation
software, as already mentioned in Section 2.6. A detailed overview of the software can be found

in Chapter 7.

More specifically, in this experiment we simulate the performance of a single-cell WDB system

(see Table 3.10), under the following broadcast scheduling policies (see Table 3.11):
e  Siptimal Obtained through numerical estimation'?;

® §,mals] -0 approximation of Spimal Obtained using the FEB algorithm;

o five other broadcast scheduling schemes (S, ,...[015S,uml1]>Sopumai[2]> S opuma [3]> and
S,punu[4]1)> €aCh one corresponding to an intermediate step of the FBE algorithm leading

towards §opﬁm.. [5]-

Based on the obtained results (see Table 3.11 and Figures 3.13 to 3.15), a gradual removal of the
items that are not worth of broadcasting, according to the FEB algorithm, is clearly reflected in

the system’s performance. In particular, each successive broadcast scheduling scheme (§ 0]

optimal [
{0 §,,4mal4]) Provides an improvement in the system’s broadcast service ratio (BR), broadcast loss
ratio (LR) and users’ waiting time (WT)."? Finally, the performance of S,pima [51 18 shown to be as

effective as the performance of Soptimal-

12 Soptimal 15 @ Matlab-obtained numerical solution to (3.3), under the system and user related parameters as in Table

3.10. The estimation procedure requires 1032 iterations steps, assuming Sopimal0] 88 the initial estimation point.

'* There is a slight deviation in the observed trend for BR and LR at §W“mﬂ[1], most likely caused by the randomness

associated with many of the simulation parameters as well as very close values of BR, i.e. LR, at § 1] and
optimal

S ppienn 01 -
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‘MU reattempt probability Preattempt=0.7

MU mean reattempt time [time units] 2'=0.5

Mean MU arrival rate A=10 [users per time unit]
simulation time 300 [time units] )

number of unicast channels in the system 20
0.4233 (obtained from the observed value of UR)

Psuccess
H 0.3 (obtained as H=2"(1-Preattempt{1-Psuccess))
Table 3.10 System and user related simulation parameters
item 1 2 3 4 s 6 7 8 9 10
P 03 02 01 01 01 005 005 005 004 00l
Iftime] 1 1 1 1 1 1 R 1 I  BR LR WT
Soptimal | 200 390 745 745 745 7.9e+5S  19e+S  7.9e+S 6.7etS  7.5c+4 0.4014  0.0300 1.3496
S gptimar [0] 33 50 100 100 100 200 200 200 | 250 | 1000 | 03370 00603 16125
§°Pﬁm,l[l]‘ 330 495 990 990 990 1980 1080 1980 2475  Inf 03318 0.0669 1.6021
§op,;m,b[2] 316 475 9.50 950 950 1900 1900 | 19.00 = Inf Inf 0.3584 00503 15294
| Spumal[3] 1 3.00 450 899 899 899 1801 . 1801 = Inf Inf Inf 03726 0.0483 1.4533
Sopumn[4] 283 424 849 849 849 1701 Inf Inf Inf Inf 03855 0.0439 13868
Sopima [51 | 2.6 40 80 80 80  Inf Inf Inf Inf Inf 0.4086  0.0303 12947

Table 3.11 System performance under different broadcast scheduling policies

0.44 T L -
[ --4--  BR obsened in simulation
0.42
/'*
04}
—~ ,/".l
= L
Toasf -7
5 -
e e
o 0.36F *
e
L
-
0.32
0 1 2 3 4 5

FBA-algorithm iteration (i)

Figure 3.13 BR at Sopama 11> i=0,1,..,5
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3.3 Summary of Main Contributions

In this chapter, we have shown that the search for the optimal broadcast scheduling scheme
(Soptima1), in a single-cell hybrid WDB system with user retrials, is a complex constrained
optimization problem. However, we have also demonstrated that the given problem can be
considerably simplified. Subsequently, we have proposed an algorithm for fast estimation (i.e.
approximation) of Soyima. The presented experimental results confirm that the proposed
algorithm requires minimum computation, while resulting in performance almost identical to the

one based on the true Sopimal-

Although the proposed algorithm is quite general and could be applied in a wide range of hybrid
WDB systems, it appears particularly important in view of the so-called networks of pervasive
devices (see Chapter 1). Namely, networks of pervasive devices are envisioned as highly
dynamic systems, with thousands of users simultaneously attempting information retrieval, using
low-cost low-power devices. Thus, the ability to perform a rapid and timely estimation of Septimar
seems crucial in such environments, as broadcasting according to Sepima may be the most
effective, if not the only way of dealing with excessive load, while not compromising on the

provided throughput/QoS/GoS, or affecting the end-devices’ power and CPU consumption.



Chapter 4

Single-Cell Hybrid WDB Systems
With Variable Mobilities

Overview

Our preceding analysis of single-cell hybrid WDB systems has been based on the assumption of
a homogeneous user population, i.e. user population that follows the same or similar behavioural
and/or mobility patterns. (Please note, this assumption is commonly found in the previous
research works on WDB.) However, in this chapter we extend the earlier discussion to the case

of single-cell hybrid WDB systems with a heterogeneous user population. In particular,

Section 4.1 First, we introduce the concept of ‘dwell-time random variable’ and

explain its significance in characterizing users’ mobility. In addition, we outline the main
difference between the dwell-time random variable models suited for the analysis of

macro- and micro- cellular systems.

Section 4.2 Next, we argue that with a minor modification, our realistic-impatient

MU behaviour model (see Section 2.2.2) can be used in representing diverse mobility
patterns, and we show that such a modified model results in a dwell-time random variable

that is proven suitable for the analysis of micro-cellular systems with variable user
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mobilities. Subsequently, by extending on the discussion from Chapters 2 and 3, we
propose a modified Fast Broadcast Scheduling Scheme Estimation (FBE) algorithm for
the optimal broadcast scheduling scheme estimation in WDB systems with variable user
mobilities. Examples of the obtained experimental results suggest that the proposed
algorithm requires minimum computation, while providing performance very close to

Soptimal found through numerical estimation.

Section 4.3 Finally, we show that in the presence of variable user mobilities, the

estimation of data-item request probabilities becomes an increasingly complex problem,
as it requires that the actual knowledge of various user mobility patterns be taken into

consideration.
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4.1 Introduction

4.1.1 Dwell Time and Mobility Modeling

Most wireless cellular systems are expected to deliver a variety of services to many types of
users/platforms having a wide range of mobility characteristics (for an illustration see Figure
4.1). The essential feature in characterizing a user’s/platform’s mobility is the so-called dwell
time, also known as cell residence time or cell occupancy time [Orlik], [Fang], [Ortigoza-

Guerrero] (see Definition 4.1).

slow-moving user = long dweli time
long path = long dwell Ume

Types of users/platforms:
Pedestrian: ‘H’
Bicycle: C

Automobile: %%

Path 2

‘ast-moving user = short dwell time
short path = short dwell time

Figure 4.1 Cellular system with variable user mobilities
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Definition 4.1 The dwell time of a platform/user is as a random variable that

corresponds to the time that the platform/user spends in a cell. In other words, it

represents the difference between the time when the platform/user leaves the cell and

the time when it enters the cell.

In general, a platform’s dwell time depends on many factors, including: speed, path, transmitting

power, signal propagation, and interference (Figure 4.1.).

In the previous research works on teletraffic aspects of mobile cellular systems (see [Orlik]
[Fang]), the coefficient of variation (x) of a random variable (r.v.) has been proposed as an

important factor in evaluating the r.v.’s flexibility as a mobility, i.e. dwell time, model (see

Definition 4.2).

Definition 4.2 The coefficient of variation (k) of a random variable X is the

ratio of its standard deviation to its mean. Put another way, k represents the random

variable’s dispersion around the mean relative the mean (see 4.1).

K2(X) =X§% (4.1)

(1) macro-cellular systems + uniform mobility = dwell time models withx<1

As observed in [Orlik], the mobility models that result in a dwell time r.v. with <1 seem to
be reasonable only in the case of macro-cellular systems with users of homogeneous mobility

characteristics. Namely, in macro-cellular systems, cell sizes are relatively large compared to
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their shape and possible path variations. Hence, if in such a system most users follow the
same mobility patterns, then it is also to expect that most of the users experience the same or
similar cell residence times. A typical example of random variables with k<1 is the well-

known negative exponential r.v.

(2) micro-cellular systems + variable mobility = dwell time models with k=1

In contrast to macro-cellular systems, micro-cellular systems have smaller cells, which lead
to smaller mean dwell times and greater dwell time variability. Furthermore, the transmitting
power in micro-cellular systems is reduced, hence the obstacles such as building, trees, hills,
etc. have a greater effect on cell sizes and shapes. In other words, cells in micro-cellular
systems tend to be less regular in shape and more variable throughout the coverage area (for
an illustration see Figure 4.1). As a result of the large variation in cell sizes and shapes,
together with the shorter mean dwell time, micro-cellular systems clearly require the
utilization of dwell-time r.v. models with coefficients of variation that are greater than or

equal to one (k=1).

In [Orlik], two different dwell time models suitable for the analysis of micro-cellular systems
with users of variable mobility (i.e. dwell time models with k>1), have been proposed and
discussed. These are: 1) hyper-exponential pdf, and 2) sum of hyper-exponentials. In this
work, we focus on the first model only. In particular, in Section 4.1.2, we present the hyper
exponential pdf and justify its utilization as a dwell time r.v. model in micro-cellular systems.
Subsequently, in Section 4.2, by employing this model, we extend our analysis from

Chapters 2 and 3 to the case of a single-cell hybrid WDB system with variable mobilities.

4.1.2 Hyper-Exponential PDF

K-stage hyper-exponential pdf is a weighted sum (i.e. convex combination) of K exponential

functions (see (4.2)).
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i ()= q(k)-p(k)-e ™" (4.2)

K
(Note, in (4.2), q(k)=0, Vk=1,..K, and Zq(k) =1.) The mean and variance of the K-stage

k=1

hyper-exponential pdf are given in (4.3) and (4.4), respectively.

K
E[X]= ; Eik; (4.3)

)

Based on (4.3) and (4.4), the corresponding coefficient of variation (x) can be obtained, as

shown in (4.5) ".

o _ LK [ (k)]z} (B[X1Y

2 2 21 4.
(X)) EX) (4-2)

Based on (4.5), it is clear that the K-stage hyper-exponential pdf satisfies the main requirement
for being a suitable dwell time r.v. model in the case of micro-cellular systems with variable

mobilities, as its k>1 at all times (see the discussion of Section 4.1.1).

It should be observed, though, that in addition to satisfying the given requirement, K-stage
hyper-exponential pdf appears as an appealing dwell time r.v. model from the practical point of
view as well. Namely, one should be able to easily relate this pdf with the cell residence time of
a platform moving through a micro-cellular system. E.g. each time the platform enters a new

cell, it chooses a stage from the K stages available for its dwell time in the new cell. (The actual

! Please note, the exact proof of the inequality in (4.5) can be found in [Orlik]. Also, note that with appropriate
choices of q(k) and u(k), k=1,..,K, the coefficient of variation in (4.4) can be set at any given value greater than one.
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choice of the stage depends on the platform’s speed, path, transmitting power, etc.) The stage k
(k=1,..,K) is chosen with probability q(k). Upon completion if this stage, the platform will enter

another cell, where it will again choose a new stage [Orlik].

4.2 Optimal Broadcast Schedule in WADB Systems
with Variable Mobilities

4.2.1 Motivation — Dwell Time in Single-Cell Hybrid WDB
Systems with User Retrials

The user behaviour model that we employ in Chapters 2 and 3 has been characterized with 2

main parameters” (see Section 2.2.1 and Figure 2.4):

(1) reattempt arrival rate (") [attempt/time unit]

This parameter corresponds to the frequency of request resubmission due to failed MU’s
attempts to seize a point-to-point connection. From the practical point of view, A" can be
interpreted as the pace at which human-users reissue their requests, at the application layer,

during the times of heavy network load and congestion.

In general, one might argue that in reality more than one value of A" exists. However, we
believe it is reasonable to assume that most humans reissue their requests at the same or

similar pace, when facing a congested network.

? The third parameter in Figure 2.4 (Pgyccess) is not directly related to MUs’ behaviour. Pgyc..ss describes the quality of
the system’s performance. For example, the larger the number of unicast connections that the system can
simultaneously support, the larger Pyyccess.
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(2) probability of request resubmission (Preaermp)

This parameter corresponds to the probability that a MU remains in the system and issues a new
request after a previously unsuccessful request submission. In contrast to k*, Preattempt 15 1Ot
necessarily related to any of the protocols employed by the MUs’ end-devices. Hence, in some

cases, it is possible that Preaempt does not take the same value for all users residing in a cell.

Nevertheless, in order to obtain a better insight into the nature of Preatempt and determine when it
might be appropriate to assume more than one value of this parameter, let us observe a MU’s
behaviour in an environment with no external stimuli, i.e. in a system with no unicast or
broadcast service. (Please note, if there is no unicast service, then Pgcces=0, and accordingly
a=Pieawempt.) Hence, in such a system, based on (2.53), probability density function

p(t, | t, = 7,,item = i) becomes

p(td I ta = Tl sltem = 1) P _ = x (1 - I’r —)\‘(I_P'"“E'“P')(td'rl) (4.6)

cattempt )
success

Under the given assumption of no unicast or broadcast service being present in the system, (4.6)
can be interpreted as the probability density function of the overall time that a MU spends in a
particular cell waiting for a requested item, , upon his arrival at time t,=t;. Put another way, (4.5)
corresponds to the users’ dwell-time, as defined in Section 4.1.1, where towel-time=(ta-ta) [time

units] and t,=t;. Now, by using the new notation, (4.6) can be rewritten as

* =X (1P catempt ) awel-sime
p(tdwell-time) = )\ (1 - Preattempt) € e (47)
and, subsequently, the following important conclusions can be made:

dwell-time property 1 The actual form of (4.7) suggests that in the case of MU behaviour

model as assumed in the earlier chapters, the corresponding tgwe-time turns out to be an expon-
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entially distributed random variable with the mean value of 1/)»*(1 -Preattempt) (se€ (4.8)).

1
E[t dwell-time ] = ):(1__—"—

Preattempt) (4 ' 8)
Please recall from the Section 4.1.2, the negative exponential pdf represents a valid dwell-
time r.v. model in macro cellular systems of small cell-size variation and with uniform user-

mobility.

dwell-time property 2 There is a direct relationship between Preayempr and MUs’ dwell
time (see (4.7) and (4.8)). Hence, if the average user dwell-time is known, then from (4.8) the
actual value of the corresponding Preaempt €an be easily found, and vice versa. Also note, a

longer E[tgweiiime] would correspond to a larger Preatempt, and the other way around.

dwell-time property 3 Based on both property 1 and 2, it is clear that the assumption of
single-valued Peaempt (i-€. single negative exponential dwell time r.v. model) is well suited
for the analysis of macro cellular hybrid WDB systems with homogeneous platforms and/or
homogeneous user mobilities. However, the analysis of micro cellular WDB systems with
heterogeneous platforms and variable mobilities would require that more than one value of

Preattempt D€ assumed.

Please note, in addition to micro cellular WDB systems with variable mobilities, the
examples of other real-world scenarios which would require that more than one Preattent (1.€.

dwell time) be assumed, are as follows:

o Users’ impatience - It is known that MUs tend to withdraw from the waiting (i.e. data

retrieval) procedure if it takes too long or requires too many resubmission attempts.
However, the level of MUs’ (im)patience is not always the same — it varies among users

and generally depends on the significance of data being retrieved. Hence, in any system
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that provides the access to information of different significance levels, more than a single

value of Pearempt may have to be assumed.

o Time sensitive applications - In the case of time-sensitive applications, the item

requested by a MU should be retrieved within a specified time interval, otherwise the
corresponding information becomes stale or progressively less relevant. Consequently,
only resubmission attempts made within the specified time interval can be considered
useful, while all the later resubmission attempts can be ignored, as they lead to the
retrieval of outdated information. Thus, in a time-sensitive application environment the
actual number of useful resubmission attempts made by a user depends not only on his
patience and mobility, but also on the time-sensitivity of the data being retrieved.
Accordingly, if a time-sensitive application environment provides access to information

of different time-sensitivity levels, multiple Preattempts may have to be employed.

Lemma 4.1 The assumption of multiple-valued Preayempt results in a

hyper-exponential dwell time r.v. model. Consequently, this assumption is well suited

for the analysis of micro cellular hybrid WDB systems with variable user mobilities.

Proof of Lemma 4.1

Let us assume that there are K possible Preatempt Values (Preatempt(k), k=1,..,K). Each user gets
associated with Preapempt(k) With probability q(k). Based on (4.6), the dwell time r.v. model of a
user that is associated with Preatiempt(k) (i-€. tawen-ime(k)) corresponds a negative exponential pdf

(see (4.9)).

p(tdwell-time (k)) = ﬂ(k) ' e_“(k)'tdwellvﬁme(k) (4.9)
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In (4.9), p(k)=7u*(1-Preattempt(k)). However, as the user becomes associated with Preaempi(k) only
with probability g(k), the actual model of the user’s dwell time turns out to be of the following

form,

K K
p(tdwell—time ) = Z q(k) 'p(tdwell—time (k)) = Z q(k) : ”’(k) : e_#(k)'tdwe"_lim(k) (4 1 O)
k=1

k=1

(4.10), clearly, corresponds to the pdf of a hyper-exponential r.v. (see (4.2)), which is already
proven to be an appropriate dwell time model in the analysis of micro-cell systems with

heterogeneous platforms and variable mobilities (see Section 4.1.2).

End of Proof
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4.2.2  Optimal Broadcast Schedule in WDB Systems with
Variable Mobilities - Approximate Closed-form Solution

4.2.2.1 Theoretical Background

As indicated in the preceding section, the user behaviour model that we employ in Chapters 2
and 3 has been well suited for the analysis of macro-cell hybrid WDB systems with
homogeneous platforms and uniform user mobilities. In this section, however, by assuming that
the parameter Preaempt can take more than one value (i.e. by assuming a hyper-exponential dwell
time r.v. model — see Lemma 4.1), we extend our earlier discussion to the case of micro-cell
hybrid WDB system with multiple classes of users. (Here, ‘class of users’ is a rather general
concept, and it refers to the group of users that share the same or similar path, mobility

characteristics, data-retrieval (im)patience level, etc. — for more see Section 4.2.1.)

requests for
item,

Class 2
\ Users

requests for
item,

requests for
item:;

Figure 4.2 Request distribution over multiple classes of users
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In particular, let us assume a micro-cell hybrid WDB system with K classes of users. Each class
is characterized with its own Preayempi(k) (k=1,..,K) and, accordingly, each class gets associated

with its own a(k), as defined in (4.11).
a(k) = (1= Pyess Preaiempe (K), - (K =1,..,K) (4.11)

Furthermore, let us assume that in the given system, every item(i) (i=1,..,M) can be requested by
every class(k) MU (k=1,..,K), with certain probability. (For an illustration, see Figure 4.2) If we
annotate the probability of item(i) being requested by a class(k) MU with q(i,k), as given in
(4.12),

q(i, k) = p(MU wants to obtain item(i) » MU belongs to class(k)) (4.12)
then (4.13) must hold.

iq(i,k) =p(i), i=1.,M (4.13)

(Please recall, in (4.13) p(i) represents the probability of item(i) (i=1,..,M) being requested by
any MU, regardless of his class. Also note that the above assumptions match the assumptions of

Lemma 4.1, and hence result in a hyper-exponential dwell time r.v. model.)
Now, by re-employing the results from Section 2.3, in (4.14) we provide the expression for the

probability that a class(k) MU (k=1,..,K), who is interested in obtaining item(i) and has arrived in

the system at t,=t€[0,s(i)), eventually gets served through the broadcast channel.
P(t, 2s(i)|t, =7 item =1,class=k,t,, (1) =s(1)) = g~ (-2 (4.14)

Accordingly, the expected number of class(k) users who obtain item(i) through the broadcast

channel at time s(i) is
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E[n 4, (0,s(i), item(i), s(i), class(k))] = TV Z‘qula lz1)<)) (1 g™ 0malnsy (4.15)

(4.16) represents the expected number of MUs who obtain item(i) through the broadcast channel,

at time s(i) irrespective of their class.

E[n 4, (0,5(i), item(i), s(i), class(k) | k =1,.., K)] = (4.16)

£ NGk) -X (-a(k)s(i)
Z:)\(l a(k)) (1=e :

Similarly, (4.17) represents the expected number of MUs served through the broadcast channel
within the duration of an entire broadcast schedule, irrespective of their class or the item they

want to retrieve.

E[n,, (0,C,item(i), j-s(i), classk(k) | j =1,.,C/s(); i=1.,M; k =1,.,K)] = (4.17)

= iE[nBR (0,C,item(i), j - s(i), classk(k) | j = 1,..,C/s(i); k = 1,..,K)] =

i=l

_ >\M < q(i, k) 1 — o~ (matio)s(i)
¢ Z; TR )

Finally, the expression for the overall broadcast service ratio, in a system with K classes of users,

is given in (4.18).

BR(s(1),5(2),-,s(M)) = > a f(;’( B)S(i) (1—e 020ty (4.18)

(In a similar manner, the other results from Section 2.3 can be readily extended to the case of a
WDB system with multiple classes of users. Also, it can be easily proven that the maximization
of BR in such a system ensures the minimization of the other performance measures - UR, LR,

WT, RP, and WP, exactly as it has been the case for a WDB system with a single class of users.)
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Now that the expression for BR is known, let us find the broadcast schedule
(S={s(1),5(2),..,s(M)}) that provides for the maximization of BR. In other words, let us find the

solution to the following optimization problem.

maximize BR(s(1),s(2),..,s(M)) = {2 is-(s%(l _ e N O-atstiy (4.19.2)

subject to  C(s(1),8(2),..,s(M))= 3 Li)—l =0 (4.19.b)
i=1 S{1

Based on the Lagrange Multiplier Theory, S={s(1),s(2),..,s(M)} that satisfies (4.19) can be

obtained as a solution to the system of differential equations presented in (4.20), 1.e. (4.21).

OBR(s(1),s(2),..,s(M)) LK 0C(s(1),s(2),..,s(M)) _

: - 0, 1=1,.,M (4.20)
Os(1) Os(1)

\2 q(i, k) N (1- a(k))e‘”( 1-a()s(i) | s()~1+ o~ N (-a(0)s() ) 1

; - K——=0, i=1.,M (421
ia A (1-ak) s(1) s(1)

Hence, from (4.21), we obtain the implicit form solution to (4.19), as given in (4.22).

K 1 * . * .
L5 90K (1o agig)e 00 4 o NG 1) KN Zconst,  i=1,,M  (4.22)
1(1) 3= (1-a(k))

Again, based on the analogy with the discussion from Section 3.2.2, the following approximation

can be employed in (4.22).
(s (i))\* (1-a (k))e—)\'(l-a(k))S(i) + e—)\'(l-a(k))s(i) _ 1)= F(s(i))x* (1-a(k))) (4.23)

where,



Chapter4  WDB Systems with Mixed Platforms and Variable Mobilities

e — e

k-s(N (1-a(k)), s@N (1-ak) <x (4.24)
-1, s(N (1-ak)) = x

F(s(ON (1-a(k))) =

(Please note, F(siA'(1-ay) in (4.23), i.e. (4.24), is a generalized form of function F(x(i)) from
(3.29). Namely, in contrast to the case studied in Chapter 3 (where we assumed a single Preatempt,
i.e. a single parameter a), here the function on the left-hand side of (4.24) depends on both s(i)
and a(k).)

By following the discussion from Section 3.2.2 further (see (3.30)), let us assume that for an
arbitrary number of items (M;<M) their s(i) are such that s()A"(1-a(k))e[0,y) for at least one

class of users (i.e. one k, k=1,..,K). If we use M; to annotate the set of indexes of these M, items,
and N, to annotate the set of indexes of those classes that for a given ie M, satisfy s()A(1-

a(k))€[0,y), then (4.25) must hold.

FGN (1-a(k)~ k-s@ON (1-a(k)), Vied, Vkewn, (4.25)

Similarly, if we use N, to annotate the set of indexes of those classes that for any given ie M do

not satisfy s(i)A."(1-a(k))[0,y), then (4.26) is obtained.

FGs(N (1-a(k))~-1, VieM, VkenN, (4.26)
For the remaining M,=(M-M)) items the corresponding s(i)A"(1-a(k)) falls into interval [y,0), for
every class of users (i.e. every k, k=1,..,K). Thus, if we annotate the set of indexes of these M,
items with 94, then

FGOHN(1-a(k)~-1, Viem,, Vk=1.,K 4.27)

Now, the cost function (BR) from (4.19) can also be presented in the form of (4.28)
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BR(s(1),8(2),-.,s(M)) = D > q(i, )f (sAX (1 - a(k))) (4.28)

i=l k=1

where f(s(i)A"(1-a(k))) stands for

a- e—s(i)x’a—a(k»)

N A-at0) = (oo 4.29)
Accordingly
SEONA=at))) _ \+ (1 a1)B(s) (1-a(k))) (4.30)
Os(1)
where
Bs( (1K) SN (1- a(ly)e™ (-s00s) 4 =X (st _ 431)

(sHN (1-a(k)))

Again, please note B(s()A (1-a(k))), in (4.31), is a generalized form of function B(x(i)) from
(3.27). Based on the observation that B(s()A (1-a(k)~0 (i.e. of(s()r"(1-a(k)))/ds(i)=0) for V
s()A"(1-a(k))e[y,) (see Section 3.2.2, Figure 3.2 and expression (3.33)), the following can be

easily proven.
f(s(@)N (1 -a(k))) ~ f(e0) > 0, Vs@N (1-a(k)) €[x,o) (4.32)

Thus, as s(A (1-a(k)e[r.0) (e f(s@r (1-ak))=0) only for ieM and ke, an

approximation of (4.28) is obtained, as given in (4.33).

