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Optimal Periodic Scheduling Under Multimodel
Per-Item Constraints in Wireless Systems

Christos K. Liaskos, Member, IEEE, and Georgios 1. Papadimitriou, Senior Member, IEEE

Abstract—A novel periodic scheduling scheme for wireless en-
vironments is presented. The proposed scheme enables quality of
service (QoS) agreements per data item, contrary to the per-dataset
approach of existing solutions. Constraints abiding by any of the
existing models (impatience, utility, and waiting time) are allowed
to exist concurrently. The impact of individual agreements on the
system’s performance as a whole is analytically studied and quan-
tified. Comparison with related approaches rendered the proposed
scheme optimally efficient and flexible enough to serve as a basis
for the implementation of specialized QoS metrics as well.

Index Terms—Periodic push, quality of service (QoS), wireless
systems.

1. INTRODUCTION

ATA broadcasting is an efficient technique for preserv-
D ing bandwidth, especially in wireless environments. The
steady increase in the volume of data requested by the end users
calls for direct exploitation of query similarities. However, a
large volume of data typically includes multiple classes of in-
formation. Proper quality of service (QoS) dictates that each data
item must be handled individually, according to its own class
model, and that several models must be respected concurrently.
Furthermore, at least for practical purposes (e.g., pricing), the
impact of each individual QoS constraint on the overall system
must be defined. To the best of the authors’ knowledge, these
issues in periodic broadcast scheduling have not been discussed
prior to this work.

The discussed push/broadcast technology [1] generally de-
scribes a way of communication where the clients do not post
explicit queries to the server. The clients are interested in a
common set of data items with a known request probability
distribution. The probabilities are extracted either directly, by
means of a feedback scheme, or indirectly, e.g., by studying
Facebook profile data. A central authority then creates a broad-
cast schedule that matches the needs of the clients optimally in
a statistical manner. The push approach is contrasted with pull
technology [2]-[4] where the clients send explicit requests to
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a server. The server then serializes his answers in an optimal
manner [5], [6]. Notice that the push approach inherently treats
all clients as equals, because of the lack of explicit queries.
Therefore, QoS issues and agreements refer to the data items
and not to the clients. The QoS per item is defined centrally or
agreed upon in an auction-style transaction among the clients.

In terms of system setup, wireless data broadcasting typi-
cally considers a large number of clients dispersed over an area
covered by a wireless network. The functionality of the system
relies on a server publish/client subscribe logic [7]. A central
publishing server administers a repeating broadcast schedule of
data items to all clients in the covered area. The server periodi-
cally edits this program by increasing or decreasing the number
of occurrences of each item, or by adding new ones in an effort
to keep it in line with the clients’ demands. A client simply
subscribes to the service and reads data from broadcast stream.
The clients’ preferences, which are expressed in the form of an
item request probability distribution, may be static. However,
in the most common scenario, they are periodically estimated
by the server through an adaptation scheme [8]. Push-based
broadcasting is commonly applied to teletext services, as well
as video and audio broadcasting [9], typically in conjunction
with a content indexing scheme [10].

As in most contemporary communication systems, providing
individualized QoS is becoming a new trend [11]. However,
related studies on broadcast systems have addressed system-
wide issues only. The optimization of the mean waiting time [12]
and the jitter of the waiting time [13] over all clients, as well
as the mean impatience for data availability [14] and the global
data utility [15], have constituted notable goals. Thus, meeting
item-specific constraints is not possible with existing scheduling
techniques. For example, keeping the utility of a specific item
above a given level is not accounted for. In addition, different
QoS models, such as the cited ones referring to impatience,
utility and jitter, cannot be mixed in one scheduling process.
All QoS agreements have to involve a single common model,
excluding all others. This issue creates practical contradictions.
As an example on TV scheduling, delaying the broadcast of an
unpopular soap opera must be assumed to cause impatience in
the same manner as a national disaster. Moreover, the impact
of holding an individual QoS agreement has not been studied
either, even though it is a prerequisite for practical applications,
such as monetary pricing of the service provided to the end user.

This work proposes a solution to the aforementioned is-
sues. The study comprises of the following steps: It is ini-
tially proven that a data-item-specific constraint abiding by any
model can be substituted by an equivalent restriction involv-
ing only the item’s maximum serving time. Thus, mixed-model
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individualized QoS is enabled. Items with no associated con-
straints are also accounted for. Furthermore, it is shown that the
presence of constraints has a direct impact on the global mean
waiting time. Formulas connecting these quantities are given.
Simulations prove the formulas to be accurate in all test cases.
Comparison with prior QoS schemes highlights the flexibility
of the proposed scheduling scheme in terms of efficiency in
meeting item-specific constraints.

The remainder of this paper is organized as follows. Section II
presents an overview of related work on wireless broadcast sys-
tems. Section III discusses standard assumptions and theoretical
prerequisites. The proposed QoS framework is described in Sec-
tion IV, and its evaluation takes place in Section V. Conclusion
is given in Section VI.

II. RELATED WORK

Research on wireless broadcast systems initially focused on
the minimization of the clients’ mean waiting time. In [12], it
was proven that the mean waiting time depends solely on the
popularity (request probability) and size of each data item, and
not on the number of clients. A lower bound for the mean waiting
time was given, as well as scheduling algorithms that achieved
it at the expense of increased complexity. These algorithms
worked only for nearly equally sized items. In [16], the authors
presented an analysis-derived periodic scheduler that achieved
the same performance with minimal complexity for any item
sizes. The broadcasting process was divided into a scheduling
and a serializing stage. The scheduling stage defines the optimal
number of periodic item occurrences in the schedule, which
yield minimal waiting time. The serializing process is generic,
receiving any item occurrences and producing the corresponding
series of actual periodic item broadcasts. The low complexity
of [16] pertains to both stages as a whole.

Heuristic low complexity scheduling methods were intro-
duced in [1] with the introduction of the broadcast disks model.
According to it, items are grouped by popularity, forming vir-
tual disks rotating around a common axis. Imaginary heads read
and serialize data from the disks, producing the final schedule.
In [17], the authors applied clustering techniques to perform the
data grouping. In [18], the grouping of items was analytically
optimized and the results were exploited to produce minimal-
complexity schedulers. All these studies focused on the mini-
mization of the clients’ mean waiting time.

An initial attempt to address QoS issues in broadcast sys-
tems took place in [13] where the authors presented a way
of minimizing the variance of the clients’ waiting time. Mod-
ified versions of the algorithms in [12] were demonstrated,
which achieved tunable tradeoff between the variance and the
mean value of the waiting time, without discriminating between
variance-sensitive and variance-independent applications. Sub-
sequent studies model the clients’ psyche [19], with a particular
interest in impatience [2], [14], [20], [21]. The optimization pro-
cedure follows the pattern of [12], typically applying the method
of Lagrange multipliers, substituting the waiting time formula
with a study-specific impatience metric. The impatience for a
specific item is generally a rising function of the waiting time.
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In [22], the authors combined pull-push hybrid schemes, pre-
senting ways of optimally choosing which data items are to
be disseminated in each of these fashions. In [14], the authors
presented the first related algorithm that differentiated between
delivery-time sensitive and nonsensitive data items, as is most
common in realistic conditions. However, meeting item-specific
constraints is impossible, as in all related studies. Furthermore,
this study too enforced the same study-specific deadline model
on all items, hindering its use as a generic QoS framework.

Psychometrics have also been presented in the form of utility
functions [15], [23]-[25]. The usefulness of a received data item
is considered to be a function of the waiting time that is required
to become available. Several types of utility functions have
been used, ranging from rectangular pulses [24]—which are
also known as strict deadline functions—to exponential forms
or other similar smooth functions [15], [25]. The latter are also
known as soft deadline functions. The impatience and utility
metrics are opposites, and studies that utilize them aim at mini-
mizing the former or maximizing the latter in a complementary
fashion. It must be stated that both metrics are defined arbitrarily,
not relying on medical research or user statistics.

Differentiating from the preceding studies, this study intro-
duces a QoS-aware scheduling scheme that allows the concur-
rent satisfaction of data-item-specific constraints that obey to
any (or no) model. The technical contribution comprises for-
matting the QoS restrictions flexibly, quantifying their impact
on the system as a whole, and upholding them accurately. In
particular, we study the ability to express the QoS restrictions in
a variety of popular formats, e.g., specific mean value or varia-
tion of waiting time, impatience, or utility of an item. We show
that meeting some restrictions impedes the formation of new
ones. Subsequently, the QoS pricing by the provider must vary
accordingly. Therefore, we introduce a reference point of oper-
ation and a technical metric that quantifies the projected impact
of QoS restrictions on the efficiency of the system. Finally, we
define a scheduling process to meet the active restrictions accu-
rately. Once the optimal number of periodic item occurrences is
set, the generic serialization process of [16] produces the final
broadcast series.