BR(s(1),5(2),.,sM) = 3 3 q(i, K)E(s(DX (1 -a(k))) (4.33)

ieM ke,
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Accordingly, by employing (4.33) in (4.20), now (4.21) and (4.22) get transformed into (4.34)
and (4.35) respectively.

5 qli, k) N"(1-ak))e™ 0 gy ] 4 g (a0 k1O _,

; — ieM, (4.34)
vew, N (1-a(k)) s(1) s(i)?

1 S e q0. k) ((i)x*(l-a(k))e-”“'*‘(k”“i)+e-*'<"a‘k”sﬁ>—1)=K>\‘ =const, ieM,  (4.35)
16), &, (1-a(k)

Based on (4.25), (4.35) becomes (4.36), 1.e. (4.37).

1@}; q(, Ez))k s(N (1-a(k)) = K\ =const, ie %, (4.36)

kl'(sgi) Z (1,k)=K =const, ieM, 4.37)

From (4.37), we obtain an approximate explicit-form expression for s;, ieM; (see (4.38)),

although the Lagrange Multiplier constant (K) in this expression is still unknown.

1()-K
k- > ql.k)’

ke,

s(i) = ieM, (4.38)

The actual value of K, as given in (4.39), is found by employing (4.38) back in (4.19.b).

K=k > > q(,k) (4.39)

ieM ke,

Finally, by replacing K in (4.38) with the expression provided in (4.39), we obtain the

approximate closed-form solution to (4.19), as presented in (4.40).
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. 1(1) .
s)=—< > 1M (4.40)
> q(i,k) '
kewy,
> 2,46,k
ieM, ke,
If we annotate the set of inter-broadcast intervals obtained by employing (4.41) with §opﬁma, , then

based on the preceding discussion, broadcasting according to S,y 15 expected to result in BR

optimal
nearly as large as it would be obtained if broadcasting was done according to the actual Septimal.
Thus, we can write

BR(S, ima ) = BR(S (4.41)

optimal )

4.2.2.2 Modified FBE Algorithm — Algorithm for Estimation of Soptimat tn Hybrid
Single-Cell WDB System with Multiple Classes of Users

By simple inspection, it can be observed that (4.40) resembles the corresponding expression,

concerning the estimation of inter-broadcast intervals, from Section 3.2.2, 1.e. (3.44)°. However,

it should be noted that (4.40) employs Zq(i,k) in the place of the full p(1) (ieM;). More

ke,
specifically, when estimating s(i) (i=1,..,M) in a WDB system with multiple classes of users, the
probability of item(i) being requested by a MU from either of the classes (p(i)) gets substituted
with the probability of item(i) being requested by a MU only from those classes that eventually

satisfy s(i)A'(1-a(k))€[0,%) ( 3" q(,k))-

ke,

The above observation regarding the correspondence of the two expressions ((3.44) and (4.40))

suggests that the earlier proposed FBE algorithm (which has been derived from (3.44)) can serve

? Please recall, (3.44) applies to single-cell hybrid WDB systems with a single class of users.
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Step 1 For every item(i) its length 1(i) and relative popularity with respect to each
class of users q(i,k) are known, i=1,...M, k=1,.., K. Assume that all items require ‘first-

segment’ approximation (see (4.25)), i.e. M1={1,..,.K} for VieM={1,2,. . M}.

Step 2 For V ie M, calculate

N 1(1)
=560

ke,

Y. 2.6k

ieM keNy

Step3 =0, =O.
Among all {s(i) | ie M} attempt to find the one that most considerably violates following

constraint, for either class of users (i.e. for either a(k), ke #j).

< X & >
S N(l-ak)  N(-a(k)

s(1)

Annotate the index of such item with u, and the index of the corresponding class with v.

Set E={u}, and #={v}. If more than one s(i) is found in Step 3, proceed with the one that

corresponds to the smallest Zq(i,k) 4,

keNil/F

Step4  If £ then proceed with Steps 4.a and 4.b. Otherwise proceed with Step 5.

Step 4.a NaO=Nal/ F
Step 4.b If A, ={} then M=M/E. Go to Step 2.

Step5 S, =15() i€ M,}. End.

Figure 4.3 Modified FBE algorithm for single-cell hybrid WDB systems with

multiple classes of users / variable user mobilities

* As a consequence of Steps 4.a, s(i) selected in Step 3 eventually gets increased (i.e the corresponding item gets
broadcasted less frequently). Thus, among several s(i) that might meet Step 3 criterion, the algorithm proceeds with,
i.e. increases, the one that is least significant (popular) with respect to the other classes of users.
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as a basis for estimation of S . However, clearly, the FBE algorithm needs to be modified so

optimal
as to include a mechanism for identification, i.e. exclusion, of the q(i,k) terms that correspond to

s()A"(1-a(k))>y, (see the discussion preceding the derivation of (4.32) and (4.33)).

In Figure 4.3 we propose a modified FBE algorithm for estimation of §opﬁma] in a single-cell

hybrid WDB system with multiple classes of users. The algorithm begins by assuming that all
items (i.e. all s(i)) correspond to the ‘first-segment’ approximation (4.25) with respect to all
classes of MUs. In particular, #;,={1,..,K} for VieM={1,2,.,M}. However, if it turns out that
some particular s(i) (obtained by employing (4.40)) violates the constraint s(DA"(1-a(k))<y, this
suggests that the initial assumption regarding the validity of the ‘first-segment’ approximation
for the given pair (s(i),a(k)) was incorrect. Therefore, the corresponding q(i,k) needs to be
excluded from N The exclusion starts with q(i,k) that most significantly violates the constraint
s(i)X*(l-a(k))Sx, and it is always performed on ‘one by one’ basis, as already explained in

Section 4.2.2.1.
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4.2.3 Experimental Results

In this section, through a series of experiments, we compare the actual values and performance
of Septimat (obtained by solving (4.19) with Matlab - see Appendix 7 for a more detailed

explanation) and S_.  (obtained by employing our modified FBE algorithm as proposed in

optima

Figure 4.3).

In all experiments the presence of three different classes of MUs is assumed, each class being
identified with its own 7»*(1-:11(k))5 , k=1,..,3. Furthermore,

1) in Experiment 1.a) through 1.c) it is assumed that all the items are equally popular, while
each individual item gets requested only by MUs of a single class. In particular, for every
ie{1,..,10} there exists a single ke {1,2,3} such that q(i,k)=0.1, while the other q(i,})=0,
j7={1,2,3}\{k} (see Table 4.1 through 4.3);

2) in Experiment 2.a) through 2.c) it is assumed that each individual item gets requested by
MUs from more than a single class. Still, all the items are assumed equally popular, i.e.
p()=2q(1,k)=0.1, for every i={1,..,10} (see Table 4.4 through 4.6).,

3) Experiments 3.a) through 3.c) capture the most general case - the items are assumed to be
of unequal popularities, i.e. p(i)=p(j) for i#j (i,je{1,..,10}), while each individual item gets

requested by MUs of more than a single class.

Experiment 1.a)

The results presented in Experiment 1.a) show that, for the given values of H(k) and q(i,k),

k=1,..,3,1=1,..,10, Soptimal (obtained using Matlab) and S (obtained in the initial evaluation of

optimal

our modified FBE algorithm) are almost identical. Consequently, these two broadcast scheduling

schemes result in equally good WDB system performance (see BR(Soptimal) and BR( §0pﬁmal 0)).

> In further discussion we annotate A.'(1-a(k)) with H(k).
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p—_— e ]

H(1)=A"(1-a(1))=0.1 = /A"(1-a(1))~5/0.1=50
HQ2)=A"(1-a(2))=0.2 = y/A'(1-a(2))~5/0.2=25
H(3)=A"(1-a(3))=0.3 = y/A"(1-a(3))~5/0.3=16.6667

 item 1 2 3 4 5 6 7 8 9 10
q(class1) 0.1 0.1 0.1 0.0 0.0 0.0 0.0 00 0.0 0.0
q(class2) 0.0 0.0 0.0 0.1 0.1 01 01 00 | 00 0.0
q(class3) 00 0.0 0.0 0.0 0.0 0.0 0.0 ol 0.1 0.1
A [time] L. ! . ! LSS Lol ! Lo
 Sopumai  10.0001 10.0001  10.0001 = 9.9998  9.9998 ' 9.9998  9.9998 | 10.0001 | 10.0001 10.0001
Spuna[0]  10.0000 10.0000 10.0000 10.0000 10.0000  10.0000 100000 - 10.0000 10.0000 100000 |

Table 4.1 Experiment 1.a) - Numerical MATLAB solution and closed-form approximation

K1=0.1, K2=0.3, K3=0.5
120 T

——  numerical MATLAB solution
-4 closed-fom approximation

100}

401

broadcast period - s(i) [time units)

20

Figure 4.4 Experiment 1.a) - Numerical MATLAB solution and closed-form approximation
BR(Soptimat) = 0.4576
(number of evaluations (iterations) = 12)

BR(S, ,ma [0]) = 0.4576

(number of iterations = 0)
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BR(S gpimat ) = BR(S gpimat [01)
BR(S

error: = 0.0 [%]

optimal )

Experiment 1.5)

In this experiment, the values of H(2) and H(3) are increased from 0.2 to 0.3, and from 0.3 to 0.5,

respectively. As a consequence of the given changes, three s(i) obtained in the initial evaluation
of §Opﬁma, (s(8), (9), and s(10)) are shown to violate the constraint s(i)A"(1-a(k))<y with respect
to class(3) (i.e. with respect to k=3). After the exclusion of the given items from the broadcast
schedule, according to the rules of the modified FBE algorithm, finally all s(i) of §opﬁmal[3] are
proven to comply with s()A"(1-a(k))<y, for Vke{1,2,3}. The presented results (see Table 4.2
and Figure 4.5) verify the similarity between both, Sopima and §0pﬁmal[3], and WDB system

performances they provide.

H(1)=A"(1-a(1))=0.1 = /L (1-a(1))~5/0.1=50
HQ)=A"(1-a(2))=0.3 = y/L"(1-a(2))~5/0.3=16.6667
H3)=A"(1-a(3))=0.5 = y/A'(1-a(3))~5/0.5=10

item 1 2 3 4 5 6 7 8 9 10
q (class 1) 0.1 01 01 0.0 0.0 0.0 0.0 0.0 0.0 0.0
q(class2) 00 00 | 0.0 0.1 0.1 0.1 0.1 0.0 0.0 0.0
q(class3) 00 0.0 00 00 00 00 = 00 0.1 0.1 0.1

I [time] 1 1 1 1 1 r1 1 1
Sopumal | 82417 82417 82417 67390 67390 | 67390 67390 70.6964 70.6964 70.6964
Sopuma[3] 7.0000  7.0000 7.0000  7.0000 7.0000 = 7.0000 7.0000 Inf Inf Inf

Table 4.2 Experiment 1.b) - Numerical MATLAB solution and closed-form approximation
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K1=0.1, K2=0.3, K3=0.5
120 T

—s—  numerical MATLAB solution
---4---  closed-form approximation

80

401

broadcast period - s(i} [time units]

20+

Figure 4.5 Experiment 1.b) - Numerical MATLAB solution and closed-form approximation

BR(Soptimal) =0.3845
(number of evaluations (iterations) = 392)
BR(S, ;ma[3]) = 0.3829

optimal

(number of iterations = 3)

BR(S optimal ) - BR(gopﬁmal [0])
BR(S

€rror:

= 0.42 [%]

optimal )

Experiment 1.c)

In Experiment 3.3, the value of H(3) is further increased to 0.7. As a consequence, significantly
larger s(8), s(9), and s(10) of Sepima are obtained, when compared to Sqpimar from Experiment
1.b). However, regardless of this change, the corresponding BR (i.e. BR(Soptimat)) and the other

results remain the same as in Experiment 1.b).
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e

H(1)=A"(1-a(1))=0.1 = x/A’(1-a(1))~5/0.1=50
H2)=\"(1-a(2))=0.3 = y/A'(1-a(2))~5/0.3=16.6667
H3)=A"(1-a(3))=0.7 = /A (1-a(3))~5/0.7=7.1429

ftem 1 2 3 4 5 6 7 8 9 10

q(class1) 01 0.1 0.1 00 00 00 . 00 0.0 0.0 0.0

q (class 2) 0.0 0.0 0.0 0.1 0.1 0.1 0.1 00 0.0 0.0
a(class3) 00 00 00 00 00 00 00 o0l 2L S U LU
I [time] ! 1 T S T 1 1 1 1 1
Soptimal  7.9901  7.9901 | 7.9900 | 6.4043 64055 6.4054 = 6.4043  3.3403e+005 3.3403¢+005  3.3403¢+005
Sepuma[3]  7.0000  7.0000 7.0000 | 7.0000 7.0000 7.0000 7.0000 Inf Inf Inf

Table 4.3 Experiment 1.c) - Numerical MATLAB solution and closed-form approximation

K1=0.1, K2=0.3, K3=0.7

-
[N]
=]

IS @ @ S
(=] o (=3 (=]
: = =

broadcast period - s(i} {time units]

Ny
=]
T

Figure 4.6 Experiment 1.c) - Numerical MATLAB solution and closed-form approximation

BR(Soptimal) = 0.3843
(number of evaluations (iterations) = 720)
BR(S 3]) =0.3829

optimal [

(number of iterations = 3)
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BR(S opiman) — BR(S i [01)
BR(S

error:

=0.36[%]

optimal )

Experiment 2.a)

In this experiment, H(1), H(2), and H(3) are the same as in Experiment 1.a), while different
values of q(i,k) are employed (see Table 4.1 and 4.4). Similar as in the case of Experiment 1.a),
S obtained already in the initial evaluation of the modified FBE algorithm turns out to be a

optimal
perfect approximation of Sepima. Accordingly, these two broadcast scheduling schemes are
shown to provide equally good WDB system performance (see BR(Sqpimar) and BR( §opﬁmal [01)).
(Please recall, the distribution of q(i,k) makes the only difference between this and Experiment

1.a). Namely, in this experiment it is assumes that every item gets requested by MUs from more

than a single class. This results in BR being smaller than BR of Experiment 1.a).)

H(1)=A"(1-a(1))=0.1 = /A (1-a(1))~5/0.1=50
HQ2)=A"(1-a(2))=0.2 = y/A"(1-a(2))~5/0.2=25
H3)=A"(1-a(3))=0.3 = /A (1-a(3))~5/0.3=16.6667

item 1 2 3 4 5 6 7 8 9 10
q(class1) 004 005 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
q(class2) 003 005 00 0.1 0.1 0.1 01 00 0.0 0.0
q(class3) 0.03 0.0 0.0 0.0 00 00 00 0.1 N
I [time] 1 1 1 1 I T B i 1 1

Soptimal  10.0001  10.0000 10.0002 9.9998  9.9998 | 9.9998  9.9998  10.0001 10.0001  10.0001
Sopima[0]  10.0000  10.0000 ~ 10.0000 10.0000  10.0000 10.0000 = 10.0000 10.0000 10.0000 10.0000

Table 4.4 Experiment 2.a) - Numerical MATLAB solution and closed-form approximation
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K1=0.1, K2=0.2, K3=0.3
120

—s—  numerical MATLAB solution
-4 closed-form approximation

broadcast period - s(i) [time units)

Figure 4.7 Experiment 2.a) - Numerical MATLAB solution and closed-form approximation

BR(Soptimat) = 0.4321
(number of evaluations (iterations) = 12)
BR(S, . .[0]) =0.4321

optimal

(number of iterations = 0)

BR(Soptimal ) - BR(goptimal [O]) _
BR(S

error: 0.0[%]

optimal )

Experiment 2.6)

In this experiment, H(1), H(2), and H(3) are the same as in Experiment 1.b), while the values of
q(i,k) (=1,..,,10, k=1,..,3) are as in Experiment 2.a). Similar as in Experiment 1.b), three s(i)

obtained in the initial evaluation of §opﬁml (s[8], s[9], and s[10]) are shown to violate the

constraint s(i)k*(l-a(k))Sx with respect to class(3). After the exclusion of the given items from
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the broadcast schedule, finally all s(i) of S [3] are proven to comply with s(i)k*(l-a(k))Sx,

optimal
for Vke{1,2,3}. The presented results (see Table 4.5 and Figure 4.8) verify the similarity

between both, Septimar and S [3], and WDB system performances they provide.

H(1)=A"(1-a(1))=0.1 = /A (1-a(1))~5/0.1=50
HQ2)=A"(1-a(2))=0.3 = y/A"(1-a(2))~5/0.3=16.6667
H(3)=A"(1-a(3))=0.5 = /A (1-a(3))~5/0.5=10

item 1 2 3 4 5 6 7 8 9 10
q(class1) = 004  0.05 01 | 00 ' 00 0.0 0.0 0.0 0.0 0.0
q(class2) 003  0.05 0.0 01 ol 0.1 0.1 0.0 0.0 0.0
q (class 3) 003 0.0 0.0 00 0.0 0.0 0.0 0.1 0.1 0.1
I[time] 1 1 o 1 1 1 I 1

Soptimal 7.9943 7.6295 82453 67399 6.7399 67399 | 6.7399 103.1804 103.1804  103.1804

Sopuma[3]  7.0000  7.0000 7.0000  7.0000 ~ 7.0000 7.0000 7.0000 Inf Inf Inf

Table 4.5 Experiment 2.b) - Numerical MATLAB solution and closed-form approximation

K1=0.1, K2=0.3, K3=0.5
120 T v

—%— numerical MATLAB solution
--4---  closed-fom approximation

>

B @ @ o
=) =] S =]
T T T

broadcast period - s(i) [time units]

n
S

Figure 4.8 Experiment 2.b) - Numerical MATLAB solution and closed-form approximation
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BR(SOptimal) =(0.3464

(number of evaluations (iterations) = 766)

BR(S,ma[3]) = 0.3455

(number of iterations = 3)

BR(S optimal ) - BR(goptimal [0])
BR(S

error: =0.26[%)]

optimal )

Experiment 2.c)

In this experiment, H(1), H(2), and H(3) are the same as in Experiment 1.c), while the values of
q(i,k) (i=1,.,,10, k=1,..,3) are as in the preceding two experiments. The presented results indicate
that finally all s(1) of §opﬁmal (3) comply with s(i)l*(l-ak)SX, for Vke{1,2,3}. Again, Table 4.6
and Figure 4.9 verify the similarity between Soptima and S ;.,[3], while the values of
BR(Sopﬁma]) and BR(S
almost equally good WDB system performance.

[3]) suggest that these two broadcast scheduling schemes result in

optimal

H(1)=A"(1-a(1))=0.1 = /A (1-a(1))~5/0.1=50
HQ)=A'(1-a(2))=0.3 = /A (1-a(2))~5/0.3=16.6667
H3)=A"(1-a(3))=0.7 = /A (1-a(3))~5/0.7=7.1429

item 1 2 3 4 5 6 7 8 9 10
g(class1) 004 005 01 00 = 00 00 00 00 00 00
q(class2) 003 005 00 01 © 01 01 . 01 0.0 00 00

_q(class3) 003 0.0 0.0 0.0 00 00 00 or oot 0l

| [time] 1 1 1 1 1 1 ; 1 1 . 1 1
 Sopimai | 82710 | 7.4009  8.0536  6.4850 64850 6.4850 | 6.4850 1.0000c+003 = 1.0000c+003 1.0000e+003

Sopima[3]  7.0000  7.0000 7.0000 7.0000 7.0000 | 7.0000 7.0000 Inf Inf , Inf

Table 4.6 Experiment 2.c) - Numerical MATLAB solution and closed-form approximation
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|

K1=0.1, K2=0.3, K3=0.7
120 . . . - —

—se—  numerical MATLAB solution
---4---  closed-form approximation

100+

broadcast period - s(i} [time units]

Figure 4.9 Experiment 2.c) - Numerical MATLAB solution and closed-form approximation

BR(Soptimal) = 0.3442

(number of evaluations (iterations) = 404)

BR(S i [3]) = 0.3433

(number of iterations = 3)

BR (S optimal ) -BR (goptimal [O])
BR(S

€rror:

=0.26[%]

optimal )

Experiment 3.a)

As indicated earlier, in Experiment 3.a) through 3.c) the items are assumed to be of unequal
popularities (see Table 4.7). Furthermore, in Experiment 3.a), H(1), H(2), and H(3) are of the
same values as in Experiment 1.a) and 2.a). Under such assumptions, all s(i) obtained already in

the initial evaluation of S are shown to satisfy the constraint s(i)A'(1-a(k))<y, for

optimal
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Vke{1,2,3}. Table 4.7 and Figure 4.10 illustrate the actual similarity between §op,imal[0] and

Soptimal (as estimated using Matlab), while the obtained values of BR( §Opﬁmal [0]) and BR(Soptimar)

verify that the two broadcast scheduling schemes result in very close WDB system performance.

H(1)=A"(1-a(1))=0.1 = y/A"(1-a(1))~5/0.1=50
HQ2)=A"(1-a(2))=0.2 = /A (1-a(2))~5/0.2=25
H(3)=A"(1-a(3))=0.3 = /A (1-a(3))=5/0.3=16.6667

item 1 2 3 4 5 6 7 8 9 10
q(class1) 004 = 0.05 0.1 002 003 0.0 0.0 0.0 013 004
q(class2) 003 005 0.0 003 002 005 005 00 | 003 003
q(class3) 003 00 00 00 00 0.0 00 01 004 0.3

I [time] 1 1 1 1 1 I T 1 1

Soptimal  9.0048  9.1278 05732 20.8158 174895  20.5197 29.5197 = 0.0450  5.5396  4.7416

Sppima[0] 100000 | 10.0000  10.0000 20.0000  20.0000 = 20.0000  20.0000 10.0000 5.0000 5.0000

Table 4.7 Experiment 3.a) - Numerical MATLAB solution and closed-form approximation

K1=0.1, K2=0.2, K3=0.3

120

—%—  numerical MATLAB solution
-4 closed-form approximation

100}

80}

60

40t

broadcast period - s(i) {time units]

20

Figure 4.10 Experiment 3.a) - Numerical MATLAB solution and closed-form approximation
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BR(S¢ptimat) = 0.5153

(number of evaluations (iterations) = 1009)

BR( S, [01) = 0.5140

(number of iterations = 0)

BR(Soptimal) - BR(goptimal [0])
BR(S

error:

=0.25[%]

optimal )

Experiment 3.6)

In this experiment, for the given values of H(1), H(2) and H(3), four s(i1) of §opﬁmal[0] are shown
to violate the constraint s(i)A"(1-a(k))<y, with respect to k=2,3. By following the procedure
presented in Table 4.9, the corresponding q(i,k) are gradually removed until, finally, all s(1) of
§Opt{mal[5] comply with the given constraint. The actual similarity between §0pﬁmal[5] and Sqptimal
(as estimated using Matlab) is illustrated in Table 4.8 and Figure 4.11. The obtained values of
BR( §optiml[5]) and BR(Soptima) suggest that the two broadcast scheduling schemes result in

sufficiently close WDB system performance.