III. THEORETICAL PREREQUISITES AND
STANDARD ASSUMPTIONS

We regard a set of N data items arbitrarily indexed by 7 =
1,..., N. Each item ¢ is associated with its size /; (in bytes)
and its request probability p;. Additionally, v; € N* will denote
the number of periodic occurrences of item ¢ in the employed
broadcast schedule. The total size of the schedule is given by

N
L= Zvi ;. (1)
i=1

No assumptions are made concerning the nature of a data
item during the analysis. In accordance with the majority of the
related work, an item is simply a piece of information that a
client may acquire through a single query. It is clarified that in
periodic broadcast scheduling, the term client query does not
imply posting a request to a server, but rather waiting for the
broadcast of a specific item. As shown in Fig. 1, in periodic
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Fig. 1. Periodic schedule containing v; = 3 occurrences of item 4. A client
request for this item will be answered in time w; € [0, w™**]. w?* is the
interval between any two consecutive appearances of an item 4 in a periodic
schedule.

schedules, a client query for any item ¢ may be answered in
time w; € [0, w**] (uniformly distributed, assuming Poisson
arrivals and a large number of clients [12], [16]). According to
Fig. 1, for the periodic schedules in discussion, it holds that
w;nax — £ (2)
Vi
The mean value of w; with regard to probability distribution p;
is expressed as [12]
N wIIIaX L N i

Eylw]=)__ pi <2> =33 % 3)
Notice that the mean waiting time E,[w;] does not depend on
the number of clients, which are handled collectively as a Gaus-
sian process via the central limit theorem [12]. In addition, (3)
measures the mean waiting time in size units (e.g., bytes). Con-
version to time units requires knowledge of the physical trans-
mission rate. According to [1], [2], [12]-[18], and [20]-[25]:
1) The assumption of wireless environment is used to justify
synchronous data stream reading by all clients. 2) Wireless cov-
erage issues are idealized in order to focus on the evaluation
of the scheduling process only. 3) No specific application con-
text is strictly required (e.g., WiFi, Sensor Net, or other). The
proposed algorithms can be applied anywhere that scheduling
makes sense.

The v; parameters are chosen to satisfy some predefined
optimization criteria. A popular goal is the minimization of
E,[w;]. It has been shown that this criterion is satisfied only
through periodic schedules where the v; parameters satisfy the
condition [12]:

v) Xy [+ Vi=1,...,N. 4)
Equation (4) is known as the square root rule. The “(.)°” nota-

tion denotes optimal values and “oc” proportionality. Since v{
must be integers, relation (4) usually holds by approximation.
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TABLE I
SUMMARY OF NOTATION

DATA BROADCAST SCHEDULING NOTATION
Symbol Explanation
N The total number of available data items.

i=1...N  The index of the i data item (arbitrarily enumerated).

pi €10,1] The request probability (popularity) of item i:
Zﬁvzl pi=1

V4 The number of occurrences of item ¢ in a periodic
broadcast schedule.

l; The size of data item 1.

L The size of the whole periodic broadcast schedule: L =
S i i

w; A random variable representing the waiting time for
item 4. w; is uniformly distributed in [0, w}"**]

w;er The maximum waiting time for item <. It is equal to the
interval between two consecutive occurrences of item
in the periodic broadcast schedule (constant).

wz{g) A value of w; for which P(w; < wig)) =g

STotal Alias for the complete set of available data items.

SQos Subset of Stoiqr, containing items with associated

QoS constraints.
0 The skewness factor of any Zipfian p.d.f. (p; & 1/i%)
STANDARD MATHEMATICAL NOTATION

E.] The mean value of random variable (.) with regard to
probability distribution ().
P() The probability of condition (.), P(.) € [0, 1]

argmaz(,){.} The maximum value of variable () for which the
expression (.) holds.

By setting v; = v{ in (3), the lower bound of E,, [w;] is derived:

N 2
Ep[wiy}min =0.5- (Zil i ll> . (5)

The bound of (5) is achievable in practice, as shown in [12]
and [16].
The employed notation is summarized in Table I.