H(1)=A"(1-a(1))=0.1 = y/A"(1-a(1))~5/0.1=50
H(2)=A"(1-a(2))=0.3 = /A'(1-a(2))~5/0.3=16.6667
H3)=A"(1-a(3))=0.5 = x/A"(1-a(3))~5/0.5=10
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item = 1 2 3 4 5 6 7 8 9 10

q(class1) 004 005 . 0.1 0.02  0.03 0.0 0.0 0.0 0.13 - 0.04
q(class2) 003 005 00 | 003 0.02 0.05 0.05 0.0 003 = 0.03
q(class3) 003 00 0.0 0.0 0.0 0.0 0.0 0.1 0.04 | 013
I[time] 1 1 1 1 1 1 1 I 1
Soptimal  8.1468 7.7496 83423 | 30.7282 14.9387  59.9898 59.9898 = 42.0045 | 4.7382 3.8364
Sopumal4] | 8.5000  8.5000 8.5000 425000 283333  Inf Inf | 85000 @ 42500 4.2500

Table 4.8 Experiment 3.b) - Numerical MATLAB solution and closed-form approximation

K1=0.1, K2=0.3, K3=0.5
120

—%—  numerical MATLAB solution
-4~ closed-form approximation

100+

B0

40t

broadcast period - s(i) [time units]

201

Figure 4.11 Experiment 3.b) - Numerical MATLAB solution and closed-form approximation

BR(Soptima]) =(.4513

(number of evaluations (iterations) = 922)

BR( §0pm1[4]) =0.4492

(number of iterations = 4)

BR(S optimal ) -BR (§optimal [0])
BR(S

€rror:

=0.47 [%]

optimal )
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Iteration - Steps/Results
p=[0.1000 0.1000 0.1000 0.0500 0.0500 0.0500 0.0500 0.1000 0.2000 0.2000]
, Sy =[10 10 10 20 20 20 20 10 5 5]

'S4, S5, Se, S7 overestimated for class2 and class3
_remove g(2,6) (i.e. q(2.6)=0) ) R
- p=[0.1053 0.1053 0.1053 0.0526 0.0526 0.0000 0.0526 0.1053 0.2105 0.2105]

) §°pliml =[9.5000 9.5000 9.5000 19.0000 19.0000 Inf 19.0000 9.5000 4.7500 4.7500]
S4, Ss, 57 overestimated for class2 and class3

| remove q(2,7) (i.e. q(2.7)=0)
- p=[0.1111 0.1111 0.1111 0.0556 0.0556 0.0000 0.0000 0.1111 0.2222 0.2222]
-3 =[9.0000 9.0000 9.0000 18.0000 18.0000 Inf Inf 9.0000 4.5000 4.5000]

optimal

3 84, S5 overestimated for class2 and class3
remove g24) (ie.q24)=0)
p=[0.1149 0.1149 0.1149 0.0230 0.0575 0.0000 0.0000 0.1149 0.2299 0.2299]
; §omimal =[8.7000 8.7000 8.7000 43.5000 17.4000 Inf Inf 8.7000 4.3500 4.3500]

4 - s5 overestimated for class2 and class3

- remove g(2.5) (i.e. q(2.5)=0)

' p=1[0.1176 0.1176 0.1176 0.0235 0.0353 0.0000 0.06000 0.1176 0.2353 0.2353]
5 S =[8.5000 8.5000 8.5000 42.5000 28.3333 Inf Inf 8.5000 4.2500 4.2500]

optimal

Table 4.9 Estimation procedure employing Modified FBE Algorithm for Experiment 3.b)

Experiment 3.c)

In Experiment 3.c), eight s(i) of §opﬁmal (0) are shown to violate the constraint s(i)A"(1-a(k))<y,

with respect to either one or both k=2,3. Through a gradual removal of the corresponding q(i,k),

as presented in Table 4.11, finally all s(i) of S obtained in the fifth iteration are shown to

optimal
satisfy s(i)l*(l-a(k))SX. Again, Table 4.10 and Figure 4.12 verify the similarity between Soptimal
and §0pﬁmal (5), while the values of BR(Sgptima)) and BR( §0pﬁmal (5)) suggest that these two

broadcast scheduling schemes result in almost equally good WDB system performance.

H(1)=A"(1-a(1))=0.1 = /A" (1-a(1))~5/0.1=50
H(2)=A"(1-a(2))=0.3 = /A (1-a(2))~5/0.3=16.6667
H(3)=A'(1-a(3))=0.7 = /A (1-a(3))~5/0.5=7.1429
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item 1 2 3 4 5 6 7 8 °o 10
q(class1) 004 = 005 0.l 0.02 0.03 0.0 0.0 0.0 013 0.04
q(class2) 003 005 0.0 003 002 0.05 005 0.0 003 003

"q(class3) 003 00 00 0.0 00 0.0 0.0 0.1 0.04 013
Iftime] 1 1 1 . i 1 1 1 1 1
Soptimal 80923 | 7.0463 79244 265250 15.1605  192.6612 192.6612 693.7058  4.4080 3.7573 '
Sopma[4]  11.0000  7.7000 77000 - 15.4000 = 15.4000  Inf Inf Inf  3.8500 3.8500 -

Table 4.10 Experiment 3.c) - Numerical MATLAB solution and closed-form approximation

K1=0.1, K2=0.3, K3=0.7
120 . — —— —tr

—%—  numerical MATLAB solution
-4~ closed-form approximation

100+

80

60

401

broadcast period - s(i} [time units]

201

Figure 4.12 Experiment 3.c) - Numerical MATLAB solution and closed-form approximation

(number of evaluations (iterations) = 1008)
BR(S,..,[4]) = 0.4327

optimal

(number of iterations = 4)

BR(S it ) = BR(S, it [0
error: ( opumal) ( optlmal[ ]) -021 [%]
BR(S

optimal )
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Iteration B Steps/Results
p=[0.1000 0.1000 0.1000 0.0500 0.0500 0.0500 0.0500 0.1000 0.2000 0.2000]
. §0pﬁmal =[10 10 10 20 20 20 20 10 5 5]

S|, 3, 83, Sg overestimated for class3

S4, Ss, 56, $7 overestimated for class2 and class3

remove q(3,8)

p={0.1111 0.1111 0.1111 0.0556 0.0556 0.0556 0.0556 0.0000 0.2222 0.2222]
S =19.0000 9.0000 9.0000 18.0000 18.0000 18.0000 18.0000 Inf 4.5000

2 optimal

4.5000]

81, S, 83 overestimated for class3

S4, Ss, S¢, S7 overestimated for class2 and class3
remove q(2,6)
p=[0.1176 0.1176 0.1176 0.0588 0.0588 0.0000 0.0588 0.0000 0.2353 0.2353]
g = [8.5000 8.5000 8.5000 17.0000 17.0000 Inf 17.0000 Inf 4.2500 4.2500]

3 optimal
{8y, Sy, 83 overestimated for class3
S4, S5, S7 overestimated for class2 and class3

| remove q(2,7) ‘
- p=10.1250 0.1250 0.1250 0.0625 0.0625 0.0000 0.0000 0.0000 0.2500 0.2500
4 §opﬁml =[8 8 8 16 16 Inf Inf Inf 4 4]

81, S, 83 overestimated for class3

remove g(3,1) o
p=[0.0909 0.1299 0.1299 0.0649 0.0649 0.0000 0.0000 0.0000 0.2597 0.2597]
5 §opu_ml =[11.0000 7.7000 7.7000 15.4000 15.4000 Inf Inf Inf 3.8500 3.8500]

Table 4.11 Estimation procedure employing Modified FBE Algorithm for Experiment 3.c)
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4.3 Estimation of Data-Item Request Probabilities in
MWDB Systems with Variable User Mobilities

In Section 2.5, of Chapter 2, we have shown that the estimation of data-item request
probabilities, in a single-cell hybrid WDB system with a single class of users (i.e. with
homogeneous user mobilities), is a rather challenging problem. In particular, we have proven that
the given estimation has to rely not only on the statistics extracted from the unicast requests, but
also on the knowledge of the current broadcast scheduling scheme and the other system and user

behaviour parameters.

In this section, however, by extending on the discussion from Section 2.5, we show that the
estimation of data-item request probabilities in a WDB system with variable user mobilities is a
problem of progressively increased complexity. Namely, we prove that in the presence of
variable user mobilities, the actual knowledge of different mobility patterns is yet another crucial

factor in determining the true data-item request probabilities.

4.3.1 Invisible User Problem under Variable User Mobilities

By employing the assumption of Section 4.2, and based on the analogy with the discussion from
Section 2.5, the expected number of unicast requests for item(i) (i=1,..,M), received by a hybrid
WDB system with k classes of users, in an interval [0,ns(1)), can readily be obtained, as shown in

(4.42).

E[req(0,ns(i),item(i))] = n - E[req(0, s(i), item(i))] = (4.42)
—n- - 9G,1 1 _ aeN alo)st)
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Now, similar as in Section 2.5, (4.42) clearly indicates that the number of received requests for
item(i) is not a straightforward indicator of the item’s actual popularity (p(i)), as this number
turns out to be a non-linear function of the current broadcast scheduling scheme and the specific

nature of users’ mobility.

Lemma 4.2 The expected number of received unicast requests for an item

depends on the actual mobility characteristics of the user population.

On average, there will be fewer received requests for those items that get mainly
demanded by fast-moving users (i.e. users associated with small dwell-time), and
there will be significantly more received requests for those items that get mainly

demanded by slow-moving users (i.e. users associated with large dwell-time),

regardless of the actual data-items’ request probabilities.

Proof of Lemma 4.2

Let us assume that item(i) (i=1,..,M) gets requested by exactly one class of users, e.g. class(k)
users. (Please recall, each class(k) is characterized with its own a(k)=(1-Psyccess)Preattempt(K).)

Under such an assumption (4.42) becomes

E[req(0,ns(i),item(i))] = n - E[req(0, s(i), item(i))] = (4.43)

=n- 96,k | 1 — e NSy |
n PSUCCCSS>\1 _ a(k) {S(l) x* (1 - a(k)) (l € )}

=Py, (1, K) - Fa(k)) - G(a(k)

In (4.43),

1
1-a(k)

F(ak)) = (4.44)
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and

Gla(k) =50) 5z (1) (4.45)

From (4.43), (4.46) is obtained

OE[req(0, ns(1), item(1))]

o =1 P, M, W[ (a(k)G(a(k) + Fa()G' (ak))] (4.46)
where
1
B0 = o)y (4.47)
and
* * (V)N (-2)s() * 1 AN (1-a()st)
G (afky) = -2 2R S@) T+ b (1 e ) (4.48)
(A (1-a()))
_ N (1-a(k)s() +1- e 0
)\* (1 - a(k))2 e)\'(l-a(k))s(i)
Accordingly,
F'(a(k))G(a(k)) + F(a(k))G'(a(k)) = (4.49)
_ 1 )\* (1 - a(k))s(i)e)\‘(l-a(k))s(i) _ e)\'(l—a(k))s(i) +1 N 1 )\‘ (1 _ a(k))S(l) +1- e)\'(l-a(k))s(i) _
(1-a(k))® N (1-a(k))e =0 (1-a(k)  \"(1-a(k))2e™ (-0

_ N (1-a(k)s(i) +2 -+ N OO (A (1-a()s(i) - 2)
)\* (1 _ a(k))3 e)\'(l-a(k))s(i)

A (1-ak)s() +2 + (1 + N (1 - ak))s(i) + %()\*(1 -a(k))s(i) ) + ](x (1-a(k))s(i) - 2)

)\* (1 _ a(k))3 e)\'(l-a(k))s(i)

%(V(l -a(k)s()) +%(>\‘(1 -a(k)s()’ +%(>\‘(1 _a()s()) +...
= = . , ! 2 O
)\* (1 _ a(k))3 e)‘ (1-a(k))s(i)




Chapter 4  WDB Systems with Mixed Platforms and Variable Mobilities

Since based on (49),

OE[req(0,ns(1),item(1))] 50
da(k) -

(4.50)

we conclude that

dwell-time increases = Preacempr(K)/a(K) increases = E[req(0, ns(i), item(i))] increases

and vice versa.

In other words, if an item gets mainly requested by ‘slow moving’ users (i.e. users associated
with a large Preattempt), then on average there will be more requests for this item received through
on-demand connections, than if the item was requested by ‘fast moving’ users (i.e. users

associated with a small Preagiempt), and the other way around.

End of Proof
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4.4 Summary of Main Contributions

In this chapter, we have demonstrated that the theoretical framework presented in Chapter 2 can
be easily extended so as to enable the analysis of hybrid WDB systems with variable user
mobilities. Accordingly, the earlier proposed FBE algorithm can also be readily modified so as to
provide a fast estimation (i.e. approximation) of Sypimat in such systems. Similar as in Chapter 3,
the presented experimental results confirm that the modified FBE algorithm requires minimum

computation, while resulting in performance almost identical to the one based on the true Soptimal-



Chapter 5

Time- vs. Frequency- Division Multiplex
Wireless Data Broadcast’

Overview

As indicated in the preceding chapters, the broadcast scheduling scheme considered in this work
is based on the concept of time-division-multiplexing (TDM). In particular, we assume that the
overall broadcast bandwidth available in a single-cell (this bandwidth is annotated with B
[bit-Hz]?), is entirely allocated to a single broadcast channel, and the data-items are sent

sequentially, i.e. periodically, over this channel (for an illustration see Figure 5.1).

A

Figure 5.1 TDM-based broadcast scheduling scheme

' The work of this section is somewhat related to [Foltz]. However in [Foltz], a simplified scenario of a pure-push
system populated with passive mobile users has been considered.

2 Please note, bit-Hz=bit/s=bps. Hence, we can also refer to B as the overall broadcast datarate.
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Figure 5.2 FDM-based broadcast scheduling scheme

For the completeness of our discussion, however, in this chapter we consider the possibility of
frequency-division-multiplexing (FDM) WDB (Figure 5.2). In particular, we show that for any
given FDM-based broadcast schedule there exists a TDM-based broadcast schedule that results
in a better overall system performance. Hence, by proving the superiority of TDM- over FDM-

WDB, we ultimately justify our initial decision to make TDM-WDB the main focus of this work.

We would like to emphasise, though, that the entire discussion concerning FDM-based WDB is

significant primarily from a theoretical point of view. Namely:

e The idea of FDM-based WDB is built on the assumption that the available broadcast
bandwidth is, i.e. can be, partitioned into a number of arbitrary-size sub-cannels.
However, in most real-world systems, channel size is subject to standardization. Hence,
in these systems, arbitrary bandwidth partitioning, and consequently FDM-based WDB,

turn out to be practically unfeasible concepts.

e Most real-world wireless systems (e.g. mobile-terrestrial networks, satellite
networks, etc.) utilize a single broadcast channel per cell. This channel is typically of
predefined size and location, in the frequency spectrum, and it employs some form of

TDM-based data scheduling.
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5.1 FDM-Based WDB System

5.1.1 System Assumptions

In our analysis of FDM-based WDB systems we assume that both, the system and user-
behaviour model preserve the characteristics as described in Section 2.2, except for the

following:

(1) in the case of an FDM-based WDB system, the overall broadcast bandwidth is divided

into a number of arbitrary-size sub-channels (see Figure 5.2);

(2) each data-item(i) is assigned and repeatedly broadcasted on its own sub-channel(i),

i=1,..,M (see Figure 5.3);

(3) the users interested in retrieving item(i) (=1...,M) find, i.e. tune into, the right broadcast
sub-channel through either of the following two mechanisms:

(3.1) the system selects one of the sub-channels to serve as a ‘bulletin board” (i.e. this
sub-channel repeatedly broadcasts the information about the actual location and
content of all the other sub-channels); hence, by tuning into the ‘bulletin board’
sub-channel, the users quickly learn about the actual location of sub-channel(i)

(3.2) the users search through the sub-channels, either in a random or in an orderly

fashion, until they find sub-channel(i)

(4) a user can start downloading an item only from its starting point, regardless of the
actual time when the user first tunes into the corresponding sub-channel (see Figure

5.3).

Please note, we employ assumption (4) mainly due to the possibility that some data-items
contain time-sensitive information. Namely, subsequent copies of such a data-item could have
slightly or significantly different content, byte/packet size or ordering, etc. Hence, a proper data-

item reassembly would not be possible if one tried to combine bytes/packets from two or more of
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the data-item’s subsequent copies. In addition, any assumption other than (4) would not result in

a fair comparison of FDM- vs. TDM- based WDB systems, as studied in the preceding sections.

f item(i)’s broadcast channel
_____ 7 R - dj=|i/Bi >
Bl B }|[..] item(i) item(i) item(i) [...]
A
i »
I T I | v
i t
e el L i
(1) tune-intime | (2) download | (3) download
i start-time | | end-time
i

o o 11

Figure 5.3 Broadcast data-item retrieval in FDM-based WDB system

5.1.2 ®Broadcast Service Ratio in FOM-WDB System (BRron)

Let us annotate the broadcast bandwidth assigned to sub-channel(i) of an FDM-based WDB
system with B(i) [bit-Hz] (see Figure 5.2 and 5.3), and let us assume that the actual value of B(i)
(i=1,..,M) is subject to optimization. That is, let us assume that the system employs a broadcast
bandwidth allocation scheme® B=(B(1), B(2), .., B(M)), that can dynamically adjust (i.e. the
bandwidth assigned to each of the sub-channels can dynamically change), so as satisfy a given
objective. Here, similar as in the case of TDM-based WDB, we will consider the maximization

of the system’s broadcast service ratio (BRgpm) to be such an objective.

In order to find the actual expression for BRepy, first let us recall that the overall broadcast
bandwidth available in a single-cell FDM-WDB system is B [bit-Hz]. Hence, from the
assumptions of the above paragraph, the constraint (5.1) implies. (Figure 5.2 provides an

illustration for (5.1).)

? A particular broadcast bandwidth allocation scheme is the actual partitioning of the available broadcast bandwidth
into a fixed number (M) of broadcast sub-channels.
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B=iB(i) (5.1)

Next, by recalling that /(i) [bits] represents the size of item(i)* (Section 2.2), the time required for
a single transmission of item(i) on the broadcast sub-channel(i) (as shown in Figure 5.3), can be

found from (5.2).

16)

d()‘B()

(5.2)

(Please note that by employing (5.2) back in (5.1), an alternative form of the FDM-WDB system

constraint (5.1) is obtained, as given in (5.3).)

M l(1)/B
1- Zl a0 (5.3)

Now, based on the analogy with the TDM-WDB case discussed in Section 2.3.2, it can be easily
verified that the expected number of users interested in retrieving item(i), who arrive in the
system in between two consecutive broadcastings of this item on sub-channel(i), i.e. arrive in an
interval [(k-2)-d(i), (k-1)-d(i)), keN (see Figure 5.4), and eventually get served through
broadcasting at time (k-1)d(i) (we annotate this value with ngpm((k-2)d(i),(k-1)d(i),item(i),(k-
1)d(1)), corresponds to (5.4).

%m%m&md®&ﬂd@MMMbnmm:ﬁ%%Uw“W% (5.4)

Please note, for the simplicity of our discussion, here we assume that the bandwidth resources
and/or time required to inform the newly arrived users about the actual location of sub-channel(1)

(i=1,..,M) are negligible. Nevertheless, in Section 5.2.2, we relax this assumption, and discuss

* Here, for the sake of consistency with the preceding analysis of TDM-based WDB systems, we will assume that
the length (i.e. byte/packet size) of each data-item does not change in time.
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the possible drawbacks of FDM-WDB systems caused by unknown sub-channel size and

location.

f
(k-1)** broadcast 4 Pewarivals K™ broadcast
——————————————— !g ? " \s’g -
B| B! copy 1 ...| copy(k-1) copyk | copy(k+1) |...|
< di . R
0 d(i)  (k-2)d(i) (k-1)d(i) kd(i) k+1)d(@)  t

Figure 5.4 Broadcast service in FDM-WDB system — time perspective

Based on (5.4), the expected number of users who obtain item(i) from the broadcast sub-

channel(i), within an entire broadcast schedule (C), can be obtained simply as (5.5).

E o [N (o,c,itema),k-d(i)lk=1,..,m(i)>1=5%%<1—e'”“‘a’d“)) 5.5)

(Here, similar as in Assumption 2.1 (page 33), C is assumed to satisfy the following: for every

dieR" there exists m(i)eN" such that C=m(i)-d(i) (i=1,..,M). For an illustration, see Figure 5.5.)

it C=m(i)-d(i), m(i)eN*
¥B1) Y | item(1) | item(1 item(1) [ item(1) | item(1
B | B . item(2) o . item(2)
B(3)

t

Figure 5.5 Entire broadcast schedule in FDM-WDB system

Consequently, the expected number of users served through either of the broadcast sub-channels,

1.e. served with either of the M items, within C, corresponds to (5.6).
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E[nppy (0,C,item(i),k - d(i) [k =1,..,m(1);1=1,..,M)] = (5.6)

= i E[n;py, (0,C,item(i), k - d(i) |k =1,..,m(1))] =
_ CA > p(i) (1 e—)\'(l-—a)d(i))
N (1-a) G dd)

Finally, considering that CA users are expected to arrive in the system within the entire C
(Section 2.2.2), and E[ngp,(0,C)] of them are expected to be served through either of the

broadcast sub-channels, then the system’s broadcast service ratio is simply (5.7).

E[ngpy (0,C,item(i),k -d(i) | k =1,..,m@1);i=1,.,M)] _

BR =
FDM CN

Z P(l) ] X -0y

)\(1 a) i d(1)

5.1.3 Optimal Broadcast Schedule in FOM-WDB System

Once the expression for BRgpy is known (see (5.7)), the optimal broadcast schedule of a single-

cell FDM-based WDB system can be defined as follows:

Q)qﬁnition 5.1 The optimal broadcast schedule of a single-cell FDM-based

WDB system (Dopﬁma]=(d(1)*,d(2)*,.., dM)") corresponds to the point in RM which

maximizes BRypy. That is,

D

opimar = {D” €R™ 1 BR 5y (D7) = max BR p,, (D), where D =(d(1),d(2),..,d(M)) e R™}
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Here, it is important to observe that although we use the same term ‘broadcast schedule’, both in
the case of TDM-based and FDM-based WDB systems, these two have considerably different
physical meaning. Namely, in the case of TDM broadcast schedule S=(s(1),s(2),..,s(M)), each
element (s(i)) corresponds to the broadcast period associated with one of the data-items.
However, in the case of FDM broadcast schedule D=(d(1),d(2),..,d(M)), each d(i) represents the

broadcast, i.e. transmission, time of item(i) on sub-channel(i) i=1,..,M (see Figure 5.3).

Based on the discussion of the preceding section, and (5.2) in particular, any given FDM
broadcast schedule D=(d(1),d(2),..,d(M)) corresponds to a single FDM broadcast bandwidth
allocation scheme 3=(B(1),B(2),..,B(M)). Hence, once the optimal FDM broadcast schedule, in
the sense of Definition 5.1, is known, the corresponding, and thereby optimal, FDM broadcast

bandwidth allocation scheme can be obtained simply as

B

optimal

~ {(B(1)',BQ)",..B(M)") e R¥ | B()" = d’((ll)) i=12.,M) 5.8)

(Please note, from a practical point of view, (5.8) implies that the problem of determining what
bandwidth should be allocated to sub-channel(i) (B(i)"), so as to maximize the system’s BRrpw,
in fact translates into the problem of finding the optimal broadcast time of item(1) (dg)"),

i=1,..,.M.)

Now, similar as in the case of Sqpimar (see Section 2.4.2), the search for the actual Dptimal, in a
given FDM-based WDB system, goes beyond a simple procedure of finding the maximization
point for BRgpm. Namely, due to the physical constraint (5.3), the search for Dgpiimar turns out to

be a constrained single-objective optimization problem, as stated in (5.9).

maximize BR ., (d(l),d(2),..,d(M))_>\ (11_ 52 38( — g N0y (5.9.2)

subject to Cipy (d(1),d(2),..,dM))=1- 2(1—) = (5.9.b)
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(Note, 1(i)=/(1)/B [time units], in (5.9.b). In practical terms, 1(i)= /(1)/B represents the time that
would be required for the broadcasting of item(i), provided all the available broadcast bandwidth
(B) was allocated to sub-channel(i). In other words, 1(i) corresponds to the broadcasting time of
item(i), as it would be found in an equivalent’ single-cell TDM-based WDB system (see Section

2.4.2).))

Lemma 5.1 Let the time and bandwidth resources required to inform the

users about the location of sub-channel(i) (i=1,..,M), in an FDM-based WDB system,
be negligible. Then, the numerical value of the optimal broadcast schedule in the
given system (Doptimat) is identical to the numerical value of the optimal broadcast

schedule in an equivalent TDM-based WDB system (Soptimal). That is,

Doptimal=soptimal

Proof of Lemma 5.1

Let us recall from Theorem 2.1 (Section 2.4.2) that the problem of finding the optimal broadcast
schedule in an equivalent TDM-based WDB system® (Soptimal=(s(l)*,s(2)*,..,s(M)*)) corresponds

to

maximize BR 5, (5(1),5(2),..,s(M)) = GE a)zp((ll)) 17050 (5.10.a)

subject to Crpom (s(1),8(2),..,s(M))=1- Zl(l) (5.10.b)

’ By ‘equivalent’ we mean a TDM-WDB system with the same overall broadcast bandwidth (B) available.
® Please note, here we use BRypy instead of the earlier BR, so as to make clear that this value corresponds to TDM-
WDB systems.
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A simple comparison of (5.9) and (5.10) reveals that, mathematically, the two problems are, in
fact, identical. Therefore, we can claim that the numerical values of their respective solutions
(Doptimal and Septimar) must be equal. (Please recall, in Theorem 2.2, the uniqueness of the solution
to (5.9), i.e. (5.10), is proven. However, in Theorem 2.3 it is shown that no closed from

expression for such a solution exists.)

End of Proof
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5.2 FDM- vs. TDM- MADB System Performance

5.2.1 Idealized FDM-WDB System Assumptions

In the preceding sections, we have considered an idealized single-cell FDM-WDB system
scenario, in which mobile users interested in retrieving item(i) (i=1,..,M) get instantaneously
informed about the location of sub-channel(i), once they enter the system. Also, we have proven
that under such conditions, the problem of finding the optimal FDM broadcast schedule (Doptimat)
turns out to be mathematically identical to the problem of finding the optimal broadcast schedule

in an equivalent TDM-WDB system (Soptimal), and thereby Dptimai=Soptimal. Consequently,

BR ot (D gptimat ) = BRapg (St ) (5.11)
Hence, it is to expect that the performances of the two systems (FDM- and TDM- based), with
respect to the overall broadcast service ratio, is the same. Still, in terms of the overall service
time (ST), the performance of the TDM-WDB system appears to be considerably superior, as

illustrated in Figure 5.6 and stated in (5.12).

I()=Ai)/B
S(i) > (i)
TDM'WDB: B [bltHZ] I item(i) L1 item(i) smn item(i)
......... , ’ y >
! waiting + service time | t
Dl L]
arrival time end of broadcast service
7 S deiy’ , aeiy
B [bitHZ] 3 e 0 R
FDM-WDB: 8y bitHz) § 1 o) i ftem(i) ]
""" ¥ 5 x >
L waiting + service time L t
[d >
arrival time end of bro'adcast service

Figure 5.6 Overall broadcast service time in TDM-based and FDM-based WDB system
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e — e

ST rom (Soptima ) < STeom D optiar) (5.12)

Namely, since Doptimai=Soptimal, 1.€- d(i)*=s(i)* (i=1,..,M), a randomly arrived user, interested in
retrieving item(i), on average would have to wait the same amount of time until the beginning of
the next item(i)’s broadcasting, in either of the two systems. However, once the broadcasting of
item(i) begins, the entire transmission of the given item would take only 1(i)= l(i)/B<s(i)* time
units in the TDM-WDB system, while in the FDM-WDB system it would take the full d(i) =s(i)’

time units (see Figure 5.6).

5.2.2 Realistic FOM-WDB System Assumptions

As indicated earlier, the assumption of negligible ‘sub-channel tune-in time and/or resources’, in

FDM-WDB systems, may not hold in reality, due to the following reasons:

e Users that join the system for the first time may not be aware of the overall number of
broadcast sub-channels, their individual location in the spectrum, size, and content. Thus,
as stated in assumption (3) of Section 5.1.1, it would take some time for these users (i.c.
their end devices) to perform the search and find a particular sub-channel. Optionally,
though, the system could facilitate, i.e. speed up, the users’ search by dedicating a portion

of the overall broadcast bandwidth to the so-called ‘bulletin board’ sub-channel.

e As the system parameters change, the values of d(i) (i=1,..,M) would have to change
accordingly, so as to maintain BRgpy at its maximum (see (5.9)). As a consequence, the
position and size of individual sub-channels (B(1)=/(1)/d(i), i=1,..,.M — see (5.2)) would
not remain the same. Therefore, even the users that have been previously served through
broadcasting might still require the assistance of the ’bulletin board’ sub-channel, in

order to quickly learn about the latest broadcast bandwidth allocation scheme employed.

From the above examples, it is clear that the presence of a bulletin-board sub-channel, in an

FDM-WDB system, could substantially reduce the users’ tune-in time and, accordingly, improve
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the overall waiting time. Note, however, even for tune-in time — 0, the discussion from section
5.2.1, concerning the superiority of TDM-WDT over FDM-WDB with respect to service time
(ST), still applies. Nevertheless, while providing improvement in the tune-in time, the utilization
of the bulletin board sub-channel could have some drawbacks, including a lower upper bound on

the system’s broadcast service ratio (BRgpwm).

Lemma 5.2 Let B [bit-Hz] be the overall broadcast bandwidth available

in a FDM-WDB system, and let By, [bit-Hz] (0<Bw,<B) be the fraction of B allocated
to the bulletin board sub-channel. Then, the maximum broadcast service ratio of such
a system (max BRrpwm bb) is always less than the maximum broadcast service ratio of
an equivalent FDM-WDB system with no bulleting board sub-channel (max BRrpwm).
Consequently, max BRgpm b is always less than the maximum broadcast service ratio

of an equivalent TDM-WDB system (max BRpwm). That is

max BRrpm by < max BRrpy = max BRrpm

Proof of Lemma 5.2

Due to the utilization of the bulletin board sub-channel, the effective broadcast bandwidth of the
FDM-WDB system gets reduced to

B.;. =B-B,, (5.13)

effective
Hence, from (5.13) and based on the analogy with the idealized FDM-WDB system scenario
studied in Section 5.1.3, the optimal broadcast schedule of the given system can be obtained as a

solution to the following optimization problem.
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maximize BR 1y 4 (4(1),d(2),..,d(M)) = )\,,(11_ 5 _M 38 (1—e X020y (5144

S b —_1_ S l(i)/Beffective - 5 14b
ubject to C oy o (d(1),d(2),..,d(M)) =1 Z—————_d(i) =0 (5.14.b)
i=1

(Please observe, the objective function in (5.14) remains the same as in (5.9). That is,

BR oy 1 (d(1), d(2),..,d(M)) = BR gy, (d(1), d(2),.., d(M)) (5.15)

However, Befrective 1n (5.14.b) replaces the earlier B in (5.9.b).)

Through a simple rearrangement of (5.14.b) (see (5.16)), and by annotating Berective/B With D,
(5.17) and, subsequently, (5.18) are obtained. (Note, Begrective™0, B>0, Beffective<B 1mply 0<D<1.)

Cronen (A1), 42D, dOM) = — (BB -3 (;)(i/)B] ~0 (5.16)

effective

Crpum_w (d(1),d(2),..,d(M)) = _[ Z (5.17)

Q..
\/‘
Ny’
II

1 M
Coom b (d(1),d(2),..,d(M)) = B{D -1+ |: Z‘&L:D (5.18)
Since 0<D<1, it is clear that (5.18), and consequently (5.14.b), will hold if and only if (5.19)
holds. Accordingly, (5.19) could server as an alternative to (5.14.b).

M

16 _,_
Zd = (5.19)
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Thus, based on (5.19), (5.14) can be transformed to a mathematically equivalent problem, as
shown in (5.20). (Note, in the proceeding discussion, we will annotate the solution to (5.20), i.e.

(5 . 14): with Doptimal_bb-)

maximize BR s (A1), 4(2) M) = 3 — )258 e M I0) (5909

M
subject to Zd—) - (5.20.b)

A simple comparison of (5.20) and (5.9) shows that the main difference between the problems of
finding the optimal broadcast schedule in an FDM-WDB system with the bulletin board sub-
channel (Doptima bb) and finding the optimal broadcast schedule in an idealized FDM-WDB
system, i.e. system with no bulletin board sub-channel (Dgpimi), lies in the nature of their
respective constraints — (5.20.b) and (5.9.b). Namely, while in (5.9.b) it is required that Dpimal

satisfies

M

1(3)
— 5.21
246 (5.21)
here in (5.20.b) (due to 0<D<1) it is required that Doptimar_vb Satisfies

16)
1- Z 1 (1) (5.22)

In other words, while Doptimai should lie on the boundary of (5.23), Doptimal vb Should lie in its

interior.

5 1)
ZE a0 (5.23)
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Now, from this, based on Theorem 2.1, and by recalling that BRrpm(D)=BRrpm vp(D) (see
(5.15)), we obtain

BR ot o6 (D opimat o6 ) < BR ey (D gptimar ) (5.24)

Hence, (5.24) clearly indicates that the maximum achievable BR in an FDM-WDB system with a
bulletin board sub-channel will always be less than the maximum achievable BR in an equivalent
FDM-WDB system with no bulletin board sub-channel present. Consequently, based on Lemma
5.1, this implies that max BRgpm su(D) will also always be less then the maximum achievable

BR in an equivalent TDM-WDB system, as indicated in (5.25).

BR FDM_bb (D optimal_bb ) <BR TDM (Soptimal ) (525)

End of Proof
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5.3 Summary of Main Contributions

In this chapter we have introduced the concept of frequency division multiplexing WDB, and we
have studied two particular types of FDM-WDB systems:
(D idealized — with negligible time that mobile users spend searching for a
particular broadcast sub-channel (the-so called tune-in time);
2) realistic — with a bulletin board sub-channel, which is intended to minimize

the actual users’ tune-in time.

We have proven that the performance of both FDM-WDB system types is inferior compared to
the performance of WDB systems that employ time division multiplex (TDM) scheduling on the
broadcast channel (i.e. TDM-WDB systems). In particular, we have shown that TDM-WDB
systems outperform idealized FDM-WDB systems in terms of service time (ST), while TDM-
WDB systems outperform realistic FDM-WDB systems both in terms of service time (ST) and

broadcast service ratio (BR).



Chapter 6

Multicell Hierarchical
Wireless Data Broadcast Systems

Overview

The content of this chapter is organized as follows:

Section 6.1 First, we introduce the concept of ‘hierarchical cell structure’ (HCS)
and discuss the numerous advantages associated with the utilization of HCS as a design
model for multi-cellular wireless/mobile networks.

Section 6.2 Next, by extending on the ideas from Chapter 2 and employing the
main principles of HCS, we propose a model of hierarchically organized multi-cell WDB
(HWDB) systems with user retrials.

Section 6.3 In Section 6.3, we show that the search for the optimal broadcast

schedule (Soptimai) In an HWDB system exceeds the complexity of the corresponding
problem as found in an equivalent single-layer WDB system. However, by exploiting our
earlier obtained approximate closed-form expression for single-cell Sqpimar (see Chapter

3), we show that the given problem can be considerably simplified. Subsequently, we
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propose an algorithm for a fast approximation of Sypima in HWDB systems. Through a

series of test-cases, we prove the efficiency of the given algorithm.

Section 6.4 Finally, in Section 6.3, we conduct a comparative theoretical analysis

of single-layer WDB v.s HWDB systems. The results of this analysis show that the
higher operational cost of HWDB systems, compared to the cost of their single-layer
counterparts, is well justifiable, as HWDB systems ultimately provide considerably

superior performance in terms of the overall throughput, QoS, and GoS.
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6.1 Hierarchical Cellular Structure (HCS)

Among the many challenges faced by today’s wireless mobile data networks, the following three
seem to be the most significant ones: 1) efficient utilization of scarce radio spectrum so as to
provide coverage in sufficiently large areas, 2) maximization of system capacity, 3) provision of
equal QoS and GoS to users of different mobility characteristics. Recently, hierarchical cellular
structure’ (HCS) has been proposed as a design model for wireless/mobile networks. Numerous
studies have shown that HCS-based networks have the capacity to simultaneously achieve all of
the above-mentioned goals, thus providing performance considerably superior to the

performance of single-tier cellular systems.

¢ micro cell |

picocell
I e B

Figure 6.1 Hierarchical cellular structure

Hierarchical cellular structure (see Figure 6.1) consists of two or three layers of overlaid cells,
with the lowest layer in the hierarchy corresponding to the physically smallest (pico) cells. The
major advantage of HCS over a single-tier structure lies in the overlapping arrangement of
pico/micro/macro cells. Such arrangement allows that traffic loads are shared among the tiers, so

as to improve the overall system performance.

In general, small cells of HCS are used to

' Another commonly used name for HCS is multi-tier cellular structure.
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e obtain greater spectral reuse;
e provide coverage to those points that larger cells cannot reach due to natural or man-
made obstacles;

¢ allow the use of low-power lightweight handheld mobile devices.

On the other hand, large cells are used to

e provide additional (overflow) channels for clusters of small cells when heavily loaded,
e cover larger areas with low-cost implementation;
e cover spots that are difficult for radio propagation in small cells;

e support fast moving users (e.g. vehicles on highways) while requiring fewer handoffs.

(For a detailed overview of HCS see [Ortigoza-Guerrero].)

6.1.1 HCS in Cellular Mobile (PCS) Systems

Previous research works regarding HCS have mainly focused on frequency/channel allocation
and mobility handling in PCS networks, i.e. cellular mobile systems. Here, we review a few

related problems, together with the corresponding solutions proposed.

1) In HCS PCS systems, new/handoff calls, i.e. users, are directed to the appropriate tier based
on their speed. (Typically, lower tiers accommodate low-mobility users, while upper tiers
accommodate high-mobility users.) In case of congestion, though, if there are no available
channels on the preferred tier, the call will be directed to the other (un-preferred) tier. This
phenomenon is called call-overflow. However, a problem arises if there are no available
channels in the corresponding micro- and macro- cells of both, the preferred and un-preferred
tier. In [LinKJ], a new channel sharing strategy, the so-called vertical load-sharing, is
proposed. According to this strategy, when a channel request arrives to a microcell, for

example, if both the micro- and corresponding macro- cell have no channels available, the
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2)

3)

4)

macrocell forces one of its calls to one of the other (n-1) microcells, in order to vacate a
channel. The presented results indicate considerably better performance of the given strategy,
over the existing channel-sharing schemes, with respect to call blocking® and call dropping’

probabilities.

In [Mihailescu], a performance comparison of non-reversible and reversible HCS PCS
systems is presented. (In non-reversible HCS systems, MUs once directed towards the
macrocell level do not return to the microcell level. In reversible systems, on the other hand,
MUs can be re-directed from macro- to micro- cell level either upon entering a new
microcell, or as soon as a resource is released in the associated microcell.) The presented
results suggest that the reversible HCS systems provide better performance in terms of

offered traffic and new call blocking probability, particularly for high-mobility users.

In [Han] the problem of channel allocation for multicast service in HCS (i.e. two-tier)
cellular systems, consisting of N micro- and a single macro- cell, is considered. The study
and results presented in the paper show that if the overall number of channels is limited, then
a special method should be employed when deciding which of the two layers is more
appropriate for the support of a given multicast group. In particular, the system performance
with respect to channel efficiency and blocking probability can be significantly improved
provided multicast traffic associated with microcell groups’ of large sizes gets

accommodated by the microcell layer, and vice versa.

According to [Ekici], there is a certain cost associated with the utilization of every micro, i.e.
macro- cell channel in an HCS network. Consequently, an HCS network design is considered
optimal if it minimizes the overall system cost, while preserving call blocking and call
dropping probabilities below certain level. Hence, the optimal HCS network design problem

turns out to be a constrained minimization problem. In [Fkici], Simulated Annealing (SA) is

2 A new call is blocked if it cannot be served due to the lack of available (free) channels [Ekici].

> When a handoff call cannot find a free channel in the new cell, the call terminates forcefully. This situation is
called call dropping [Ekici].

* According to [Han], microcell group size represents the number of microcells in which users belonging to a
specific multicast group exist.
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proposed as the most appropriate algorithm for solving the given type of constrained
minimization problems, and SA’s superiority over some other numerical estimation

techniques is demonstrated.

6.1.2 HCS in Satellite Systems

The main ideas related to HCS are applicable to satellite systems, as well. For example, in
[Ercetin], the satellite-terrestrial system is envisioned as a two-tier hierarchy, and the issue of
broadcast data delivery in such a system is discussed. In particular, according to the concept
proposed in [Ercetin], the main server in the upper tier of the hierarchy forwards the information
items, via satellite, to the geographically distributed terrestrial base stations. In the lower tier,
each terrestrial base station (BS) has the capacity to store only some of the items transmitted.
Thus, at every satellite transmission the terrestrial base stations must decide whether to keep the
transmitted item or not. Based on the experimental results presented in [Ercetin], the lowest
possible average latency observed by the users is obtained provided the terrestrial BSs’ cache

management intelligently employs the knowledge of the satellite broadcast scheduling scheme.

6.1.3 Hierarchical Service Discovery Service in Networks of

Pervasive Devices

According to our knowledge, no published research work has explored the idea of a direct
implementation of HCS in networks of pervasive devices. However, in several research papers
the utilization of another form of hierarchy (i.e. chain-like hierarchy) for the purpose of
optimized service discovery service (SDS) in networks of pervasive devices has been proposed

(see [Czerwinski] and [Nidd]).
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SDS in networks of pervasive devices has a twofold function [Gribble]. On one side, it provides
a mechanism by which services can announce their presence in the infrastructure. On the other
hand, it provides a mechanism by which both human users and programs can locate these
announced services across the wide area. (In both mechanisms, SDS servers play a key role, i.c.
they are the ones who solicit information from the services and then use it to fulfill client
queries.) As mentioned previously, networks of pervasive devices are generally envisioned as
highly dynamic systems, with thousand of users simultaneously attempting to obtain service,
using low-cost, low-power end devices [Gupta]. Hence, in such systems, it is crucial that SDS
servers are able to automatically discover other running SDS servers, negotiate a hierarchy to
chain themselves together, and propagate service announcements / user queries across the

hierarchy, so as to achieve the optimal load balancing [Gribble].

The benefits of organizing a group of SDS servers into a chain-like hierarchy are undoubted.
However, we believe that the main concepts of HCS, i.e. pyramidal-like hierarchy, are
applicable to SDS infrastructure as well. Accordingly, the actual implementation of HCS for the
purpose of SDS in networks of pervasive devices could provide improvements similar to the

ones obtained in case of PCS networks (see Section 3.1.1).

6.1.4 Wireless Data Broadcast in HCS Systems

The previous research works on wireless data broadcast have almost exclusively focused on
single-cell, i.e. single-tier, wireless systems® (see Chapter 1). On the other hand, as indicated in
Section 3.1.2, HCS has already become a preferred form of cell organization in wireless
networks, due to its numerous advantages over the single-tier cellular structure. Thus, the
problem of optimized WDB in a multicell HCS-based system appears to be rather important,

however still unexplored research area.

* According to our knowledge, [Ercetin] is the only published research work that deals with WDB in a hierarchically
organized wireless system.



Chapter 6  Multicell Hierarchical Wireless Data Broadcast Systems

In the remainder of this chapter, we give our contribution to the subject of WDB in multicell
HCS-based environments. In particular, by extending on the discussion from the preceding
chapter, first we propose a model of a hybrid multicell HCS-WDB system. Consequently, we
consider the problem of optimal broadcast scheduling scheme in such a system, and compare its
performance against a single-tier structure composed of an equal number of independent

generalized WDB cells.
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6.2 Model of Hybrid Hierarchical WADB System

Our model of hierarchical wireless data broadcast (HWDB) systems is built upon the following

assumptions:

micro-cell

g

Figure 6.2 Two-layer hybrid HWDB system

The system consists of an arbitrary number of pico-cells overlaid by a single micro-cell, as
illustrated in Figure 6.2. The pico-cells are used to ensure the capacity over smaller areas and to
serve as ‘entry points’ in the system’. The micro-cell is used to provide additional coverage. A
single broadcast and a number of unicast channels are assigned to each cell, at both levels of the

hierarchy.

The set of data items available to mobile users through the broadcast and unicast channels is
finite {item(i)[i=1,..,M}. The items are categorized in three groups, with respect to the current
broadcasting policy:

1) items that get broadcasted at the micro-cell level only;

2) items that get broadcasted at the pico-cell level only;

3) items that do not get broadcasted at all, due to their low request probabilities.

(Note, we assume that the broadcasting of an item at both levels of the hierarchy is somewhat

redundant. Thus, an item can appear on the broadcast channel of either pico- or micro- cell only.)

® A MU can get accepted in the system and request unicast service only by communicating with the nearest pico-
cell’s base station (i.e. pico-cell access point). In other words, a MU does not access the micro-cell resources
directly. However, once accepted for service through the pico-cell level, the MU can be re-assigned to one of the
micro-cell unicast channel.
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The behaviour of individual users follows the model presented in Figure 6.3. This model extends

upon the realistic-impatient MU behaviour model that has been presented in Chapter 2.

{/' arriveina
“\\ pico cell

7

. wait At (exponentially distributed)

‘ time units for wanted |
—p  item or its ‘pointer’ to appear on the

' nearest pico cell broadcast ch.

v

/"/ item retrieved through the N .
“~\ pico cell's broadcast ch.? -

v NO

YES

L ~ ‘pointer’ to item retrieved through ™. > obtain item from the pointed
h the pico cell’s broadcast ch.? ‘ Y/ES micro cell's broadcast ch.
¥ NO v
make an attempt to obtain item " leave the ™
through unicast channels . system i
¢ S
" succeeded in seizing a unicast o

ining item? 7
channel, and obtaining item YES with probability

NO with probabilityl Psuccess

YES with probability | NO with probability
Preattempt (1'Preattempt)

Figure 6.3 Realistic-impatient MU behaviour model in HWDB system

According to the model in Figure 6.3, every MU who appears in the system wants to retrieve a
single item, and as soon as the item is obtained the MU leaves. Upon arrival in the system, MUs
first tune into the broadcast channel of the nearest pico-cell, hoping to retrieve the desired item
or the corresponding data pointer from there. Data pointers are used to inform MUs about the
items that can be retrieved from the micro-cell broadcast channel. In particular, a data pointer

contains the information regarding the exact location (frequency/slot) where the corresponding

6-10
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item could be found.” (The illustrations concerning the two possible data retrieval scenarios are
provided in Figure 6.4 and 6.5.) However, as there is a chance that the given item is not included
in the current broadcast schedule of either level in the hierarchy, the MU occasionally attempts to
seize one of the point-to-point channels, and retrieve the desired information on-demand. These
attempts are made in intervals of At seconds, where At is an exponentially distributed random
variable with the mean 1/A". On each attempt the MU acquires a point-to-point connection with
probability Pgyccess. On each failed attempt the MU gets impatient and leaves the system with
probability (1-Preattempt)-

pico-cell broadcast channel

| |item(i)| item(i) | ]

|
H
v
My

Figure 6.4 Data retrieval through pico-cell broadcast channel

micro-cell broadcast channel Retrieval procedure:

item;(i
I I . '()l I ] (1) MU captures ‘data pointer’ from the lower level
; broadcast channel. (‘Data pointer contain information
. 7 regarding the physical/logical location (i.e. frequency/slot)
pico-cell broadcast channel of the higher level broadcast channel where the actual data
|DP(i)| ,item(j) | J (i.e. item) can be found
f" (2) MU tunes into the pointed broadcast channel of the
M, ,@ higher level cell, and retrieves the requested item from
¥ there
Mui NOTE: dp(i)<<I(i)

Figure 6.5 Data retrieval through micro-cell broadcast channel

A MU of pico-cell(j) requests item(i) with probability p(i,j) (i=1,..M, j=1,..,N), where X2 p(i,j)=1

at any point in time. Thus, if the MU arrivals in the system follow a Poisson process with rate A,

7 From the queueing theory perspective, the hybrid HWDB systems belong to the group of referral queueing systems
[Marianov]. In these systems, users cannot obtain service from a higher-level server, unless a low-level server refers
them to it.
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then based on the splitting property [Banks], the arrival of MUs requesting item(i) in pico-cell(j)
is also a Poisson process with rate A(i,j) (i=1,..M, j=1,..,N). Item(i), i.e. the corresponding data
pointer, is scheduled to appear on the broadcast channel of pico-cell(j) every spico(i,j) time units
(1=1,..,M, j=1,..,N) (i.e. equal-spacing broadcast is assumed - see Appendix 1), where spico(i,j) is a
real value in the range [0,+o0). Once item(i) or its data pointer appear on a pico-cell broadcast
channel, all the corresponding MUs, which need item(i) and happen to be in the waiting phase of
the retrieval cycle, are served simultaneously. (Please note, however, there is a qualitative
difference between the two cases. If item(i) itself appears on the pico-cell broadcast channel,
then the MUs leave the system immediately after the item gets retrieved. On the other hand, if
item(i)’s data pointer appears on the pico-cell broadcast channel, the MUs need to tune into the
micro-cell broadcast channel and retrieve the actual item from there, before leaving the system

(see Figures 6.3 and 6.5).)

Remark 6.1 Let us assume that data-item request probabilities (p(ij),

i=1,..,M, j=1,..,N), with respect to each pico-cells of a hierarchical WDB system are
known. Then, as the results presented in Chapter 3 show, there is a simple procedure
for identifying which of the given items are worth of broadcasting with respect to the
pico-cell(j)’s broadcast service ratio BR, and accordingly the overall system’s
broadcast service ratio (HBR).® Furthermore, as proven in Chapter 3, it is

mathematically justifiable to do the following substitution’

p(_l—".])., if item(i) is worth of broadcasting in pico — cell(})
5new (19 _]) = 29\4 p(l’ .])
0, if item(i) is not worth of broadcasting in pico — cell(})

¥ See FEB algorithm in Figure 3.3.

° Here, analogous to the discussion from Chapter 3, M, represents the set of items identified as worth of
broadcasting in pico-cell(j).

6-12
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Remark 6.2 In the remainder of Chapter 6 we assume that the data-item

request-probabilities f)(i,j) (i.e. p(i,))=1() E(i,j)), i=1,..,M, j=1,.,N, in fact correspond
to the substitute values as stated in Remark 6.1.° Hence, for those items that

correspond to }_)(i,j);tO (i.e. p(i,)#0), the following also holds

16) _ X
PA.) N(-a)

Consequently,

dp < X
P N(1-a)

must hold as well, since dp<<I(i), i=1,..,M. In practical terms the above inequalities

suggest that as long as an item satisfies the criterion of being broadcasted in a given

pico-cell, inherently its data-pointer will satisfy the same criterion as well.

Here and in the proceeding discussion, r(j) is used to annotated the fraction of users who appear

in pico-cell(j). Accordingly, E(i,j) annotates the renormalized request-probability of item(i) with

respect to pico-cell(j), i.e. 13(i,j)=p(i,j)/r(j).