IV. PROPOSED QUALITY-OF-SERVICE-AWARE
SCHEDULING SCHEME

QoS in push-based systems differs substantially from pull-
based ones. In the latter, a server identifies the client and the
query type and prioritizes the provided service according to a
predefined agreement. This pull-based approach assumes the
establishment of a connection and the posting of an explicit
query from the client to the server. However, in the studied
push-based systems, there exists no connection between the
client and the server. The client simply waits until the needed
data item is broadcasted by the server, without ever posting any
queries. Thus, the server is physically unable to discriminate
between the clients. Television broadcasting is a classic example
of this category of push systems. Therefore, while QoS in pull-
based system refers to clients, in push-based systems, it refers to
the broadcasted data. The central scheduling authority typically
processes statistical data on the users’ preferences, taking into
account the cost they are willing to pay for a better QoS. Thus,
a common QoS level per data item is derived. The latter can
also be predefined via an auction type of transaction among
the clients [26]. While the actual definition of such a system
of transactions goes beyond our scope, it is notable that game
theory could be employed to optimize the profits of the clients
or the server [27].

The presentation of the proposed QoS-aware scheduling
algorithm (QoSA) follows three steps.
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1) Presentation of the procedure that translates any model-
specific constraint for an item to a condition involving
only its associated waiting time. Conversion to a common
format allows for flexibly using any convenient expression
for the QoS restrictions.

2) Not all items may have constraints. The next step is to
produce a schedule that handles these items in a way that
minimizes the clients’ mean waiting time, while upholding
all existing constraints.

3) Finally, a metric of the impact of the constraints’ existence
on the global mean waiting time is given. This metric can
be used, e.g., to define the cost of upholding a constraint.
Any connection with actual monetary cost is, of course,
context related and strictly beyond the scope of this paper.

A. Translating Model-Specific Constraints in a
Common Format

The most rudimentary constraint format for an item i is the
one stating its maximum waiting time (see Fig. 1). This format-
denoted as Format I-can be expressed as follows:

Format I: w*** = W;, where W; > 0 is user-defined.

An alternative format may limit the waiting time inside an
interval [0, w!? )}, with a given guarantee g € [0, 1]. This format

can be expreésed as follows:
Format 2: P(w; < wl(g )) = g, where P(.) denotes probabil-

(9)
ity. It is obvious from Fig 1 that :—X = g. Therefore, Format

2 can be translated to Format 1:

Wi = —L (6)

Another practical constraint format is the definition of the mean
waiting time for an item ¢ as

Format 3: E, [w;] = W;, where u expresses the uniform con-
tinuous distribution of w; € [0, w™**], and W; is a predefined
positive value. This format can also be translated to an equiva-
lent expression of Format 1. The mean waiting time for item ¢
is given by

,max

Eu [wz] :/ ‘
0

However, since the probability distribution u is uniform over
[0, w ] (see [12]), it will hold that P(w;) = —t,Vi =

(3

1...N.Thus, (7) is transformed as

max
i

max
w

1 v .
— / w; - dw; = — ®)
wr ax 0 2

3

EU [U)q] =

and w** = 2. E, [w;]. Therefore, Format 3 is translated to
Format 1 as

E,w)]=W; = w™™ =2.-W,. 9)

Equations (6) and (9) are summarized as follows.

Proposition 1: A constraint of waiting time variation (Format
2) or mean value (Format 3) can be translated to a constraint of
maximum waiting time (Format 1).

Proposition 1 will be employed to prove that constraints that
are based on other metrics (e.g., impatience and utility) have an
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equivalent “Format 2 or “Format 3,” and ultimately “Format
17 expression.

Consider an item-specific metric M, that is expressed as a
function of the waiting time for an item ¢ w;:

Examples are the item-impatience [14] and item-utility [15]
metrics. We proceed to make the common assumption [2], [14],
[15],[21], [24], [25] that the metric M; is a monotonous function
of w;.

Proposition 2: Constraints with regard to metric M; can be
translated to Formats 1, 2, or 3 as follows:

1) Constraints of the form M"** = M; to Format 1:

wmax — arg rPa§({Ml (wz) = Mz} (11)

3
i

where  M; is a user-defined value, and
argmax,, ) {M;(w;) = M;} is the greatest w; value
(w}) for which it holds that M (w}) = M,.

2) Constraints of the form P(M; < M) = g to Format 2:

Plw; < argmax{M;(w:) = MY =g (12
where g € [0,1] and M*) > 0 are user-defined.
3) Constraints of the form E, [M;] = M; to Format 3:
E,[w;)] =0.5"arg (max)
wm e
U M (wy) - dw;

where M; > 0 is user-defined.
Proof: See Appendix A.
Notice that the expressions M™** = M, and P(M; <

M,;(g )) = g correspond to increasing functions M;(w;), such
as the impatience metric. If M;(w;) is decreasing (e.g., utility
metric), the appropriate notation would be M™" = M; and
P(M; > Mi(g )) = g. Expressions (11)—(13) remain unaltered
in any case. [ ]

As a consequence of Propositions 1 and 2, any metric-specific
constraint can be converted to a Format 1 compatible form (i.e.,
w*®* = W;). For the remainder of the analysis, it is assumed
that all constraints have been converted to this form. Notice that
the scheduler of [16] can then carry out the actual broadcast
serialization process, requiring only this input.

B. Meeting the Existing Constraints While Minimizing the Total
Mean Waiting Time

Not all N items in the total set St,¢,1 may have constraints.
Only a subset Sqos € STota1 Of items requires QoS restrictions.
We will seek to schedule the broadcast of the remaining items
in a way that minimizes the total mean waiting time, while
upholding all existing constraints.

The reasons behind this approach are proactive QoS and over-
all efficiency. We assume that a client will probably not aban-
don a query while waiting for an item without QoS restrictions.
Notice, however, that this statement will hold probabilistically.
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Recall from Section IV that in push systems, the QoS level is
set per item after statistical processing the general preferences
of the clients that require it. This processing includes the defini-
tion of the item set without QoS requirements as well. In other
words, should we delay the transmission of these items or stop
broadcasting them completely, a portion of the clients could still
react, potentially abandoning the system or requiring the forma-
tion of an additional QoS agreement at best. However, as will
be proven next (Lemma 3-parameter B), the greater the num-
ber of QoS agreements, the more difficult it becomes to uphold
them efficiently. Thus, minimizing the overall mean waiting
time becomes a form of proactive QoS that favors the stability
of the system. Besides, being able to minimize the mean waiting
time while upholding all existing QoS requirements adds to the
overall efficiency.

Consider a constraint of the form w;*** = ;. As is evident
from Fig. 1, the maximum waiting time w;"** of an item ¢, the
number of its occurrences in the schedule v;, and the total size
of the schedule L are connected through (2). Thus, setting an
item’s maximum waiting time (w;"**) via a constraint imposes
a restriction of the form

max
7 9

L=v-w i € Sqos- (14)

The objective is to minimize the global mean waiting time
E, [w;] [see (3)] with respect to the restrictions (14). The conclu-
sions of the minimization process are summarized as follows.

Lemma 3: Concerning the items with no constraints, the
square root rule of (4) minimizes the global mean waiting time
E, [w;], even when other items with constraints are present.

When constraints are present, the lower bound of E, [w;] (5)
is transformed as

| (Sigsane VB E)

1
E [wi]min == + = Di - w;nax
P 2-(1-B) 2 ie;“s
(15)
where
li
B = .
D e (16)
ZESQUS v
It must hold that B € [0, 1).
Proof: See Appendix B. [ |

The restriction B € [0, 1) is the mathematical expression of
the fact that in a communal system (such as data broadcasting),
overly favoring a limited client subset may cause the malfunc-
tioning of the entire system. Consider the example where the
maximum waiting time of an item ¢ is set to zero, i.e., w;"** = 0
(B — o0). Through Fig. 1, it is easy to see that this constraint
can be upheld only if the system stopped the broadcasting of all
items but 7.

Abiding by the restriction of B € [0,1) is not really a tech-
nical problem, but rather a matter of the degree of democracy
in the system. Notice that the final per-item maximum waiting
time w;"** is set centrally by the scheduling authority. If the
authority enforces its decisions to the clients unquestionably
(no democracy), keeping B € [0,1) is trivial. If the authority
has no personal motives (maximum democracy), the per-item
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constraints could be deduced, e.g., through lengthy negotiations
among the clients. The matter is strictly context dependent, go-
ing beyond the scope of this technical work. For the remainder
of this paper, it is assumed that the per-item constraints have
been derived in accordance with the restriction B € [0, 1).

C. Measuring the Impact of Constraints on the
System’s Performance

Meeting item-specific constraints is the primary goal of a
QoS-aware data broadcast scheduling scheme. In the real world,
however, upholding constraints come at a price. A group of
clients, for example, may ask for more frequent broadcast of
sports programs in a TV channel, in exchange for a raised sub-
scription fee. This simple observation highlights two issues.

1) A reference point regarding the broadcast frequency of

items must be established.