' In other words, we assume that data-item request probabilities have been ‘pre-processed’ using FBE algorithm.
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6.3 Optimal Broadcast Schedule in HWDB Systems

6.3.1  Optimal Broadcast Schedule in HWDB Systems —
Approximate Closed-form Solution

Let us assume that a hybrid HWDB system, as described in Section 6.2, is composed of N pico-
and a single overlaying micro- cell. Furthermore, let us assume that a fixed number of items (L)
are broadcasted at the micro-cell level, while their data pointers together with the remaining (M-
L) items are broadcasted at the pico-cell level. (Please note, here we assume that only the number

of items broadcasted at either level is known, not the items themselves.)

Definition 6.1 HWDB System Broadcast Service Ratio (HBR) is a real

number HBR €[0,1] which represents the expected fraction of users who arrive in the

system'' and get served'? through either of the broadcast channels within an interval

of length CeR [time units], where C satisfies Assumption 6.1.

Assumption 6.1 For every syico(ij)€R there exists a k(i,j)eN such that C=k(i,j)-Spico(Lj),
(i=1,..,M, j=1,..,N).

In practical terms k(i,))=C/spico(1,)), represents the number of times that item(i) appears on the
broadcast channel of pico-cell(j) within C time units. Similarly as in Chapter 2, we will refer to C

as the duration of an entire broadcast schedule.

'" Here, we assume a system of the generalized HWDB type, as defined in Section 6.2.

'> We assume that a MU gets served as soon as he retrieves either the requested item itself, or the corresponding
data-pointer from the nearest pico-cell broadcast channel.
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In order to obtain the expression for HBR, first we need to determine the overall number of MUs
who arrive in the system and get served through either of the broadcast channels within C. Based
on the results from Chapter 2 ((2.31) in particular), it can be easily verified that expression (6.1)

represents the expected number of MUs served through the broadcast channel of pico-cell(j)

G=1,..N).

E[nBR_pico—cell(j) (O C ltem(l) m-s (1’ .]) I m = 15"5k(i5 .])9 1= la’M)] = (61)
CNJ) Z pG, J) o X1t

- X(l_a) i=1 Sp]co(l .])

pico

For better understanding of the above expression, let us annotate the fraction of users who appear

in pico-cell(j) with r(j), where

r(j) = Zp(i, ) 3=L..N (6.2)

Then, A(j)=Ar(j) of (6.1) represents the user arrival rate with respect to pico-cell(j), while E(i,j)=

p(i,j)/r(j) of (6.1) represents the renormalized probability of item(i) being requested by a MU
from pico-cell(j) such that iﬁ(i, P=1.

i=l

Based on (6.1), the expected overall number of MUs served through either of the broadcast

channels is simply

E[n . (0,C item(1),m-s(,j) | m =1,..,k(1, ));1=1L..,M; j=1,.,N)] = (6.3)

N
= ZE[nBR_pico_ceu(j) (0,C,item(i),m- S pico (1,))Im=1..,k@{4,j);1=1,..,M)]
j=1

i CN)) i p(, J) Ny
YN (1-2) T s G J)

By employing the following substitution, A(j) f)(i,j) =A1(j) p(i,)) / r(G) = A p(i,)), (6.3) becomes

6-15
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E[nHBR (0,C,item(i),m-s(i,j) | m=1,..,k(4,j);i=L.,M; j=1,.,N)] = (6.4)

ZZ p(i, J) e—x‘(l—a)s.,im(i,j))

)\ (1 a) j=1 i=l Sp]co(1 .])

Considering that CA users are expected to arrive in the given HWDB system within the entire C,
and E[n g, (0,C,item(i), m-s(i, j) | m =1,..,k(i, j);i=1,..,M; j=1,..,N)] of them are expected to be served

through either of the broadcast channels, then

p(, J) N (1-8)8 5 (. J)
HBR = g N Dy (6.5)
)\ (1- );;Splm(l J)

It is interesting to observe that in (6.5) only the values of pico-cell broadcast periods (Spico(1,]),
i=1,..,M, j=1,..N) figure as the optimization variables. In other words, the actual value of HBR
turns out to be independent of the micro-cell broadcast schedule (Smicro(1), i=1,..,L.). This result
should not surprise, however. Based on the assumptions from Section 6.2, as soon as a user
receives the requested data-item, or the corresponding data-pointer, from the nearest pico-cell
broadcast channel, the user is considered ‘served through broadcasting’ from the system’s point
of view."> With this in mind, it seems reasonable to expect that the overall fraction of users
served through broadcasting (HBR) mainly depends on the efficiency of the pico-cells’ broadcast
schedule, as depicted in (6.5). It should be noted, however, that while the efficiency of micro-cell
broadcast schedule does not play a significant role with respect to HBR', it can affect some
other HWDB system performance measures, including the average user waiting time (WT). For
example, users that receive a data-pointer from the pico-cell broadcast channel, in place of the

actual data-item, still need to wait for the given item to appear at the micro-cell broadcast

" By receiving a data-pointer, the user does not get served instantaneously. Nevertheless, he ceases to make further
unicast attempts at that point, and tunes into the micro-cell frequency/time slot, specified by the data-pointer, in
order to retrieve the actual data item from there.

' 1t can be easily verified that the micro-cell broadcast schedule does not appear in the expressions for UR, LR, RP,
WP either.

6-16
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channel'’. Clearly, the overall waiting time of these users is directly affected by the efficiency of

the micro-cell broadcast channel.

In our analysis of hierarchical WDB systems we consider the broadcast service ratio (HBR) as
the performance measure of primary interest. Hence, in the remainder of this section we present
the procedure for finding the set of optimal pico-cell broadcast periods with respect to HBR, i.e.

the set of pico-cell broadcast periods that can ensure the maximization of (6.5).

Based on the analogy with the single-cell WDB based system, the problem of finding the
broadcast scheduling scheme which can ensure the maximization of HBR (Soptimal), While

satisfying the system’s physical constraints, can be stated as follows:

- o : 1 $w plh)) X (1850 ()
maximize HBR(s (,j)]i=1,.,M,j=1,.,N)= —— ——=—(1-¢ ") (6.6.a
P )\ (1—a)iz=;§spico(la.]) ( )

biectto Ci(s.. (i,j)]i=1,..,M) ZL: d i M 1 0, j=1..N  (6.6b)
subj j ico \ 9 =L = .. . 1=V =1,.., -0.
! ’ i=1 Spico (13 .]) i=L+1 Spico (1’ J)

Ny =1
subject to CNH(Smicm(l)Il=1,..,L)=Z (1)(,) -1=0"1° (6.6.c)
i=1 Smicro\1

In (6.6), dp represents the seize of data pointer in [time units], and it is obtained as dp=dp/r,
where dp is the size of data pointer in [bits] and r is the broadcast channel data rate in [bps]. Each
of the N equality constraints in (6.6.b) is associated with the limited capacity of the

corresponding pico-cell(j) broadcast channel, j=1,..,N, while the constraint in (6.6.¢) is associated

' Note, the character of waiting changes once the user receives the data-pointer. Namely, the data-pointer carries the
information about the location and time where/when the actual data-item will appear at the micro-cell broadcast
channel. Hence, between the time of receiving the data-pointer and the time of the data-item’s delivery, the user’s
end device can switch to ‘sleep mode’ and thereby significantly reduce its battery consumption.

'® Please observe, constraint (6.6.c) is not a function of the optimization variables syo(1,j), (i=1,..,M, j=1,..,N).
Hence, it could be entirely omitted.
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with the limited capacity of the micro-cell broadcast channel.!” Also, as indicated earlier, L out
M items are assumed to be broadcasted at the micro-cell level, and only their data pointers of
size dp [time units] are broadcasted at the pico-cell level. All data pointers as assumed to be of
the same size, i.e. dp<<l(i) for every i=1,..,M. Hence, the lengths of only those items that actually

occupy the pico-cell broadcast channels’ bandwidth (I(i), i=L+1,..,M) appear in (6.6.b).

According to the Lagrange Multiplier theory [Bertsekas], SoptimaleRMXRN that maximizes (6.6.a)
under the constraint (6.6.b) and (6.6.c) can be obtained as the solution to the set of differential

equations given in (6.7), i.e. (6.8).

N
VHBR(s 0, G, ) |1 =1,.,M, j=1,.,N)+ > K, - VC (5,5, (i, ) |i=1,.,M,j=1,.,N)=0 (6.7)

=1

SHBR(s,. (i,j)|i=1,,M,j=1,.,

as pico (15 J)

0C;(8 e L D [1=1,.., M) _
aspico (15 J)

pico

N) o . .
+ YK, 0, i=1,.,M, j=1,,N (6.8)
j=1

In (6.7) and (6.8), Kj, j=1,.,N are unknown scalars — Lagrange Multipliers. Also, in these
equations we omit writing the constraint (6.6.c), as Cn+; is not a function of the optimization

variables spico(1,)), (1=1,..,M, j=1,..,N).
By employing the actual expressions for HBR and C; (j=1,..,N), (3.8) gets transformed to

~N"(1-2)s gy (i ) s =N (1-2)8 i (i)

i ) N (1-a)e - (1,j)-1+e
Ij(l:_]) ( ) plfo(‘ 2.]) K, dp -— =O’ i:l’_"L’ j:l,,,,N (693)
)\ (l-a) Spico(l’_]) Spico(ls.])
N c—)\'(l-a)splw(i,j) s (i3 _l+e—>\'(l-a)sp.w(i,j) (i
)\}3?1,])) (1-2) p(nfo(.)zJ) K, El) = =0, i=L+1,.,M,j=1,.,N (6.9.b)
-a Spico L] Spico L]

' In this particular case, the micro-cell bandwidth constraint (6.6.c) is not a function of the optimization variables
Spico(1,]), (i=1,..,M, j=1,..,N). Hence, it could be entirely omitted from (6.6).
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Note, (6.9.a) corresponds to spico(i,])-s of those items that get broadcasted at the micro-cell level,
while (6.9.b) corresponds to spico(1,))-s of the data-pointers associated with the remaining (M-L)

items that get broadcasted at the pico-cell level. By rearranging (6.9), (6.10) is obtained.

pS,J) ()\*(1 ) a)e—)\‘(l-a)spim(i’j) S o (l,_]) 1+ e,)\'(l-a)spico(i’j) ): Kj)\*(l - a), i=1,.,L, J =1,..,N (6108,)

RO f\: (1 g g (6 )14 e P | KN (1ea), §=L41,M, j=1,,N (6.10))

1(1) pico
Clearly, (6.10) cannot be transformed any further, so as to obtain closed form expressions for
Spico(iy)) (i=1,..,M, j=1,..,N) that satisfy (6.6). However, in the proceeding analysis, by employing

the results presented in Chapter 3, we derive an approximate closed-form solution to (6.6).

In particular, based on the discussion from Section 3.2.2 and Remark 6.2 (see pp. 6-13), the

following function approximation can be employed for every element of (6.10).

N(1-a)e OO ) —14 e ) (1 a)s o (), 1= 1M, j= 1N (6.11)

pico

By using the above approximation, (6.10) gets transformed to

p((;,J) (k)\*(l'a)spico(i’j))zKj}\*(l'a)s i=1,..,L, j——‘l,..,N (6123)

P

pl(E’;) (kX*(l_a)spico(i’j)):Kjk*(l-a)a i=L+l""M’ j-_-l,..,N (612b)
1

Through simple rearrangement, (6.12) becomes
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K.
spico(i,j)=—i~—qp—_, i=1,.,L, j=1,,N (6.13.a)
k p(,J)
K. 1
Spico (b J) = — 1(.1). , i=L+1.,M, j=1,,N (6.13.b)
k p(,j)

In (6.13), the exact values of parameters Kj (j=1,..,N) are unknown. However, by employing
(6.13) back in (6.6.b), as presented in (6.14),

L N S S .
Ci(5,o (L) [1=1,.,M) = Zp(l,])f+ > p(l,J)K——l =0, j=1,.,N (6.14)
i=1 i

j i=L+1 j

the values of K, j=1,..,N, are obtained

M
K. =k> p@i,j), j=1,.,N (6.15)
i=1

Finally, by replacing K;, j=1,..,N, in (6.13) with (6.15), (6.13) becomes

dp dp

s (i,j)=———= , i=1,.,L, j=1,.,N 16.
pico (15 1) 26D 300 j (6.16.a)
M . »
> p(, )
i=1
. 1(1) 1(1) . _
s. (1,]) = —— = , 1=L+1,.,M, j=1,.,N 16.
pico (15 1) 2D 300 ] (6.16.b)
M . .
> pG, )
i=1

Let us annotate {spico(1,J)| 1=1,..,.M, j=1,..,N} of (6.16) with S Hence, S_ ., represents the

optimal *
approximate explicit form solution to (6.6), i.e. it represents an approximation of the optimal

broadcast scheduling scheme in a hybrid HWDB based system, in the sense of Definition 6.1.
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Remark_ 6.3 The derivation of expression (6.16) has been based on the

assumption that the exact number of items broadcasted at the pico, i.e. and micro

level is known. However, the identities of these items have not been specified. Thus,

the actual search for S does not end at (6.16), but it also need to include a

optimal

mechanism for identification of the optimal data-item partitioning, which would

ensure the ultimate maximization of HBR.'®

Rpmarl{, 6.4 If L out M data-items can be accepted for broadcasting at the

micro-cell level of a hierarchical WDB system, the overall number of possible data-
item partitionings that need to examined for optimality is M!/L!(M-L)!. Hence in
order to obtain the ultimate Sqpiimal i such a system, one would have to find a solution

to (6.6) for each of M!/L!(M-L)! combinations, and then select the combination that

provides the highest value of HBR(Sptimar)-

The following two examples illustrate the practical significance of Remark 6.4: 1) if M=10 and
L=3, then the overall number of possible partitionings is 120; 2) if M=10 and L=4, the overall
number of possible partitionings increases to 210, etc. Clearly, the computational complexity
associated with the search for the ultimate Sqpimar 1S considerable, even for small collections of

broadcast data-items.

In the following section we propose a computationally efficient algorithm for optimal
partitioning of broadcast items, such as to provide for the absolute maximization of the

corresponding HBR.

'® In other words, (6.16) enables us to find the set of optimal pico-cell broadcast periods for a specific (i.e. fixed)
data-item partitioning. However, data-item partitioning is a subject to optimization itself. Hence, the space of all

possible data-item partitionings should be searched in order to identify §optimal that would eventually result in the

highest HBR( S i ).
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6.3.2 Optimal Layer-based Partitioning of Broadcast Items in
Hierarchical WDB Systems

The expression for HBR at §opﬁmal is obtained simply by employing (6.16) back in (6.5). Thus,

1))

{Z p(, J)p( J)( . (l'a)ﬁ(“”'))+ i p(i, J)p( J)(1 Ml'a)"("’”)] (6.17)

N

HBR(S

optimal

i< 1)

] 1

By rearranging the order of summation, (6.17) becomes

HBR(S ) =371 a[i[ipo 2D e'”‘l'a’ﬁ“”’)} 6.18)

=1

M [ N N (1) D
+Z(Zp° PLBG) [ >pm>)ﬂ

i=L+1 1

Furthermore, by replacing p(i,j) with r(j) }_)(i,j), (6.18) gets transformed to

HBR(goptimal) = )\*—(jll—ja-)[Z(Z ( ) p( J) ( e_)\'(l—a)ﬁ(i,j) )j + (619)

M L0
+ Z[Zrop(l(J)) (1-e )p‘“’)ﬂ

i=L+1\ j=1

Finally, with the substitution defined in (6.20),

G,(x) = Z ()p( b))’ (1-e x(l'a)ﬁ“’j)) (6.20)
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(6.19) can be rewritten as

HBR(S i) = 3 (1 {ZG(dpnzGam)} (6:21)
or
HBR(S i) = 3= (1- {Z[G,(dp)—Gi<1<i>)]+ZGi<1(i)>} (6.22)

Based on (6.21), it is clear that those items that get broadcasted at the micro-cell level contribute

to the overall HBR(§0pﬁmal) through the corresponding Gj(dp). On the other hand, the items that

get broadcasted at the pico-cell level contribute to HBR( Sopﬁm) through G;(1(i))"°.

Now, if we assume that the grouping of items in the two sets (those that get broadcasted at pico-,
i.e. micro- cell level) is made arbitrary, then based on (6.22), the largest HBR(§opm1) is obtained
for the grouping that provides the maximization of (6.23). (Note, the second summation in (6.22)

remains the same for any particular grouping of broadcast items.)

> [G,(dp) - G, (1())] (6.23)

i=1

In practical terms, (3.23) gets maximized if L items, which individually provide the largest

difference [G]. (dp) -G, (l(i))], are selected for broadcasting at the micro-cell level.

Based on the preceding discussion, in Figure 6.6 we propose an algorithm for optimal layer-

based grouping of broadcast items in a hybrid HWDB based system.

' Please note, Gy(x) is a monotonically decreasing function, so Gy(dp)-G(1(i))>0, since dp<<I(i), for every i=1,..,M.



Chapter 6 ~ Multicell Hierarchical Wireless Data Broadcast Systems

Step 1 Relative popularities p(i,j), with respect to pico-cell(j) (j=1,..,N), and length 1(i)
of item(i) are known (i=1,..,M).
For every item(i) calculate

- (1-a)~d—p‘ -\ (l-a LU
(1 —e p(i.j) ) (1 —e p(i.j) )
o 1)

d(i) = G;(dp) - G, (1)) = D r(IP(, j)° (6.24)

j=1
Step 2 Sort d(i)-s of Step 1 in the descending order.

Step 3 Items that correspond the first L elements of the array obtained in Step 2 get

placed in the group that is broadcasted at the micro-cell level. The remaining

(M-L) items get placed in the group that is broadcasted at the pico-cell level.

Figure 6.6 Algorithm for optimal layer-based partitioning of broadcast items
in hybrid HWDB based system

6.3.3 Special Case Analysis

According to the algorithm proposed in Figure 6.6, the decision on whether an item should be
broadcasted at the pico- or micro- cell level, in order to maximize the corresponding HBR, is
based on (6.24). Hence, the larger d(i) (of (6.24)) associated with item(i), the more likely this
item will get broadcasted at the micro-cell level. It is interesting to observe, though, that the
actual value of d(i) depends on item(i)’s length (I(1)), request probabilities (p(,j)), and the
corresponding pico-cell MU arrival probabilities (r(j)), i=1,..,M, j=1,...N. In this section, through
the analysis of two special cases, we investigate how the given parameters affect the value of d(i)
(1=1,..,M) and, consequently, the decision process regarding the optimal layer-based grouping of

broadcast items.
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Lemma 6. 1 In order to maximize HBR in a hybrid HWDB system, longer

items should be broadcasted at the micro-cell level.

Proof of Lemma 6.1

In order to determine how item(i)’s length 1(i) (i=1,..,M) affects the decision on whether this item
should be broadcasted at pico- or micro- cell level, let us observe a hybrid HWDB system with
equal pico-cell MU arrival probabilities (r(j)=r(k), Vj,k=1,..,N), and equal item request
probabilities (p(i, j) =p(k, j) =p, Vi,k=1,..,M). Under such assumptions, (6.24) gets transformed to

(6.25).
. —x‘(l-a)ﬁf —)\'(l-a)%
. - 1-
d(iy = p*| 4= ) (-e ) (6.25)
dp 1(1)
Since, based on (6.25), for 12k, 1,k=1,..,M the following holds
N () N (e
i) >1k) = d=¢ ") (=e ) = d(i)>d(k) (6.26)

Hence (according to Step 3 of Figure 6.6), in order to maximize HBR longer items should be

broadcasted at the micro-cell level.

End of Proof
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Lemma 6.2 In order to maximize HBR in a hybrid HWDB system, more

popular items should be broadcasted at the micro-cell level.

®Proof of Lemma 6.2

In order to determine how item(i)’s request probabilities p(i,j) (i=1,..M, j=1,...N) affect the
decision on whether this item should be broadcasted at pico- or micro- cell level, let us observe a
hybrid HWDB system with equal pico-cell MU arrival probabilities (r(j)=r(k), ¥j.,k=1,..,N), and
equal item lengths (I(i)=l(k), Vik=1,...M). Under such assumptions, p(,j)=p(i,k)=p@), and
(6.24) gets transformed to (6.27).

X () N ()
(1_e p(l)) (l—e p(l))

dp 1

d(i) = p(i)* (6.27)

By using the following substitution, A (1-a)=A, A"(1-a)-dp=A-dp=D, and 1.’(1-a)-I=A-I=E, (6.27)
becomes

_D _E
(l—e p(i)) _ (l—e p(i))

d. = Ap(i)’
i =Ap() = B

(6.28)

(Note, dp<<l implies D<E.) Figure 6.7 suggests that (6.28) represents a monotonically increasing

function with respect to p(i), for the entire range of E/D>1.
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d=f(p.D.E)
0.7

0.6

o5l / P
0.4}
0.3}
0.2}

0.1}

Figure 6.7 Monotonically increasing nature of d(i)=d(i)(p(i))

Thus, based on Figure 6.7, the following holds

p()>pk) = d()>dk) (6.29)

for 12k, 1,k=1,..,M. Accordingly, we conclude that in order to maximize HBR more popular items

(i.e. items of higher request probabilities) should be broadcasted at the micro-cell level.

End of Proof
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6.3.4 Experimental Results

In this section, through a series of experimental results, we compare the actual value and
performance of HWDB systems’ optimal broadcast schedule (Sopiimal), as obtained: 1) by solving
(6.6) with Matlab’s Optimization Toolbox [MathWorks], and 2) using our algorithm as outlined
in Figure 6.6.

In all the experiments, the following assumptions are employed:
a) the observed HWDB system consists of 6 pico- and a single micro- cell
b) the overall number of data-items available in the system is 6
¢) only 2 out of 6 items are allowed to be broadcasted at the micro-cell level
d) the data-pointers are of the size dp=1, while 1"(1-a)=0.1

e) the data-item’s sizes and popularities are varied — see Table 6.1 through 6.8

Under the given assumptions, the overall number of possible layer-based data-item partitionings
is 6!/4!12!=15. Hence, in all the experiments, the numerical estimation approach requires 15
simulation runs in order to find the best data-item partitioning, i.e. the ultimate Sqpimar (see Table
6.1, 6.3, 6.5, and 6.7). At the same time, our algorithm identifies an approximate Sqptimal il @
single round of computation (see Table 6.2, 6.4, 6.6, and 6.8). Please note that in Tables 6.1, 6.3,
6.5, and 6.7, the first column indicates the assumed layer-based data-items partitioning. Also, in
these tables, the ultimate Septimal, 1.€. Soptimar that results in the largest HBR are highlighted. On
the other hand, in Table 6.2, 6.4, 6.6, and 6.8, the fourth raw contains the values of d(i) (i=1,..,6),
as obtained using (6.24). The largest two d(i)-s, which correspond to the items that should be
broadcasted at the micro-cell layer (see Figure 6.6), are also highlighted.