2) A measure of the impact of altering the broadcast fre-
quency of an item on the system is needed. This can be
used, e.g., to define the final subscription fee. (Notice,
however, that connection with real monetary cost is con-
text dependent and beyond the scope of this paper).

The reference point can be defined as the case of total absence
of constraints. The scheduling authority is then simply interested
in minimizing the global mean waiting time. This is accom-
plished by setting the items’ broadcast frequencies through (4)
(square root rule), which leads to the lower bound of (5).

According to Proposition 2, forming a constraint for an item
inherently sets its maximum waiting time w}"**. Forcing w;"**
to be less than the value stated by the reference point leaves less
room for broadcasting other items (see Fig. 1) and, therefore,
increases their individual waiting time. Thus, the performance
impact of the constraints can be measured by the incurred in-
crease in the waiting time for items ¢ ¢ Sqos.

Lemma 4: Assume a set of constraints and the corresponding
B value [see (16)]. Furthermore, let

1—- DBy
1-B

IMPACT(B) = € [1 - By, 0) (17)

where By € (0, 1) is the value of B when the constraints coin-
cide with their reference values:

B D igSqus VPi i

By =1 .
ZiESToml pi - ll

(18)

The mean waiting time F, [w;] for an item i ¢ Sq,s is related
to its reference point, i.e., F, [w;], by
B, [wi]
Eu [’LUI]

= IMPACT(B). (19)
1) The mean waiting time E]; [wi]li¢s,.s over all items i ¢
Sqos is also related to its reference value F, [w;]i¢s, s by (19).
2) The total mean waiting time in the case of constraints,
ie., E; [w;]min [see (15)], is related to its reference value, i.e.,

E,[w;]min [see (5)], by the approximation:
Ep [wi]min

~ (IMPACT(B))"
Ep[wi]min ( ( ))

(20)
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Algorithm 1 The novel QoS-aware Scheduling Algorithm
(QoSA)

INPUT

* A set of items Storar - {pi,li};i=1... N,

* A set of constraints for items i € S5, 5005 € STotal, 1N
any Proposition 2-compatible Format.

OUTPUT

* The broadcast schedule that meets the given constraints and
minimizes the global mean waiting time,

* The IMPACT metric of the constraints.

max

1: Translate constraints to w; = W, Format (1), through
Proposition 2.

: Calculate B via equation (16).

: Ensure B € [0,1).

: Calculate /M PACT(B) via equation (17).

: Set vy =oc (/12,0 & Sqos.

:Caleulate L= 15
i¢SQOS

: Calculate v;, ¢ € Sq,s via equation (14).

: Pass v;,¢ € Sto14; to the scheduling algorithm of [16] and

obtain the returned final schedule.

0 SN AW

when B € [By, 1). The parameter v > 0 is numerically defined
(see Appendix C).

Proof: See Appendix C. [ |

The value Bj of the B parameter represents the fair-share
(or reference) point of a wireless broadcast scheduling system.
When the constraints yield B = B, the items get the air time
that corresponds to their popularity and size [see (4)]. In prac-
tice, values B > B\ mean that a group of clients has paid for
favoring the broadcast of certain items. Values B < B mean
that for a certain price, a set of items have had their broad-
cast frequencies deliberately lowered (uncommon). Thus, the
parameter B expresses the influence of external factors on the
system. According to Lemma 4, this impact can be effectively
expressed through the metric of (17).

The IMPACT metric expresses the impact of constraints on
the mean waiting time per item, per subset of items, or per all
items (Lemma 4). Being an increasing function of B € [0, 1),
higher IMPACT values correspond to higher mean waiting time
for the items ¢ ¢ Sqos.

D. Formulation of the Proposed Quality-of-Service-Aware
Scheduling Scheme

The conclusions of Sections IV-A-IV-C are gathered and
formulated as the QoSA Algorithm 1.

The algorithm simply produces the QoS-aware number of
item instances v;, which are required to produce the broadcast
schedule via the generic serialization process of [16]. In step
5, the v;, 7 ¢ Sqos are set via the square root rule of (4). Any
multiplicative factor (e.g., 10'?) can be used to ensure that v; >
1, Vi, when rounding is applied. (Notice that v;, Vi, must be
integers since they represent occurrences of items in the final
schedule.) Finally, step 6 employs a trivial relation between L
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and B [produced in Appendix B; see (28)]. The algorithm has
the same complexity as the serializer of [16], i.e., O(N).

As discussed in Lemma 4, the produced IMPACT(B) value
physically denotes the performance degradation when the tar-
geted QoS restrictions are upheld. In addition, the value B €
[0,1) shows how difficult it will be to add more QoS restric-
tions in the future. The further B draws away from the reference
point By and approaches the unit, the more difficult it will be to
serve additional QoS requirements. Thus, the service provider
can utilize the produced IMPACT and B values in order to
define the pricing for upholding the current set of restrictions.
The clients can then confirm whether they approve the pricing
or not, deducing the final set of restrictions after one or several
negotiation cycles.

V. EXPERIMENTAL EVALUATION OF THE
QUALITY-OF-SERVICE-AWARE SCHEDULING ALGORITHM

The evaluation of QoSA is divided into three parts:

1) further validation of Rule 2, i.e., the equivalence of the
conversion from any metric-specific item constraints to
the w*** = W, format;

2) comparison with related work [13], [14] in terms of effi-
ciency in meeting item-specific constraints;

3) further validation of Lemmas 3 and 4, concerning the new
lower bound for the global mean waiting time [see (15)]
and the measuring of the IMPACT of the constraints on
the overall system.

Concerning the nature of the related algorithms, it is noted
the Impatience and Jitter schedulers of [13], [14] target the opti-
mization of system-wide metrics. The minimization of the mean
impatience and the jitter overall clients are the set goals. These
algorithms, although optimal in their specialization, represent
the trend of the related work to handle QoS in push systems in
the traditional per-client manner. Thus, item-specific QoS has
been overlooked, even though it may be more affinitive toward
push systems.

The evaluation is based on the simulation environment of
[16]-[18], implemented in MATLAB [28]. The topology com-
prises a central scheduling and broadcasting server and a num-
ber of 1000 wireless clients. The number is purposefully large
enough for the central limit theorem to apply on the totality
of the client’s queries safely. All clients are in the range of the
server and wireless propagation and noise issues are idealized in
order to focus on the evaluation of the proposed scheduler [1],
[12]-[18]. By the same convention, time is measured in Bytes,
and conversion to seconds requires the definition of a data trans-
fer rate. Since physical layer issues are idealized, the reader is
encouraged to adopt any data transfer rate that corresponds to a
physical system of interest.

We consider a number of N = 100 data items with sizes
l; € [10’3, 10] MB, which correspond to typical web-style data
sites containing text, images, sound, and animation. The items’
request probabilities p; are set according to the ZIPF distri-
bution, as in the majority of the cited studies. The parame-
ter 0 is an input that denotes the skewness parameter of the
ZIPF distribution. All runs in this section were repeated for
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0 €[0.1:0.1:1.5] but produced identical results. Therefore,
all presented figures correspond to # = 0.5 by convention.

Every simulation run is initialized as follows: A number of
300 000 item queries are generated according to the ZIPF dis-
tribution with the given 6 value. These are assigned to 1000
clients (300 per client). A client may have one request pending
at any given time (single-threaded clients). This incurs no loss
of generality, since a client with m simultaneous queries can
be substituted by m single-threaded clients. For a given set of
constraints, Algorithm 1 constructs the broadcast schedule and
transmits it periodically to the clients. If a broadcasted item 7
coincides with the current query of a client, the query is dis-
carded and the client moves to the next query after a random
ThinkTime of [0, L] MB. The latter serves the purpose of taking
into account the time a human user requires to process the data
before defining the next query. The simulation ends with the de-
pletion of all client queries. Finally, each simulation is repeated
10? times in order to extract dependable results.

Random mixed-model constraints are assumed, which em-
ploy the following.

1) The incurred impatience metric I(w; ) of [14]:

0.5 i’LUZ‘—RQU)Z‘, wi>Ri
Tw;) = { Gilwi = R) = @1)
0, w; < R;.
2) The utility metric of [15]
0 In2-(w;~R;)
. R, ) .
U(wq) _ Ui (& , W < Rz (22)
Ul-o7 w; > R;.
3) An arbitrary metric representing scaled service
intolerance:
1, w; < Wy
Clw)=1 3, Wi<w <W, (23)
100, w; > Ws.