The results obtained in all the experiments appear very encouraging - they clearly indicate that

our approximate S although being computationally significantly less expensive than Soptimal

optimal ?
obtained through numerical estimation, is still capable of providing equally good performance in

terms of the overall HBR.
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6.3.4.1 Experiment 1: Uniform Data-Item Popularities, Variable Data-Item Lengths

popularity/length of data-items

popularity/length
A T

N

]

item

Figure 6.8 Data-items’ lengths and popularities in Experiment 1

item 1 2 3 4 5 6
PG 0.167 | 0.167 | 0167 | 0167 | 0.167 | 0.167
1(i) [time] 7 6 5 4 3 2

items 1, 2 - at micro level Soptimal 7.0791 | 7.0787 | 29.4620 | 21.5435 | 16.0161 | 11.4431 | HBR(Syptima)=0.5411
items 1, 3 — at micro level Soptimal 6.9220 | 41.4383 | 6.9208 | 20.6857 | 15.5149 | 11.1411 | HBR(Scptimal)=0.5335
items 1, 4 — at micro level Soptimal 6.8729 | 40.0508 | 27.3318 | 6.8741 | 15.3655 | 11.0474 | HBR(Sopeimat)=0.5229
items 1, 5 — at micro level Soptimal 6.8752 | 40.0804 | 27.3390 | 20.4482 | 6.8766 | 11.0543 | HBR(Sopiima)=0.5086
items 1, 6 — at micro level Soptimal 6.9250 | 41.4767 | 27.8008 | 20.6968 | 15.5158 | 6.9220 | HBR(Sopimat)=0.4894
items 2, 3 — at micro level Soptimal 76.0798 | 6.6061 | 6.6082 | 19.0986 | 14.5426 | 10.5508 | HBR(Sopima)=0.5289
items 2, 4 — at micro level Soptimal 70.4941 | 6.5930 | 24.8710 | 6.5880 | 14.5347 | 10.5362 | HBR(Sopima)=0.5180
items 2, 5 — at micro level Soptimal 72.6461 | 6.5982 | 24.8702 | 19.0662 | 6.6000 | 10.5412 | HBR(Sopima)=0.5038
items 2, 6 — at micro level Soptimal 84.6092 | 6.6159 | 25.0014 | 19.1311 | 14.5704 | 6.6161 | HBR(Sopima)=0.4848
items 3, 4 — at micro level Soptimal 59.4868 | 32.9146 | 6.6407 | 6.5687 | 14.6571 | 10.3876 | HBR(Sopima)=0.5097
items 3, S — at micro level Soptimal 62.3121 | 332777 | 6.5634 | 18.8936 | 6.5649 | 10.4731 | HBR(Sptima)=0.4956
items 3, 6 — at micro level Soptimal 68.8816 | 33.7498 | 6.5923 | 19.0245 | 14.4980 | 6.5909 | HBR(Sopima)=0.4766
items 4, 5 — at micro level Soptimat 49.5613 | 37.2555 | 24.4008 | 6.5847 | 6.6519 | 10.4924 | HBR(Sopima)=0.4845
items 4, 6 — at micro level Soptimal 65.3760 | 33.5304 | 24.6974 | 6.5796 | 14.4569 | 6.5773 | HBR(Sptimat)=0.4657
items 5, 6 — at micro level Soptimai 54.4819 | 34.8096 | 25.6295 | 19.3886 | 6.6772 | 6.7571 | HBR(Sopima)=0.4514

Table 6.1 Numerical estimation of Sqptimal 1n Experiment 1

item 1 2 3 4 5 6
pa.p) 0.167 0.167 0.167 0.167 0.167 0.167
1(i) [time] 7 6 5 4 3 2
Gi(dp)-Gi(I(i)) 0.0086 0.0080 0.0072 0.0062 0.0048 0.0028
Soptimal dp/pi=5.9880 | dp/p=5.9880 | 1/p=29.9401 | 1/p=23.9521 | l/p=17.9641 | lyp=11.9760
HBR(§Dptimal )=0.5393 = estimation error with respect to HBR(S,ptima1): 0.33%

Table 6.2 Hierarchical-FBE algorithm approach to estimation of Soptimar in Experiment 1
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6.3.4.2 Experiment 2: Variable Data-Item Popularities, Uniform Data-Item Lengths

populanity/iength of data-items

w

popularity/length

a5

0

Q

Figure 6.9 Data-items’ lengths and popularities in Experiment 2

item 1 2 3 4 5 6
pGii) 0.05 0.10 0.15 0.2 0.22 0.28
1(i) [time] 2 2 2 2 2 2

items 1, 2 — at micro level Soptimal 17.3281 | 9.8403 | 12.1915 | 9.8402 | 9.1993 | 7.8136 | HBR(Sptima)=0.6395
items 1, 3 — at micro level Soptimal 16.9526 | 16.9493 | 7.3587 | 9.6835 | 9.0587 | 7.6983 | HBR(Scpiima)=0.6465
items 1, 4 — at micro level Soptimal 16.6856 | 16.6722 | 11.8244 | 6.0684 | 8.9510 | 7.6122 | HBR(Soptima)=0.6523
items 1, 5 — at micro level Soptimal 16.5809 | 16.5825 | 11.7677 | 9.5247 | 5.7026 | 7.5820 | HBR(Sqpiima)=0.6543
items 1, 6 — at micro level Soptimal 16.3186 | 16.3261 | 11.6190 | 9.4162 | 8.8131 | 4.8840 | HBR(Soptimat)=0.6599
items 2, 3 — at micro level Soptimal 39.8422 | 9.4339 | 7.1866 | 9.4358 | 8.8296 | 7.5136 | HBR(Soptima)=0.6565
items 2, 4 — at micro level Soptimal 39.8050 | 9.3049 | 11.4746 | 5.9226 | 8.7114 | 7.4195 | HBR(Sptima)=0.6621
items 2, 5 — at micro level Soptimal 39.7957 | 9.2610 | 11.4114 | 9.2613 | 5.5633 | 7.3856 | HBR(Sptima)=0.6641
items 2, 6 — at micro level Soptimal 39.7145 | 9.1380 { 11.2507 | 9.1403 | 8.5603 | 4.7621 | HBR(Sptima)=0.6696
items 3, 4 — at micro level Soptimai 39.8248 | 15.7026 | 6.9808 | 5.8301 | 8.5626 | 7.2975 | HBR(Scpiima)=0.6688
items 3, 5 — at micro level Soptimal 39.8137 | 15.6043 | 6.9501 | 9.0959 | 5.4795 | 7.2638 | HBR(Septima)=0.6708
items 3, 6 — at micro level Soptimat 39.7235 | 15.3399 | 6.8665 | 8.9787 | 8.4131 | 4.6912 | HBR(Soptima)=0.6762
items 4, 5 - at micro Ievel Soptimal 39.7928 | 15.3298 | 11.0270 | 5.7350 | 5.4137 | 7.1732 | HBR(Sptima)=0.6763
items 4, 6 — at micro level Soptimal 39.6962 | 15.0681 | 10.8752 | 5.6697 | 8.3014 | 4.6365 | HBR(Sypiima)=0.6816
items 5, 6 —at microlevel |  Soptimai 39.6604 | 14.9760 | 10.8195 | 8.8148 | 5.3281 | 4.6168 | HBR(S,ptima1)=0.6836

Table 6.3 Numerical estimation of Sqpima in Experiment 2

item 1 2 3 4 5 6
pG.i) 0.05 0.10 0.15 0.2 0.22 0.28
1(i) [time] 2 2 2 2 2 2
Gi(dp)-Gi(I(i)) 9.3059¢-004 | 0.0020 0.0026 0.0031 0.0032 0.0035
Soptimat 1/pi=40 1/p=20 | 1/p=13.3333 | l/p=10 | dp/p=4.5455 dp/p=3.5714
HBR(§0Pm, )=0.6770 => estimation error with respect to HBR(S,ptima): 0.97%

Table 6.4 Hierarchical-FBE algorithm approach to estimation of Soptima; in Experiment 2
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6.4.3.3 Experiment 3: Variable Data-Item Popularities, Variable Data-Item Lengths

poputarity/length of data-items

popularity/length

g popularity
e longth

item

Figure 6.10 Data-items’ lengths and popularities in Experiment 3

item 1 2 3 4 5 6
PG 0.3 0.2 0.2 0.1 0.1 0.1
I(3) [time] 7 6 5 4 3 2
items 1,2 —at microlevel | Seuma | 4.5575 | 5.8079 | 19.4368 | 38.0150 | 25.1269 | 15.8052 | HBR(S,ptimal)=0-5933
items 1,3 — at microlevel | Sopuma | 4.5414 | 240950 | 58094 | 389295 | 23.4924 | 15.5998 | HBR(S.pim)=0.5827
items 1,4 — at microlevel | Syuma | 47782 | 269920 | 214858 | 9.6752 | 26.0947 | 17.0365 | HBR(Soptimal)=0.5374
items 1, 5— at microlevel | Sopuma | 4.7005 | 25.1244 | 20.8431 | 48.6655 | 9.4190 | 16.6393 | HBR(Soptima)=0.5304
items 1, 6 — at microlevel | Sepuma | 4.7115 | 26.6418 | 20.5638 | 39.4751 | 26.6441 | 9.4810 | HBR(Sopsima)=0.5183
items 2,3 — at microlevel | Syuma | 19.5870 | 6.0918 | 6.0905 | 43.1947 | 29.3275 | 16.7532 | HBR(Soptima)=0.5348
items 2, 4 — at microlevel | Sopuma | 257312 | 6.1428 | 17.4180 | 33.9705 | 27.3623 | 14.3849 | HBR(Sopiima)=0.4675
items 2,5 — at microlevel | Seuma | 262356 | 5.7301 | 18.0047 | 403517 | 20.6697 | 14.7213 | HBR(S opiima))=0.4700
items 2, 6 — at microlevel | Spuma | 214262 | 62655 | 23.6432 | 41.0929 | 28.1141 | 10.1838 | HBR(S sptimat)=0.4689
items 3,4 — at microlevel | Sopuma | 21.7486 | 28.8727 | 64154 | 97695 | 27.7363 | 19.2349 | HBR(Sopiima)=0.4773
items 3,5 — at microlevel | Sepuma | 21.2260 | 20.5373 | 63057 | 429740 | 9.9788 | 17.3601 | HBR(S.pima)=0.4706
items 3, 6 — at microlevel | Soumu | 20.5548 | 30.0998 | 62417 | 429625 | 29.1871 | 9.6138 | HBR(Sopiima)=0.4588
items 4,5 — at micro level | Spuma | 22.3037 | 32.8767 | 243753 | 10.4216 | 10.4149 | 18.7695 | HBR(Spima)=0.4229
items 4, 6 — at micro level | Spuma | 22.0151 | 32.1191 | 24.0219 | 10.3392 | 32.0913 | 10.3214 | HBR(S spiimat)=0.4113
items 5,6 — at microlevel | Souma | 20.1349 | 27.9538 | 217751 | 1.0524e+3 | 97574 | 9.7848 | HBR(Sopiima)=0.4063

Table 6.5 Numerical estimation of Sqptimal in Experiment 3

item 1 2 3 4 5 6
YO 0.3 0.2 0.2 0.1 0.1 0.1
1i) [time] 7 6 5 4 3 2
Gi(dp)-Gi(1(i)) 0.0138 0.0093 0.0083 0.0038 0.0031 0.0020
Soptimal dp/pi=3.33 dp/p=5 1/p=25 li'p=40 1i/pi=30 1¢/pi=20
HBR(§opﬁmal )=0.5854 => estimation error with respect to HBR(S,ptimar): 1.35%

Table 6.6 Hierarchical-FBE algorithm approach to estimation of Sopimar in Experiment 3
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6.3.4.4 Experiment 4: Variable Data-Item Popularities, Variable Data-Item Lengths
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Figure 6.11 Data-items’ lengths and popularities in Experiment 4

item 1 2 3 4 5 6
pa.i) 0.3 0.2 0.2 0.1 0.1 0.1
1(i) [time] 2 3 4 2 3 4
items 1,2 — at microlevel | Sopuma | 4.5356 | 5.8623 | 15.3647 | 15.3336 | 24.4274 | 41.7658 | BR(Sopeima)=0.6068
items 1,3 — at microlevel | Soptma | 4.5346 | 12.1849 | 5.7780 | 15.4367 | 23.8142 | 38.2195 | BR(Scptima)=0.6234
items 1,4 — at microlevel | Sepuma | 4.6558 | 12.6566 | 16.1654 | 9.3463 | 25.5943 | 52.2537 | BR(Scptma)=0.5725
items 1,5 — at microlevel | Sopuma | 4.6820 | 12.7141 | 16.2834 | 16.2762 | 9.3998 | 52.9490 | BR(Soptma)=0.5845
items 1, 6 — at microlevel | Soptma | 4.8107 | 13.2004 | 17.0059 | 17.0051 | 27.5104 | 9.7097 | BR(Scpiima)=0.5914
items 2, 3 — at microlevel | Soptma | 6.8827 | 5.7451 | 5.7552 | 15.3989 | 23.6082 | 38.2246 | BR(Soptima)=0.6360
items 2, 4 — at microlevel | Soptmar | 7.1606 | 6.0068 | 16.2048 | 9.9369 | 25.7492 | 44.3186 | BR(Scptima)=0.5851
items 2,5 at microlevel | Soptima | 7.1472 | 5.9658 | 16.2509 | 16.2451 | 9.3846 | 52.1271 | BR(Scptima)=0.5972
items 2, 6 — at microlevel | Sopuma | 7.3696 | 6.1404 | 16.9842 | 16.9742 | 27.4522 | 9.6959 | BR(Sopeimar)=0.6042
items 3,4 —at microlevel | Soptima | 7.1463 | 12.8674 | 5.9837 | 9.4973 | 24.9572 | 42.3863 | BR(Scptima)=0.6020
items 3,5 —at microlevel | Sopuma | 7.1115 | 12,6004 | 59325 | 16.1208 | 9.3284 | 49.4733 | BR(Scpima)=0.6140
items 3, 6 — at micro level | Sopima | 7.3227 | 13.0765 | 6.1040 | 16.8280 | 27.0333 | 9.6332 | BR(Sopuma)=0.6211
items 4, 5 — at microlevel | Sopuma | 7.3008 | 13.0219 | 16.7427 | 9.5956 | 9.5941 | 82.7813 | BR(Soptimu)=0.5625
items 4, 6 —at microlevel | Sopuma | 7.6405 | 13.8026 | 17.9312 | 10.0895 | 30.1219 | 10.0905 | BR(Scptima)=0.5687
items 5, 6 — at microlevel | Sopuma | 7.7123 | 13.9740 | 18.1916 | 18.1927 | 10.1936 | 10.1965 | BR(Scprima)=0.5804

Table 6.7 Numerical estimation of Sgptimal in Experiment 4

item 1 2 3 4 5 6
paj) 0.3 0.2 0.2 0.1 0.1 0.1
1i) [time] 2 3 4 2 3 4
Gi(dp)-Gi(l(i)) 0.0036 0.0053 0.0070 0.0020 0.0031 0.0038
Soptimat 1i/pi=6.6667 dp/p=5 dp/pi=5S li'p=20 li'pi=30 li'p=40
HBR(§Optimal )=0.6332 = estimation error with respect to HBR(S,ptima1): 0.44 %

Table 6.8 Hierarchical-FBE algorithm approach to estimation of Soptimal in Experiment 4
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6.4 Comparative Performance Analysis

Based on the discussion presented in the preceding sections, multicell HWDB systems appear to
be considerably more complex, from an operational point of view, than single-layer WDB
systems composed of an equal number of independent pico-cells (Figure 6.12). For example, the
data retrieval procedure in an HWDB system requires that some form of cooperation between the
broadcast channels of pico- and micro- cell level exists (see Section 6.2 and Figure 6.5).
Consequently, the maximization of the systems’ throughput®® (i.e. HBR) requires that, in
addition to the estimation of optimal inter-broadcast intervals, optimal layer-based item grouping
be obtained as well (see Section 6.3). On the other hand, in single-layer WDB systems composed

of independent pico-cells neither of the two is required.

micro-cell broadcast ch. bandwidth 3
rwoe=BAN+T) %
T

pico-cell broadcast ch. bandwidth i pico-cell broadcast ch. bandwidth
! Fsingle-layer-wos=B/N ; Nowps=BAN+T)

Figure 6.12.a Single-layer multicell WDB system Figure 6.12.b Hierarchical WDB system

In this section, we present the analysis concerning performance comparison of the two types of

multicell WDB systems, presented in Figure 6.12, under some special constraints. In particular,

1) in Section 6.4.2 we investigate which of the two systems provides a higher
throughput (i.e. BR/HBR), assuming the overall available broadcast bandwidth is
fixed and partitioned equally among all the cells;

? Please recall, there is a dependency between the overall throughput of a generalized WDB system and its
broadcast service ratio (HBR). Namely, in Chapter 2 we proved that the maximization of the broadcast service ratio
directly implies the maximization of the overall system’s throughput.
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2) in Section 6.4.3, first we introduce the concept of bandwidth cost. Subsequently, we
investigate which of the two systems provides a higher throughput per overall
broadcast bandwidth cost. In both cases, the HWDB system appears to provide
superior performance, thus justifying its higher operational complexity compared to

the system composed of independent pico-cells only.

6.4.1 ®erformance Comparison under Fixed Broadcast Bandwidth

Constraint

Let us assume that the overall bandwidth assigned to the broadcast channels of a multicell WDB

system is fixed (B=const [bps]) and partitioned equally among all the existing cells.

Now, if we use Isingle-layer-wpp t0 annotate the pico-cell broadcast channel datarate of the single-

layer system from Figure 6.12.a, then for this system under the given fixed broadcast bandwidth
constraint, (6.30) holds.

=4

iy = N bps] (6.30)

sin gle—layer—-WDB

Similarly, if we use rywpp to annotate the broadcast channel datarate of the hierarchical system

from Figure 6.12.b, under the same fixed broadcast bandwidth constraint the following is

obtained

B

Thwps = N+1 [bps] (6.31)

(Please note, we assume that the two systems of Figure 6.12 keep the same configuration at the

pico-cell level. However, the hierarchical system in Figure 6.12.b has an additional overlaying
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micro-cell. Thus, if the overall number of cells in the system of Figure 6.12.a is N, then there are
(N+1) cells in the system of Figure 6.12.b. Consequently, rywps is always lower then the
corresponding Iingle-layer-wps. Hence, the smaller overall number of cells in the system of Figure

6.12.a is being compensated through its higher broadcast channel datarate.)

Throughout the preceding sections, l(i)[sec]=l(i)[bits]/r[bps]21 was used to annotate item(i)’s
length (i=1,..,M). By replacing r[bps] with (6.30), i.e. (6.31), the substitute expressions for 1(i) in
the system of Figure 6.12.a and Figure 6.12.b, is obtained

1(i)[sec]r N == l(i)[bits][bps] =N l(l)[ ec] (6.32)
I@fsec] - r_@ﬂ’% —(N+ 1)%[56(:] 6.33)

According to the discussion from Section 6.3, (6.34) represents the overall broadcast service

ratio in a single-layer multicell WDB system, consisting of N pico-cells.

sin gle—layer- WDB )\ (1 a) j=1 i=1 SplCO (1 J) |

Now, based on (6.34), and by employing the approximate closed from expressions for Sepimar in a
single-layer WDB system, i.e. multicell HWDB system, the exact expressions for the maximum

broadcast service ratio in the two systems of Figure 6.12 are obtained (see (6.35) and (6.36)).

1()

~ N M i, N (-
BRsin gle—-layer-WDB (Soptimal ) )\ (1 _ ) Zl: le( J) pl(( )J) —C P ) (635)
==

?! Please recall, r represents the corresponding broadcast channel datarate.

6-35
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HBRG ) = 377" ){

[ipo,j) 52’3')(1_;”“‘% >j+ (6:36)
P

After employing the function approximation presented in Appendix 8, (6.35) and (6.36) get
transformed to (6.37) and (6.38), respectively.

Ny 5(i,j)(1—1/n)
(Ka-a)f™ ))1 ) ;;pﬁ’J)W (6.37)

BR sin gle—layer—-WDB (Soptimal )

- L{ N (1-1/n) (1-1/n)
HBR(S, a1 ) = W{Z[zp(l J)pE1 J(l)”n) j Z(Zp( J)pl(( )J()l — H (6.38)

i=1 i=L+1\_ j=I

By replacing 1(1) (i=1,..,M) in (6.37) and (6.38) with the corresponding substitute expressions,
i.e. (6.32) and (6.33), (6.39) and (6.40) are obtained.

. N3 B, J)(‘ v
BRsin gle—layer—-WDB (Soptimal) ()\ (1 _ )N)l 1/n) ;;p( -]) l( ) (1-/n) (639)

- kB L N D " \(1-1/n)
HBR(S i) = N {Z (; p(@i, J)%] + (6.40)
M N p(l J)(1 1/n)
+i=§1(]§1p( ) l( )(1 1/n) J}

The ratio of HBR(S

optimal

) and BRingie-tayer-wps( S ), under the constraint of fixed overall

optimal

broadcast bandwidth, is annotated with R” and presented in (6.41).
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*

R _ HBR(Soptimal ) _ (641)

BR sin gle—layer—-WDB (Soptimal )

(1-1/n) M (1-1/n)
(a-1/n) Z(Zp(l ) pi’ J(l) 7 J Z (ZP( ) pl(z )J<)1 -1/n) )

i=L+1\_ j=1

i) > S PENTE

N M 1-i/n)
Z Z pQ, j) pl(( )J) appears both in the numerator and denominator of (6.41). By
j=1 i=L+

annotating this double summation with H, (6.41) becomes

L 1- l/n

N
(1-1/n) ZZP p( Jl) 7y TH

j=1

HBR(S ( j
BRsmgle layer—-WDB (Sopnmal) N+1 iip p( .]()1 1/
= l( T
j=t i=1

—

—

optimal )

*

(6.42)

1-1/n)

Based on (6.42), the following conclusions can be made.

(1) number of pico-cells is larage => hierarchical WDB provides better throughput

1-1/n)

>, J>p( J@) ——+H

. * =1 i=1
limR™ =- NI >1 (6.43)

2.2.p( J>I),((;)J(TM+H (i) > dp

In practical terms, (6.43) proves that by organizing a WDB system with a large number
of pico-cells (N>>) and limited broadcast bandwidth (B=const) in the hierarchical
manner of Figure 6.12.b, a higher throughput can be obtained than if all the pico-cells
were kept independent (as long as 1(i)>dp, i=1,..,M).
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(2) data-times are significantly larger than data pointers => hierarchical WAD®B provides
better throughput

N L — s (1-1/n)
11 (la_])
DI e
(N+1)dp <Ni(i) (i=1.,M) = R =117 (N +1)dp)

>3t 20D

(Nz(iy)

>1  (6.44)

Again, from the practical point of view, (6.44) proves that the overall throughput of an
arbitrary number of independent WDB cells that occupy a fixed broadcast bandwidth
(B=const) can be improved simply by organizing the cells in the hierarchical manner of
Figure 6.12.b, provided data pointers placed at the pico-cell level are at least (N+1)/N

times smaller than the corresponding items.

6.4.2 @erformance Comparison under Maximum ®Broadcast
Service Ratio per Broadcast Bandwidth Cost Constraint

In the previous section the performance of a multicell WDB system under two different
bandwidth allocation policies has been studied. (According to one policy the entire broadcast
bandwidth is employed at the pico-cells level, while the other policy assumes that a fraction of
the bandwidth gets allocated to the micro-cell level.)) No special cost associated with the

bandwidth, i.e. broadcast channel, utilization at the micro-cell level has been considered.

However, from the system point of view, there is a significant difference between the utilization
of a broadcast channel at the pico- and micro- cell level. Namely, as already described in Section
6.1, micro-cells are intended to provide coverage in physically large areas, and therefore they
employ antenna-transmitters of higher-power than their underlying pico-cells. This implies that

the broadcasting of an item at the micro-cell level should be considered more costly, with respect
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to the system’s energy/power consumption and bandwidth demand, than if the same item was
provided through a pico-cell broadcast channel. Hence, when comparing the performance of two
different mutlicell WDB systems, one has to consider both, the effectiveness of their service (i.e.
their broadcast service ratio) and the associated service cost. Accordingly, the system capable of
providing a higher broadcast service ratio at a lower broadcast bandwidth cost is assumed to be

of a more favourable performance.

In order to define broadcast service ratio per broadcast bandwidth cost for the two multi-cell

WDB systems presented in Figure 6.12, let us introduce the following notation:

1) pico-cell broadcast channel datarate: tpico [bps]

2) micro-cell broadcast channel datarate: rmicro [bps]

3) utilization cost per pico-cell broadcast bandwidth unit:  CByico [1/bps]
4) utilization cost per micro-cell broadcast bandwidth unit: CBpyicro [1/bps]
5) overall broadcast bandwidth cost: CBB=r[bps]-CB[1/bps]

6) broadcast bandwidth cost ratio: A=CBpicro/CBpico=1

7) broadcast service ratio per broadcast bandwidth cost: BRBC=BR/CBB

The single-layer multicell WDB system of Figure 6.12.a consists of N independent pico-cells

only. Thus, the overall broadcast bandwidth utilization cost in this system is

CBBsin gle—layer—-WDB = N ’ CB ’ I‘pico (645)

pico

On the other hand, the hierarchical WDB system of Figure 6.12.b, as explained in Sections 6.2,
consists of N pico-cells and an overlaying micro cell. Thus, the overall broadcast bandwidth cost

of this system is as given in (6.46).

CBB HWDB — N- CBpico ’ I‘pico + CBmicro : I.mi(:ro = CBpico ) (N ) I‘pico + A : I'micro ) (646)



Chapter 6  Multicell Hierarchical Wireless Data Broadcast Systems

Optionally, we can also write,

CBBHWDB = CBBsin gle-layer-WDB + CBmicro " Lmicro = CBBsm gle-layer—-WDB (647)

Based on (6.37) and (6.45), (6.38) and (6.46), the expression concerning the maximum broadcast
service ratio per broadcast bandwidth cost of the single-layer system and the hierarchical system

are presented in (6.48), and (6.49), respectively.

BRBC BRsin gle—-layer—-WDB (Soptimal ) - (648)

sin gle—layer—-WDB CBB

sin gle—layer—WDB

(1-1/n) .
_ k (rplco) Zzp( J) p( J) 1 1/
N- CBpico " Lpico <)\ (1 - ))1 ) =1 i=1 l( ) /)
HBR g timal
BRBC 5 = HBRSopim) _ (6.49)
CBBHWDB
k-(rp. )(1_”") L N PG, _])(1 1/n) M B, J)(l 1/n)
= ico . p(l _]) - p(1 J) .
CBpico (N pico +A rmlcro).()\*(l- )(1 o ;; d a=rrm 1%1% l( )(] Hm

The ratio of BRBCiingie-tayer-wps and BRBCuwps 1s annotated with R**, and presented in (6.50).

N L (1-1/n)
p(,J)
RB 2. 2P0 )= +H
R™ = BRBC s _ N-rpico 55 dp RES) 650)
BRBCSingle_layer’WDB N-r PlCO +A- Ticro i y w
P l(i)(l_”n)

Here, for analytical purposes, let us assume equal length broadcast items (1(1)=1(j), ¥1i,j=1,..,M).
Consequently, through a simple rearrangement of (6.50), (6.51) is obtained.
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(1-1/n)

" BRBC 1 !
R — HWDB — .

BRBC AT (dpJ (6.51)

sin gle-layer-WDB 1 +

N : rpico

(Please note, in (6.51) Tmicro/NIpico can be interpreted as the ratio of the overall broadcast
bandwidth employed at the micro- and the overall broadcast bandwidth employed at the pico-
level in the hierarchical system of Figure 6.12.b. Also, please recall that A=CBpcro/CBpico In
(6.51) represents the broadcast bandwidth cost ratio, and according to the assumptions from the

beginning of this section, A>1.)

The practical significance of (6.51) can be illustrated through the analysis of the following

special-case scenarios.

(1) K’ as a function of micro/pico cell bandwidth cost

Let us assume that a given hierarchical WDB system consists of a fixed number of pico-cells
(N), the size of a broadcast channel is the same regardless of its position in the hierarchy
(Tpico=Tmicro), and the data-item size is k times larger than the data-pointer size (I1=k-dp). Under
these general assumptions, (6.51) enables us to observe at what value of micro/pico cell
bandwidth cost ratio (CBmicro/CBpico) hierarchical WDB ensures a better performance than single-

layer WDB, in terms of R” (see Figures 6.13 and 6.14).

For example, Figure 6.13 shows that in a multi-cell wireless system with N=6 and 1=5-dp
hierarchically organized WDB will provide better performance than single-layer WDB, with
respect to R**, as long as A=Cricro/Cpico<20, 1.€. the cost of micro-cell broadcast bandwidth does
not exceed the cost of pico-cell broadcast bandwidth over twenty times (see Figure 6.13).

However, if I=10-dp, the same holds true for any A<40 (see Figure 6.14).
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I=5'dp, lrm'crozrpico
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Figure 6.13 R" as a function of micro/pico bandwidth cost ratio, for rmicre=Ipico and 1=5-dp

1=10dp, I'rricro= I'pico
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———  # of pico cells: N=6
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Figure 6.14 R™ as a function of micro/pico bandwidth cost ratio, for I'micre=Ipico and 1=10-dp
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(2) K as a function of micro-cell broadcast bandwidth utilization

Now, let us assume that a given hierarchical WDB system consists of a fixed number of pico-
cells (N), the data-item size is k times larger than the data-pointer size (I=k-dp), and the
bandwidth cost ratio (A) is known. Furthermore, let us assume that it is possible to utilize only a
fraction of the overall micro-cell broadcast bandwidth (rmicro) for the purpose of data-item
delivery.”> Under these assumptions, (6.51) enables us observe what fraction of the micro-cell
broadcast bandwidth would be reasonable to utilize, under a specific value of A, so as to ensure a

better performance of hierarchical over single-layer WDB, in terms of R" (see Figure 6.15).

Figure 6.15 shows that under N=6, 1=5-dp, and A=35, it is reasonable to utilize up to 50% of the
nominal micro-cell broadcast bandwidth for the purpose of data-item delivery. At the same time,
this number (i.e. percentage) increases as the cost of micro-cell broadcast bandwidth (i.e. the
value of A) decreases. Thus, at A=20, the utilization up to 90% of the nominal micro-cell

broadcast bandwidth is justifiable.

N=6, I=5*dp
5 T
——  bandiwdth cost ratio: A=5
45r ——  bandiwdth cost ratio: A=10| 7
bandiwdth cost ratio: A=15
4 \ -~ bandiwdth cost ratio: A=20 | ]
‘\\ bandwidth cost ratio: A=25
351 %\ bandiwdth cost ratio: A=30 |
> \ ———  bandiwdth cost ratio: A=35
£ a3l W J
N N \
o s,
S N0\ |
] oL . ‘\\ 4
H . —
® 451 2 Ry 4
o T
1 =S
05} T
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fraction of Micro utilized for broadcasting of data items

Figure 6.15 R" as a function of utilized micro-cell broadcast bandwidth, for N=6 and 1=5-dp

** Such a scenario would correspond to Cell Broadcast Service (see Section 1.3.1) in a hierarchical multi-cellular
system. Namely, in CBC systems the broadcast channel is used for the deliver of: 1) system control information, and
2) common information that is in high demand by the users.
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6.5 Summary of Main Contributions

In this chapter, by extending on the ideas from Chapter 2 and 3, first we have proposed a model
of a hybrid hierarchical WDB (HWDB) system. Consequently, we have shown that the search
for Septimal aimed at maximizing the throughput of such a system is a constrained optimization
problem with multiple degrees of complexity” and without a tractable closed form solution.
(Namely, in order to find the ultimate Sypimai, first the optimal grouping of those items that get
broadcast at the pico- and micro- cell level has to be devised, i.e. L items that are worth of
broadcasting at the micro-cell level need to be identified. Subsequently, the optimal broadcast
periods of items and data-pointers that get to be broadcasted at the pico-cell level need to be

found.)

set of M available items: IM={itern; | i=1,..,.M} \‘\:

set of obtained values for max(HBR). OHBR = {} ,‘
. ) -

-

repl {0 K = 1 t0 MULIMALY |
l i
h 4
choose new partitioning of iM into two
groups of sizes L and (M-L): P(im,k)

h 4
find S that maximizes HBR through
numerical estimation: Sopamal(P{IM,k)}

calculate HBR({k)=HBR(Soptimai{ P(iM.k}}}

4
OHBR = OHBR U {HBR(k)} |

)4
find the largest element of OHBR
and corresponding Septimai{ P{IM,k))

Figure 6.14 Steps involved in the numerical estimation of

optimal broadcast schedule for an HWDB system

% In this chapter, we have employed the assumption that a predefined number of items get broadcasted at the macro-
cell level. However, the given assumption can be relaxed, and the number of macro-cell broadcast items can be
considered as another optimization factor.
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Since the analytical approach to Sepiimar fails, numerical estimation of Soptimal remains as an option
(see Figure 6.14). Nevertheless, due to the nature of the given problem, the search for Soptimal

through numerical estimation turns out to be computationally rather expensive.

As an illustration of the actual complexity of the numerical estimation approach, let us look at
the following example: M=10 items need to be broadcasted in an HWDB system. Due to the
higher utilization cost of the micro-cell broadcast bandwidth, only L=3 items can be accepted for
broadcasting at the micro-cell level. Clearly, for such L and M, there are M!/LI(M-L)!=120
possible ways of partitioning the items on those that get broadcasted at the pico- and micro-
level. Hence, in order to obtain the ultimate Sopimai, One would have to find a numerical solution
to (6.6) for each of the 120 combinations, and then select the combination (i.e. the corresponding
S) that provides the highest value of HBR. Realization that items to be broadcasted will be in the
range of hundreds and latter thousands make the impracticality of the numerical solution

obvious.

Fortunately, we have shown that by exploiting our earlier obtained approximate closed-form
expression concerning Sgpima in single-cell WDB systems, the problem of finding Septimar 1n
HWDB systems can be considerably simplified. Consequently, it becomes feasible to obtain
both, the optimal layer-based item grouping and the optimal item scheduling within each micro-

cell, in a single round of computation.

In general, the operational complexity/cost of multicell HWDB systems is expected to exceed the
complexity/cost of their single-tier counterparts. However, our comparative analysis has shown
that in a wide range of scenarios, HWDB systems have the potential to provide considerably
superior performance (in terms of the overall throughput, QoS and Gos) over the performance of
single-layer WDB systems. Hence, the higher operational complexity/cost of multicell HWDB

systems turns out to be more than justifiable.



Chapter 7

Simulation Software

Overview

In this chapter, we introduce DESMO-J — a Java-based discrete-event simulation package. Also,
we provide an overview of our simulation software, which has been built on the DESMO-J
framework and enabled us to simulate the performance of single-cell hybrid WDB systems. The

simulation results obtained using this software have been presented in Chapter 2 (see Section

2.6).
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7.1 Overview of DESMO-J

A framework' for Discrete Event® Simulation and Modeling, named DESMO, was developed at
the University of Hamburg in the late 1980s. It has been continuously evolving over the last
decade. Starting with Modula-2, the framework was ported to various programming languages
including Small-talk and C++. The latest version is DESMO-J, presented by Lechler and Page in
1999. 1t is based on a fully object-oriented architecture and is completely implemented in Java
[Gehlsen]. Moreover, DESMO-J supports both event-oriented® and process-oriented* modeling,
thus enabling a modeler to choose the most suitable approach to represent individual model
elements. (The source code and a Java archive can be found on the DESMO-J Web-site

(http://www.desmoj.de), together with a complete API documentation and an extensive tutorial.)

By choosing Java as a popular object-oriented programming language for the DESMO
framework, a large and rapidly growing community of programmers is addressed. Java offers
portability across diverse platforms, allowing the execution of Java based simulation experiments
on most operating systems available. Its ease of use and robustness enable the user to shift focus
on the modeling issue rather than implementation trapholes, such as dangling pointers and

memory leaks likely to be encountered using C++ [Lechler].

' In general, the term ‘framework’ refers to basic algorithms and a suitable software architecture for solving
problems of a defined application area. Hence, if a framework is available, in order to get a running application, the
user just has to add or overload some classes or interfaces of the given framework according to the specific
application demands, without having to reinvent the functionality over and over again.

? In discrete event simulation, a system is modeled in terms of its state at each point in time (the entities that pass
through the system and the entities that represent system resources), and the activities and events that cause system
state to change. Discrete-event models are appropriate for those systems for which changes in system state occur
only at discrete points in time [Banks].

* In the case of event-oriented approach, a simulation analyst concentrates on events and their effect on system state
[Banks].

* When using process-oriented modeling style, a simulation analyst thinks in terms of processes. In particular, the
analyst defines the simulation model in terms of entities or objects and their life cycle as they flow through the
system, demanding resources and queueing to wait for resources [Banks].
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Being implemented in an object-oriented manner, using Java, the architecture of the DESMO-J
framework is based on classes and makes use of inheritance. DESMO-J provides the user with
the standard functionality for discrete simulation such as a scheduler controlling a list of future
events, a simulation clock, a flexible messaging subsystem for trace-, debug-, report- and error-
output, queues and a series of random distribution functions for use in stochastic models. These
are the parts that can always be reused when implementing a discrete simulation program.
DESMO-J also provides some abstract classes, which the modeler can use to add the model-

specific behaviour to the framework [ Gehlsen].

The basic classes to represent the entities, events and processes in a DESMO-J simulator are
Entity, Event, SimProcess, and ExternalEvent. (Figure 1 shows the inheritance relation among
these classes.) The class Schedulable merely collects the functionality common to all the three
classes: 1) to cancel a scheduled event, entity or process, 2) move it within the event-list reusing
reSchedule, or 3) give an answer if and at which point of the future simulation time an entity,

event or process is scheduled [Gehlsen].

Schedulable

cancel
isScheduled
reSchedule
scheduledAt

1

1

eventRoutine
schedule
scheduleAfter
scheduleBefore

Entity Event

schedule
scheduleAfter
scheduleBefore

]

SimProcess

activate
activateAfter
activateBefore
hold

lifecycle
passivate

ExternalEvent

eventRoutine
schedule
scheduleAfter
scheduleBefore

Figure 7.1 UML class-diagram of schedulable DESMO-J objects
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When taking the event oriented perspective, there is always an object of class Event related to an
object of class Entity. The event's method eventRoutine(Entity €) carries out the actual changes
to the state of a given entity and the model in general. A pure event oriented model will have the
scheduler in a loop invoking the events according to their temporal order on the list of future

events.

The class ExternalEvent, derived from class Event, is primarily used by the framework itself to
control 'external' events like switching trace-output on and off at certain points of simulation
time. Unlike objects of class Event, they are not related to any particular entity and thus offer a

parameterless method eventRoutine() to have the specific actions implemented.

A process has to be treated differently. The actions it performs during its existence in the model
can be described by the modeler when implementing the parameterless and abstract method
lifeCycle(). Te process' lifecycle can be controlled through the methods like activate(), hold()
and passivate(). In a pure process oriented model the scheduler's task is to activate the next
process waiting in the list of future activations and hand control over to the process' lifecycle
until that process has finished its lifecycle or passivates itself again after finishing another
section of its lifecycle. Control is then given back to the scheduler, which resumes its loop to

pick the next process to be activated again.
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7.2 “UDB-System” Simulation Software

The simulation software that we have developed and used in the analysis of single-cell hybrid
WDB systems, has been based on the DESMO-J framework and entirely implemented in Java.
The software consists of four main classes:

1) MUgenerator class (extends the DESMO-J’s ExternalEvent class)
2) ®roadcastServer class (extends the DESMO-J’s ExternalEvent class)
3) MU class (extends the DESMO-J’s SimProcess class)

4) SingleCellModel class (subclass of DESMO-J’s Model class)

The first three classes are the core of the software - they implement the actual functionality, i.e.
behaviour, of the single-cell hybrid WDB system and its users. (The UML and state diagram
representations of these classes are shown in Sections 7.2.1 to 7.2.3, respectively.) The fourth
class, on the other hand, provides a user interface to the software and enables the instantiation of
all the other classes, i.e. objects. (The UML representation of this class is provided in Section

7.2.4).

7-35
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7.2.1 Mobile User Generator (MUgenerator) Class

MUgenerator

’

current time < maxSimulationTime ’k current time > maxGenerationﬂmf@

[ generate new MU ]

l

[ MUcounter++; J

l

[ insert newMU in parentModel.newMUQueue ]

l

[ activate new MU ]

l

[ generate new ‘inter-arrival’ time

l

( wait ‘inter-arrival’ interval of time 1

[

Figure 7.2 eventRoutine() of MUgenerator class

<Defaukt Package> |
MUgenerator
T InterArrivalDistribution : int E= % - :._:,_:..:___~-::,] i
T interArrivalTimeGenerator : RealDist E - e T i |
T Mucounter: int == B S ; : g L .
L newnu:wu ; Mociel || ModeiComponent | NamedObject || ProcessQuena || QueueBasad || SmProcass ]| SimTane |
& Deadline : double
B enarator - int O
B ITi _one : RealDist
3

ITi _two RealDist [
'@ parentMode! : SingleCeliModel

{s poissonModulatedDeadline : toubie

% poissonModulatedGenerator : int

Tf poissonModulatedinterArrivaTimeGeneralor_one : RealDist
T poissonModulatedinterArivalTimeGenerator_two : RealDist
G randomNumberGenerator : RealDistUniform

* gvaniRautine( : void
> MUgenerator( : void
4% assignReguest( « int

i o
[ string ][ StringBuffer }{ system }

o)

{ J{ Processa

Figure 7.3 UML structure of MUgenerator class
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7.2.2 BroadcastServer Class

MUgenerator

’

current time < maxSimulationTime current time > maxSimuIationTims@

chose next item to broadcast - itern;
(by using P-fair scheduling algorithm)

[ remove all MUs from parentModel.newMUQueue which request item; j

l

[ remove all MUs from parentModel.reattemptMUQueue which request J

I

{ wait ‘item;-transmission’ interval of time ]

Figure 7.4 eventRoutine() of BroadcastServer class

______ S BroadcastServer dasmaj |
SingleColModel F-t - e H
S & ounter *int] bt —‘1‘ }
T itemLengths : intp . :
T itemPoputarities : doubls]] [ Model | ModeiComponent || SimTime ] |

& nmbrofschedulingltems : int
& parentModel: SingleCeliMode)
& seguenceCounter : int)

A 0: ver
* eventRautine( : void
“f% choseNextitemToBroadeast( : int

e
P

oo S|

Figure 7.5 UML structure of BroadcastServer class
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7.2.3 Mobile User (MU) Class

MU

<

A
wait for an ‘exp. distributed’ interval of time
(Jlistening to the broadcast channel)

[ nmbrReattemptsMade++; ]

nmbrReattemptsMade > 1 /K nmbrReattemptsMade = =

v

[ remove itself from parentModel.newMUQueue ]

v

[ insert itself in parentModel.reattemptMUQueue ]

|

l

[ wait for ‘accessPacketLength’ time ]

no other MU attempted to ‘send’
accessPacket in the meantime

at least one other MU attempted to ‘send’
accessPacket in the meantime

at least one unicast channel available no unicast channel available

¢ Y remain in the system
remove itself from parentModel.reattemptMUQueue J \, With probability Preattempt
insert itself to parentModel.unicastServiceQueue ] @

[ wait for ‘unicast service time’

give up further waiting
with probability Preatempt
Y

¥

remove itself from parentModel.unicastServiceQueue

¥

insert itself to parentModel.pastRequestsQueue

Figure 7.6 lifeCycle() of MU class
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SimProcess |+ |

dosmodist | =

¥ “{ amvalTime : double
& name : String

‘ 1 te J|_simTime ]

int

W parentMods! : SingleCeliModel

T reatemptProbabilityGenerator : RealDistUniform
T reatlemptTi : RealDi i
% requesteditem : int

[ RealDistExponential || RaaiDistinitorm ]

* lifeCycle( : void
© MUQ : void

Figure 7.7 UML structure of MU class
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7.2.4 SingleCellModel Class

SingleCeiiModel

4 Fi 3 B accessChannelQueueSize - int
| Two]f 1[ ProcessQusuevmmbaipicR . %zccessPackelLangth double
[

¥ BR_ double

*{ broadcastSchedule : FilsOutput

‘o BroadcastServer_one : BroadeastSenver
% broadcastServiceTime - double

T BWT : double

T experimenimoge :int

4 giveUpMUCounter : int

1 giveUpMUInterDapantureTimes : FileOutput
% giveUpServiceTime : double

% inttiaiBroadcastDelay - double

G interAmvalDistribution : int

k4 temLengths : int)

% temPopularities : double]

Yo maxNmbroMocuments - int

RaSRaioaTime—touhis.
T meaninterAmivalTime : double
& meanReatiemptTime : double
& meanUnicastSemceTime : doubls
& MUgenerator_one : MUgenarator
T MUinterarrivalTimes : FileOutput
G Murequests - FilaOutput {
% mUsenedThioughBroadeast : FileOutput .
newMUQueue : ProcessQueuewithMultipleRemevals
| & nmbrOfunicastChanneis : int
{1 nomalArrivaiDevialion : double
H “§ normalArmivaiDeviation_one : double
| % normalAmivalDeviation_two ; double
i] % normalModulatedarrivainterval : double ¢
| & nomaiMogulatedRate_one : double
*| % normalModutaledRate_two : double
i | % occupiegUnicastChannels : FiteOutput
% overaliNmbrOmReattempls : int
% overalNmbrOmsers : int
T overaliSenceTime : double
% pastRequestsQuaue ' ProcessQueue
% paissonModulatedArrivalinterval : double
% polssonModulatedRate_one : doubls
avissonModulatedRate_two : double
& PreatlemptDecreasingF actor : doubte
© JQueus P
(& reattemptProbability : double
G sevedThroughBroadeastCounter : inl
G servedThroughUnicasiCounter : int
T showOutput:int
& transmisslonTimaUnit: double
unicast8erviceQueue : ProcessQueue
% unicastServiceTime : double

: RealDi

B uniformArrivalWidth : double
& UR: double
& UWT : double

G WT: double

* closeStatistics() : void

* description( : String

% gointialSchedules() . void
¥ init0 . void

* malng : vold
 SingleCellModel( : void

Figure 7.8 UML structure of SingleCellModel class



Future Work

With the work presented in this thesis, we attempted to provide a complete framework for the
analysis of single-cell and multicell-hierarchical WDB systems. Nevertheless, we recognize that
there is still some room for improvement, and we identify the following problems as interesting

topics for future research:

(1) Calculation of Performance Measures for Environments with Constraints

The performance measures proposed and studied in this thesis (see Section 2.3) are appropriate
for the analysis of a general class of mobile/wireless WDB-based systems. However, it would be
interesting to explore some other performance measures, suited for environments with specific
constraints. For example, in the case of mobile/wireless WDB-based systems populated with
small battery-powered devices, expected number of request re-transmissions per device/user
(RT) could be a useful performance measure. Namely, transmission attempts made by a wireless
device are known to be a major contributor to its overall battery power consumption.
Accordingly, RT could be used as an implicit indicator of the system’s effectiveness in reducing

the average power consumption per device/user.

(2) Analysis of Hierarchical WDB Systems under ‘Fixed Macro-Cell
Broadcast Bandwidth’ Constraint

In the analysis of hierarchical WDB systems, we have assumed that a fixed number of items get
broadcasted at the micro-cell level. However, another (very realistic) assumption/constraint
could be employed instead - occupancy of a fixed macro-cell broadcast bandwidth.
Unfortunately, such an assumption would introduce additional complexity to the problem of
optimal broadcast scheduling scheme estimation. Namely, under the current assumption of a
fixed number (L) of data-items being broadcasted at the macro-cell level, there are M!/L!(M-L)!
layer-based item groupings that need to be examined for optimality (see Figure 6.14). On the
other hand, under the assumption of a fixed macro-cell broadcast bandwidth (B), L would

become a subject to optimization itself. Consequently, a much larger number of layer-based item



groupings would need to be examined for optimality - in particular M!/L!(M-L)! (L=1,..,M) of
them. It is to believe, however, that even with L as an optimization variable, it still might be
possible to come up with an approach for a fast identification of the optimal layer-based data-

item partitioning (similar as in the case studied in this thesis).

(3) Optimization of Waiting Time (W) in Hierarchical WADB Systems
In the case of a HWDB system, we have defined Soptimal as the broadcast scheduling scheme
capable of maximizing the system’s BR. Through the analogy with a single cell WDB-based
system, it can be easily proven that the same Sopiimal also minimizes UR, LR, RP, WP. However,
the same analogy does not apply to WT. Namely, WT in HWDB systems depends not only on
the broadcast scheduling scheme employed at the pico-cell level, but also on the actual
scheduling at the micro-cell level. Thus, it would be interesting to find the exact expression for
WT in HWDB systems, and investigate under which condition the minimization of WT can be

obtained.

il



Appendix 1

Optimality of “Equal-Spacing Broadcast’

Let us assume that, in a single-cell hybrid WDB based system (as presented in Chapter 2), the
broadcast channel bandwidth allocation is based on the following principle: the bandwidth
assigned to broadcasting of item(i), within the proceeding interval of fixed duration C. is in
proportion to the current item(i)’s popularity (p(i)), i=1,.,.M. Let us annotate this bandwidth
with b(i)=B(i)"/C [bits/time units]. Clearly, under the given assumption, (A1.1) has to hold.

> b =b (AL

(In (A1.1) b [bits/time units] represents the entire broadcast channel bandwidth.) Furthermore, let
us assume that item(i) is of a finite length /(i) [bits]. Hence, according to the given bandwidth
allocation policy, item(i) gets to be broadcasted exactly n(i) times (see (Al.2)) within the

observed C.

_B@®

n(i) = 10 (A1.2)

Consequently, if we annotate the duration of the sub-interval between the k™ and (k+1)th
broadcasting of item(i) with s(i,k) (1<k<n(i)), see Figure Al.1, then the following constraint

must be satisfied

l;For the precise definition of C, i.e. the so-called entire broadcast schedule, see Section 2.2.
" Here, B(i) represents the bandwidth assigned to broadcasting of item(i), expressed in ‘bit’ units.

i1



n(i)

£(s(1,1),5(1,2),.., (i, n(D)) = > s(i, k) ~C = 0 (A1.3)

k=1
< C=const >
G AOg g g g
e - [
s(i,1) s(i,2) s(in(i))

Figure A1.1 Arbitrary-spacing broadcast

(Please note, in general s(i,k)#s(1,j) for k#j, 1<k,j<n(i).) As n(i) in (A1.3) depends on the actual
bandwidth allocation policy, we refer to (Al.3) as bandwidth allocation constraint associated

with item(i).

Based on (2.31), the number of users, interested in retrieving item(i), who get served through the
broadcast channel at the end of s(i,k) (1<k<n(i)) and within the entire C are given in (Al.4) and

(A1.5), respectively.

E[ngy 1 (0,80, k)]= % (1—e ™ (asin)y (Al1.4)
Eln g5 (0, C) |item = i] = f%(l e N iy (ALS)

Thus, the set of inter-broadcasting intervals associated with item(i) (S(i)={s(i,k)| k=1,..,n(i)}) can
be considered optimal, if it maximizes the number of users served through broadcasting within
the entire C (A1.5), while satisfying the bandwidth allocation constraint associated with item(i),

as given in (A1.3).

v



Theorem Al1 If a given bandwidth allocation policy requires that item(i) be

broadcasted n(i) times within C [time units], then the optimal set of inter-broadcasting

intervals associated with this item (Septimal(i)) is

Soptimal(1)={s(1,k)| s(1,k)=s(1,j)=C/n, V k,j=1,..,n(1)}, i=1,..,.M.

(In practical terms, Theorem A1.1 states that Sepimai(1) consists of equal-length inter-broadcasting

intervals.)

®Proof of Theorem A1.1

Based on the Lagrange Multiplier theory [Bertsekas], Sopima(i)={s(i,k)| k=1,..,n} that
corresponds to the constrained maximum of (A1.5) (assuming the constraint is given in (A1.3)),

can be obtained as the solution to the following set of differential equations.

3s(i, k) 0s(i, k)

OE[n4 (0,C)|item =1] K of(s(i,1),s(1,2),..,s(i,n(i)) ~0, k=1,..n() (AL.6)

(K in (A1.6) is an unknown scalar, i.e. the so-called Lagrange Multiplier.)
The solution to (A1.6) can be obtained through the proceeding steps:

First, the exact expressions for E[n(sm =1,t, €[0,C),item =i)] and C are employed in (A1.6)

((A1.5) and (A1.3) respectively), and (A1.6) is transformed to



Np()e ¥ 0 _K =0, k=1,.,n() (A1.7)

Accordingly,

N (i) B ,
s(1,k)—)\*(1_a)ln < k=1,.,n(i) (A1.8)

However, K in (A1.8) is unknown, thus the closed form expression for this parameter needs to be
found, in order to obtain the exact expression for s(i,k) (k=1,..,n(i)). This can be accomplished by

employing (A1.8) back in (A1.3) (see (A1.9) and (A1.10)).

ORI ! i o] (@) AL
;s(l,k)_;x(l_a)ln < =n(i) x*(l_a)ln < =C (A1.9)
K = Np(i)e " (A1.10)

Subsequently, by replacing K in (A1.8) with the expression provided in (Al.10), the final
solution to (A1.6) is obtained.

S optima () = {s(1, k) | s(i, k) = %, Vk=1,.,n()} (A1.11)

Clearly, the elements of Sqpimal(1) are all of equal length. Thus, the optimality of ‘equal-spacing

broadcast’ is proved.

End of Proof

vi



Appendix 2

Random Sphitting of Poisson Process

(Dqﬁnition A2.1 A continuous-time stochastic process {N(t) | t>0} is said to

be a Poisson process with rate A>0 if the following is satisfied
(1) N(0)=0;
(2) N(t) has independent and stationary increments, i.e.
P{N(t,)-N(t,)=n} =f(t,—t,)™ and

P{N(t,) = N(t,) =n,N(t,)—- N(t,) =m} = P{N(t,) ~ N(t,) =n} - P{N(t,) - N(t,) =m}

for V ty, t5, t3 20, such that t:>ty>ty;

(3) the distribution of N(t) is Poisson with mean At, i.e.

P{N(t)=n} = ¢ % n=0,1,2, ...
n!

Theorem A2.1 If each event in a Poisson process of rate A is marked with

probability p, independently from event to event, then the marked process {Ni(t) |
t=0} (where Ni(t) is the number of marked events up to time t), is a Poisson process

with rate pA. (This phenomenon is called ‘random splitting’ or ‘random thinning’ of a

Poisson process [Ross]. For an illustration see Figure A2.1.)

 Here f annotates an unknown function of the difference (t2-t1).
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Ni(t), A1=pi
P
N(t), A N

(1-p) Na(t), 22=(1-p)a

Figure A2.1 Random splitting of a Poisson process into two sub-processes

Proof of Theorem A2.1

(a) Initial Conditions

The initial condition concerning N;(t) implies directly from the initial condition concerning N(t).

In particular,

N@0)=0 = N,(0)=0 (A2.1)

(c) Independent Increments

The independence of increments in N;(t) is directly inherited from the independence of the

increments in the original Poisson process N(t).

(b) Stationary Increments

In order to prove that the increments of Nj(t) are stationary, let us find the expression for

P{N,(t,) = N,(t;) =n}.
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P{N,(t,)-N,(t,)=n}= (A2.2)

= $TP{N,(t,) - N, (t,) =n| N(t,) — N(t,) = k} - P{N(t,) - N(t,) =k} =

0

~
|

n

k
{nj'r’“(l—p)“‘-“) P{N(t,)-N(t,) =k} =

(kj'pn(l _p)(k—n) . ()‘(tz _tl))k e Mbt) —
n

kgn k!
_ i . .pn (1 _ p)(k—n) . ()\(tz — t] ))("_k) (>\(t2 - t1))n e—)\(p+(1—P)([2—t|) —
o (k—n)!n! k!
_ (PNt, —t)) ML) | i((l—p)k(tz ) e MPXG)
n! o (k=n)!
_ Me—)\p(tz—tl) . " ((1 —p))\(t2 _t1))i Le MImPXt )
n! i=0 (i)!
_ Me-wz—m MmN | o= NI-PX(t)
n!
_ NG =)' e
n!

As (A2.2) indicates, the increment Ni(t2)-Ni(t1) (Vt, t2 20, such that t,>t;) depends on t; and t;
only through their difference. Hence, we can claim that, in general, the increments of Ni(t) are

stationary.

(d) Cumulative Distribution Function

The steps involved in obtaining the expression for P{N;(t)=n} are given in (A2.3

P{N, (t) =n} = (A23
= SIPIN, (0 =n N =K} -PIN(©) =) =

» (k
= Z(n]-p"(l—p)“-") PN(D) =K} =

X



i e oo QO

(k - )' I k!
p) P Z . ), (1-p0w)* =
—)\t © 1
- 1 )\t m-m=
(1 p) Z — (a-p)\)
(pm &l m
ZOH 1-p)(\))"™ =
=(p)\t) e RN
n!

From (A2.3), (A2.4) is obtained, and it clearly verifies that N,(t) follows a Poisson distribution

with mean pAt.

P{N,(t)=n}=¢™ @ (A2.4)
n.

Based on (a) to (d), Ni(t) satisfies all the requirements of Definition A2.1, and therefore is

proven to be a Poisson process with rate pA.

By following a similar procedure, one could easily prove that process N(t) (see Figure A2.1),

formed by unmarked events, is also a Poisson process with rate (1-p)A.

Furthermore, it should be observed that the two processes Ni(t) and Nj(t) are independent, as
illustrated in (A2.5).

P{N,(t)=nnN,(t)=m} = (A2.5)
=P{N, () =nN,(t)=m|N({)=n+m}-P{N(t)=n+m} =
(n+m)
=(n+mj’pn (l—p)m .e_)‘t _(L
m

(n+m)



= ! oy (- e
n!m! (n+m)!
— e N (pM)" PN (A-p)A)" -
n! m!

—P{N, () =n} -P{N, (t) = m}

Finally, please note, the above presented proof readily extends to the case of ‘random splitting’

into an arbitrary number of sub-processes, as illustrated in Figure A2.2, assuming (A2.6) is

satisfied.
i=1
P Ni(t), A=p1r
P2 Na(t), A2=p22
N(t), A
Pr Ni(t), An=pni
Figure A2.2 Random splitting of a Poisson process into n sub-processes
End of Proof
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Appendix 3

Transient State Probabilities
of Poisson (Counting) Process

The Poisson process, also known as counting process, is a special case of continuous-time
Markov chain (CTMC) [Bharucha-Reid]. In particular, it is a CTMC in which transitions from
State i can only go to State i+1 (see Figure A2.1), while the actual values of transition rates are

the same for all State i (1=0,1,2,...).

A A A A A
CTN TN TN TN
1 (2 (i) (v
,,,,,,, N bl e S
3 R £ » L

Figure A3.1 Pure-birth process

Now, let us observe a Poisson process, with the following transition rates and initial state

probabilities
N=N i=012,. (A3.1)
i = Oa 1= 0,1,2,...
, 1=0 A32
P(t=0)=1 (A3.2)
0, 1>0
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The generator matrix of such a process is given in (A3.3), and the corresponding Chapman-

Kolmogorov equations are given in (A3.4).

- AN 00
Q= 0-N N 0 .. (A3.3)
0 0 N -X
Pl _ _x.p (1 (A3.4.2)
dt
i%t@ =NP ,(H)-NP(t), i>0 (A3.4.b))
(A3.4.2)) clearly implies
Py (t) = Cpe™ (A3.5)
while (A3.4.b)) can be rewritten as
%H\-Pi(t)ﬂ-ﬂ.l(t), i>0 (A3.6)
Since (A3.7) holds in general,
%(e“Pi(t))z e"[%t)—m-n(t)} i>0 (A3.7)

(A3.6) can be further transformed to (A3.8)
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gt-(ehpi (t)= MNP, (D), i>0 (A3.8)

and finally to the recursion expression (A3.9)
t
P, (t) = e‘M|:>\J-eN'Pi_l (tHdt'+ Ci j|, 1i>0 (A3.9)
0
By combining the initial conditions (A3.2) with (A3.5) and (A3.9), it can be easily seen that
C. ={1’ 1=0 (A3.10)

Hence, based on (A3.5), (A3.9), and (A3.10), we obtain the final expressions for the transient
state probabilities of the Poisson process depicted in Figure A3.1, as shown in (A3.11).

P.(1) = ()ft‘) e, i=0,12,. (A3.11)
1!
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Appendix 4

Transient State Probabilities
of MC User Behaviour Model
under Assumption of Time Decreasing Pratempt

The Chapman-Kolmogorov differential equations [Bharucha-Reid] associated with the model in
Figure 2.8 (i.e. Figure A4.1) and the corresponding generator matrix (see (2.21) in Section
2.3.1.2) are given in (A4.1) to (A4.4).

(1/') SRR ¢ 110 N any

State 0 PO Pucas) ooy g POZPernD-Pomcas)

Psuccess

Psuccnl

ccess) (1-Preattemet(t)} s} (1-Preattemnt(t)) “Pruconst) (1-Preattempi(t))

State S State L

Figure A4.1 User behaviour under the assumption of time-decreasing Preattempt

P,'(t) = ~N'P, (1) (A4.1)

P,'(t)=N"a(t) P, ()= N'P,(t), i>0 (A4.2)

XV



P/'()=NP_.. (i P. (t)j (A4.3)

PL ' (t) = )\* (1 - Psuccess )(1 - Preattcmpt (t)(z Pi (t)} (A44)
i=0
Please note, the assumed initial conditions associated with the model in Figure A4.1 are

I, index=0 (A4.5)

0, otherwise

Pindex (t = O) ={

By following a procedure similar to the one presented in Appendix 3, the unique solution to

(A4.1) and (A4.2) is obtained, as shown in (A4.6).

[)x'a (1 ot )]‘

. L b

P =e™ 2L i20 (A4.6)
i

Consequently, from (A4.5) and (A4.6), (A4.7) is derived.

i P.y= (s (A4.7)

By employing (A4.7) back in (A4.3), the implicit form expression for Pg(t), (A4.8), is obtained.

Py(8) = NPy ]e‘x["_%(l‘ew)) v (A4.8)

0

The actual procedure for finding Pg(t) from (A4.8), and the final results, is presented in (A4.9).
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-

N U —
Py(t) = N Py [ (e )]dt'{e'b":x = dt'=b—1—dx} (A4.9)

0 X
w1
. —1%, -x (?lnx——(l—x)) dx
=A Psuccess —g' J. € - =
1
190 o) X2 i d
=\'P Tl femetg b b X
success
b 1
)\.?— ¢ .
. —e b € : %—] A —=x
=N\ Psuccess X € d N —x= y = dx =
b a
A A Eet N
b b 77!
* - e b b b
— y —
=A Psuccess b )\:[l ()\ta y) € )\‘a dy -
b

va )\_‘“1 * *
- Psuccess e)\b 13 )b T )\_,)\*i -T A_’A‘ie'bt
a Aa b b b b

Now, by employing a substitute expression for the incomplete Gamma function (i.e. the right-

hand side of (A4.10)) in (A4.9), an alternative expression for Pg(t) is found, as shown in (A4.11).

approximation 0 n

T(a,x)= [t*7edt = x%e™). (A4.10)
0

mala+)(a+2)..(a+n)

.a —-1
SRS [ex g](_}i_j o (A4.11)

N . ()\* Ej“ N . ()\* ie.btJn
: [ —j ) BV ,,b N (X%e""jbe—x Dl b.
(S ENEA AR e LA SYEAR e
b(b )(+)(+) (+)(b+)( +n)
n N a B
(i) e

PSUCCCSS L - >
T a (Na] 2, AN _Z

PR Sy M.l

Ma

xvii



* * * * t -

a [N X N N NN N N
" b+1)(b+2)..(b+n) b(b+1)( +2)( +1)

n+l n+l
P 3 ()\*%J ] eb‘ . v ()\*la)j e-nbt
— success Z _ bz —
(__

. \nel A (-2 =™y +
e b * -nbt
— Psuccess f ()\ a)" _ Z € ()\ a)n €

a | SNV Lb)(N +2b)(N +1b) SN (N +b)(N +2b)(N +nb) |

e @ bt
. sl AeRamety
()\ a)1 l-¢ °® g™
PSUCCCSS i

a |[S3N (N +Db)(N +2b)..(\ +nb)

By finding the limit of (A4.11) at b—0, (A4.12) is obtained.

. Psuccess »)\'(l-a)
})1{)1% P, (t) =—(1—e ‘) (A4.12)

1—a

Since (A4.12) is identical to (2.17) (see Section 2.3.1.1), which represents Pg(t) for
Preatempr=const , the validity of (A4.11) is indirectly confirmed.

Now that Pi(t) (i=0,1,2,...) and Pg(t) are known, P (t) is found simply from (A4.13).

P ()=1-) P, ()-Py(t) = (A4.13)
i=0
(a) ( .)n+1 “"%“‘e'b')e.nm
S N\ +b)(N +2b)..(\" +nb)

Again, by finding the limit of (A4.13) at b—0, (A4.14) is obtained. Since (A4.14) is identical to
(2.19), which represents to Pi(t) for Preaiempr=const , the validity of (A4.11) is, also, indirectly

confirmed.
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. 1_Prea em l_Psuccess) A (l-a
mPL(t)J . ;‘_Xa (1—e”1 )‘) (A4.14)
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Appendix 5

Procedure for Obtaining (2.51)

In order to arrive at the actual expression for three elements in the right-hand side summation of
(2.50) (i.e. (2.51.a), (2.51.b), and (2.51.c)), let us find the expressions for individual probability
density functions figuring in (2.50).

(1) In Definition 2.4, it has been assumed that WT refers to the average waiting time

experienced by a randomly arrived user. Hence,

p(t, |item =i) =1/s(i), where t, €[0,5(1)), i=1,,M (A5.1)

(2) Expression (2.27) (see Section 2.3.2) represents the probability that a MU, who arrives
in the system at time t,=t<[0,s(i)) and wants to obtain item(i), does not leave the system or
get served through a unicast channel before time s(i), 1.e. P(ts=s(1) | ta=t, item=i, ty(1)=s(1)).
Based on this probability, the expression for p(t4 | t.=T, item=1) can be obtained, as given in
(A5.2).

d(1-P(t, 2 ult, = 7,item =1))

N (1 —a)e-X U (A5.2)
ot, ( )

p(t, |t, =7item=1) =

(3) If a MU, who arrives in the system at time t,=t€[0,s(i)) and wants to obtain item(i),
does not get served through a unicast channel or leave the system by some time ts=p<s(i),

then this MU gets served through the broadcast channel (at time s(i)) with certainty one.

XX



Therefore, the expression concerning p(sm=1t,=t, ts=u, item=i) is of the form as given in

(AS.3).

0, p<s() (A5.3)

sm=1|t =7,t, =p,item=1)= )
p( |t, a=H ) {1’ 4> (i)

In order to obtain the expression for p(sm=2 | t,=t, ts=u, item=i1), let us recall, from (2.35),
that the expression concerning the probability that a MU (which arrives in the system at time
t.=1€[0,s(i)) and requires to retrieve item(i)) seizes one of the point-to-point channels and

gets served on-demand before time ts=|, is as given below.
: ; : : Piccess -N(1-a)}y-1)
P(t, <punsm=2[t, =7,item =1, t, (1) =s(1)) = l1—e (A5.4)
-a

The above probability can also be represented as P(t, <unsm=2|t, = 7,item =1, t, (i) =s(i)) =
=P(t, <p|t, =7 item =1,t, (1) =s())-P(sm=2|t, = 7,item =1, t, (1) = s(i),t, <p)- However,

since P(t, <u|t, = 7,item =1, t, (i) = s(i)) = (1 —e "~ "X+ (based on (2.27)),

P .
Success <
psm=2|t, =7,t, = pittm=i) =1 1-a ° = s() (A5.5)
0, p > s(i)

Similarly, based on (AS5.5), the expression concerning p(sm=0| t,=1, ts=u, item=1) can be

obtained, as given in (A5.6).

(1 - Psuccess )(1 - Preattempt )

(A5.6)

p(sm=0|ta=T,td=pt,item:i): l1—-a > /.L<S(1)

0, 2 s(1)

From (A5.1) to (AS5.6), expressions (2.51.a), (2.51.b) and (2.51.c) of Section 2.3.5 can be
derived, as shown in (AS.7.a), (AS5.7.b), and (AS5.7.c).
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s(i)

J' IWti(ta =Tty =p,sm=Dp(t, =7,t, =p,sm=1|item =i)d7dp = (AS5.7.2)

s(1) o
= [dr [du(st)- T)—()—)\ (1-a)e™ e =

0 s(i)

I(S(l) 'r)e X (1-a)(s(i)- T)dT_
( )S(l)

1 . . :
[ — | — x _ : =\ (1-a)s(i)
s(i)(x (1- a))2 [1 (1 #r a)s(l))e ]

s(i) oo

I th,. (t, =7ty =p,sm=2)p(t, =7,t, =p,sm=2]item=i)drdp = (A5.7.b)
07
S(j‘) dTS(j)dIL(T I'L)’_-)\ (1 a) -N (1-a)(p-7) Psuccess —
57 s(1) (1-a)
P s(i)
= success dT 1+ )\ 1 a)(s(i T )\(1'3)(5(1) 7)
O ot -1+ X (-a)s)- ) )=

P X (1-a)s(i 1 . R
:X{(liu:;SZSS(i){())\(l )(1—e ( )())er(—H(H)\(1—a)s(1))6 ( )())}z

o P Lo N 1-a)s)+ 24X Q- a)s) e 0|

) -a)s)

s(i) oo

J' _[wti(ta =7,t, =u,sm=0)p(t, =7,t, =p,sm=0|item =1)drdp = (AS5.7.¢)
07
@ @ 1-P 1-P
= [ar [du(r—m—x - ayenen L Puen = Prer) _
A s(1) (1-a)
1- 1-P @ . . _
_ ( success )( reattempt ) J.dT(l _ (1 N (1 _ a)(S(l) _ T)k—)\ (1-a)(s(i)-1) ):

N (1-2)’s(i) ;

_ 0 P )0~ Prorn) | 1 _ a-N(-a)s(i) 1 s ey X sy ||
- N (1—a)s(i) liS(l) N(- )(1 € )+)\,(1_ )( 1+(1+)\(1 a)s(l))e ) =

A Peees )= Presiempt) X (-a)s(i)
6T 0aTec [2 +N (1—a)s(i)+(2+ X 1-2)s@) e~ ]
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Appendix 6

Calculation of R andy, in (3.30)

In order to obtain the actual values of parameters k and y in (3.30), first we need to find the
interval [A,+oo] where F(x(i)) can be sufficiently approximated with the second segment of

H(x(1)), i.e. F(x(i)) can be sufficiently approximated with —1.

function approximation
k) Fl
T

0.5

—_— y=F(x|)
[ y=k")<i
~ y=1

F(x(i)) - min(H(x(i))) < 0.01

4
A

10 15

Figure A6.1 Sufficient second segment approximation of F(x(i))

According to Definition 3.3, [A,+o] consists of points x(i)eR" such that [F(x(i))-(-1)|<0.01, as
illustrated in Figure A6.1. Based on this, and by noting that F(x(i)) is a monotonically decreasing
function with the values in the range [0,-1), we conclude that A simply corresponds to the point
where F(x(1)) drops to —0.99. Accordingly, the actual value of A can be obtained as the solution

to the non-linear equation given in (A5.1), i.e. (AS.2).

F(x(i)) = x(1)e ™ + e ~1=-0.99 (A6.1)
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x(D)e ™ +e7® —0.01=0 (A6.2)

Based on the discussion of Section 3.2, we already know than no analytical closed-form solution
to (A6.1), i.e. (A6.2) exists. Nevertheless, by employing a MATLAB estimation procedure, a

numerical value of A can be reached, as shown in Figure A6.2.

Matlab Numerical Estimation of A

Step 1. write an M-file called fm
function y=£ (x)
y=x*2.7."(-x)+2.7.7(-x)-0.01
Step 2: set the initial search point

AO0=4

Step 3. find the zero point of y=f(x) given A0

A fzero('f',A0)

6.6903

A

Figure A6.2 Numerical estimation of A

Now that the value of A is known, we will first proceed by determining the value of parameter k,
based on (3.30) and Definition 3.2. Subsequently, once k is known, x will be readily obtained as
the point where the kx(i) and —1 intersect (see Figure A6.1).
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Procedure for Finding Parameter K,

According to Definition 3.2, the first segment of H(x(i)), and accordingly parameter k,
correspond to the minimum MSE linear approximation of F(x(i)) on [0,A). Hence, the problem

of finding k can be mathematically formulated as shown in (A6.3)

min B[d, ) (+(i1K)’] (A6.3)

where dy)(x(i),k) represents the point-wise distance between F(x(i)) and k-x(1)) on [0,A) (see
(A6.4) and Figure A6.3).

d, iy (X0, 5) =F(x(®) —kx(),  x() €[0,A) (A6.4)

function approximation

0.5

X(l) ol

Figure A6.3 Point-wise distance between F(x(i)) and H(x(i)) on [0,A)

Based on (A6.4), the expanded expression for MSE figuring in (A6.3) turns out to be of the

following form
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E[dx(i)('x(l)i k)z] = J'dx(i)(x(l)’ k)2 'pdfx(i)(x(l)) -dx(i) = (A6.5)
= ([P~ — o dx(i) =

[P (x() - 2KFGe() (i) + (oe() e i) =

D>|~

F (x() () - 2 jF(x(z))x(z)dx(z)+— jx(z) dx(i)=

>|»—

sz2

F?(x(1)) dx(z)—— j(x(l)e 0 LoD 1) x(1) dx(i) +

k’A?

F2(x(1)) dx(z)—— jx( )7 e dx(i)-— jx(z)e-xﬁ) dx(z)+ijx(z)dx(z)+

0

>|~

kA’

F2(x(1)) dx(z)——I‘(3 A)———I‘(z A)+kA+

>|H

>>l~
o._> o«__> [ S oc_> o._}

I" in (A6.5) stands for incomplete Gamma function, as already mentioned in Appendix 4 (see

(A4.10)). From (A6.5) we further obtain

Bl O 2 s ) 2o ay e as 2 (AG.6)
ok A A
*E[d, ;) (x(1),k)*] _ 2A° (A6.7)
8’k 3

(A6.6) and (A6.7) prove that the given MSE function (E[d,, (x(3), k)*]) is convex with respect

to k. Consequently, the solution to the initial problem (A6.3) can be obtained simply from

SE[d._ .. (x(i), k) :
[ X(l)(x(l) ) ]:__2__F(3,A)_£F(2,A)+A+2A
ok A A

k=0 (A6.8)
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Hence, based on (A6.8), the value of parameter k that correspond to the minimum MSE linear

approximation of F(x(i)) on [0,A) turns out to be

2 2
3-(XI‘(3,A)+XI‘(2,A)—Aj

k = ~ —0.1948 (A6.8)

2A?

The values of I'(3,A)=1.9258 and I'(2,A)=0.9905 in (A6.8) are obtained using Matlab.
Procedure for Finding Parametery,

Now that the actual slope of the first-segment of H(x(1)) is known (see Figure (A6.1)), the knee

point () can be obtained simply as
kx ~-1 (A6.9)

By employing (A6.8) in (A6.9), we finally obtain

1
X=1 %5135 (A6.10)
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Appendix 7

Constrained Optimization ‘Using MATLAB

The following example illustrates the main steps of a MATLAB procedure aimed at obtaining an

approximate numerical solution to our constrained maximization problem, as defined in (2.55).

(The procedure utilizes Optimization Toolbox routines. Detailed descriptions of these routines

can be found in [MathWorks].)

Step 1: Write an M-file (fun.m) for the objective function and constraints:
functionl(f,g] = fun(x)
% set K=A"(1-a)

o0

K=0.3

set other parameters - document request probabilities and lengths
p=[0.4 0.2 0.2 0.1 0.1]
1=[1 1 1 1 1]

Objective function
f=-(1/K) * ({p (1) /x (1)) * (1-exp ((-K) *x (1)) ) +(p(2) /x(2)) * (1-exp ( (-
K)*x(2)))+{(p(3)/x(3)) *(1l-exp ((-K)*x(3)))+(p(4)/x(4)) *(1l-exp( (-
K)*x(4)))+(p(5)/x(5))*(1-exp((-K)*x(5))))

Equality constraint first
g(1)=1(1)/x(1)+1(2)/x(2)+1(3)/x(3)+1(4)/x(4)+1(5)/x(5)-1

Inequality constraints

g(2)=-x(1)
g(3)=-x(2)
gl(4)=-x(3)
g(5)=-x(4)
g(6)=-x(5)
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Step 2: On command line, set initial value for x (x0) first, then invoke constrained

optimization routine

p=[0.4 0.2 0.2 0.1 0.1]
1=[1 1 1 1 1]
x0=1./p
% Specify number of equality constraints - in our case there is only one
options (13)=1

x=constr (‘fun’,x0,options)
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Appendix 8

Function Approximation

In order to simplify the comparative performance analysis presented in Section 6.4, we introduce

the following function approximation

1-e* ~k¥x (A8.1)

where k=2/3, and n=8. The two functions from (A8.1) are presented in Figure A8.1.

function approximation

0.6

04

0.2}

Figure A8.1 Function Approximation
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