Illustrations of the impatience and utility metrics are given in
Figs. 2 and 3. The clients grow more impatience as the delivery
of an item is delayed. In a similar manner, the clients consider
an item to be useful if it is delivered in time. Notice that the
units of impatience and utility are arbitrary and will be referred
to simply as impatience and utility units. This convention stems
from that fact that the metrics I (w; ) [14] and U (w; ) [15] are not
strictly defined through medical or statistical research [14], [15].
The reader can infer the physical meaning of these units by
mapping them directly to waiting time values in Figs. 2 and 3.
Finally, we introduce the metric of scaled service intolerance
to demonstrate the flexibility of the QoSA scheme in handling
custom metrics as well. We assume that for several items, the
clients have been observed to exhibit levels of intolerance as
the delivery of a required item is delayed. This behavior is
emulated by the scalar form of (23). A value of 100 intolerance
units indicates the highest degree of client dissatisfaction.

The aforementioned metrics are configured and assigned to
the available data items. As shown in Figs. 2 and 3, the im-
patience and utility metrics change significantly after a given
threshold of the waiting time. The same principle applies to
the intolerance metric of (23). In order to avoid unrealistically
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(9)]

Incurred Impatience I(w;).
)

2 6 8
Waiting time w; for the broadcasting of an item 4

Fig. 2. Form of the impatience metric [14]. The impatience for every item
increases as its broadcast is delayed. Two parameters, i.e., 3; and R;, are used
to customize the form of the plot.

2,

Uy w; > Ry
U(wl) = { U,LO . 6—ﬁi'(wi_Ri) w; < Rl

—_
(9]

Item’s Utility U (w;).
o
e

% ‘ ‘ ‘ ‘ 10

2 4 6 8
Waiting time w; for the broadcasting of an item 1%

Fig. 3. Form of the utility metric [15]. The utility of any data item drops as
its broadcast is delayed. R;, 3;, and U, 10 are parameters that regulate the form
of the plot.

small threshold values (e.g., not willing to wait for the duration
of a single item), we set this parameter as a portion of the total
item duration, D = vazl l;. The exact parameter values and
assignments to items are as follows.
1) Foritems: =1, ..., 10, the incurred impatience is of pri-
mary concern, with parameter values R; = 10% - D and
(; = 1. This customization is denoted as I (w; ).
2) Items ¢ =11,...,20 are assigned the Ir(w;):{R; =
30% - D, B; = 5} customization.
3) Items: = 21,..., 30 employ utility metric, using the con-
figuration Uy (w;) : {R; = 20% - D, U? = 50}.
4) Ttems i =31,...,40 are assigned to Us(w;): {R; =
15% - D, U? = 20}.

5) Itemsi = 41, ..., 50 use the intolerance metric C' of (23),
for W1 = 5% - D and Wy = 15% - D.
6) Finally, items ¢ = 51, ..., 100 have no associated metric

or constraint and are of no interest to the comparison.

While the aforementioned assignment is random, it produces
results representative of all other tested cases.

We proceed to set a constraint for each item, ¢ = 1,...,50,
based on the mean value of its associated metric (e.g.,
E, [ (wy)] < 51). This way of expression corresponds to For-
mat 3 of Rule 2. The targeted mean values are randomly picked
from the range 1, 200. The scheduling algorithms of [13]
and [14] and the QoSA scheme are then requested to produce a
schedule that upholds these constraints. The results are shown
in Fig. 4.
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Fig.4. Performance comparison of the proposed algorithm (QoSA) and the Jitter Scheduler of [13]. Closest match with the plot expressing the required constraints

indicates better performance. QoSA upholds all constraints with near-perfect accuracy, while achieving better overall mean values as well.

The proposed algorithm matches all constraints accurately.
The results also abide by the translation Rules 1 and 2, since
internally QoSA translates all constraints to Formatl (see
Section IV-D, Algorithm 1, Step 1). The algorithm in [13] pro-
duces a schedule that generally incurs more impatience and less
utility in the majority of the cases, while no constraint is reliably
met. Furthermore, as discussed in [13], this algorithm requires
an arbitrary parameter, « € [2, 3], as input, which can be de-
fined in no other way but through brute force. The simulation
was repeated for all values o = 2 : 0.05 : 3 and the schedule
that produced the lowest mean square error with regard to the
required constraints was kept (o = 2.15). The algorithm in [14]
did not produce results for this configuration. This algorithm
states that the item to be broadcasted at a time moment ¢ is the
one maximizing
pi OM;

Fo=(t=T)" 7 5=
v v lw;=t-T;

(24)

where 7T; is the time moment when item ¢ was last broadcasted.
It is obvious that for the utility metric U (w; ), the first derivative
approaches zero as w; increases. The derivative of the custom
metric C'(w;) [see (23)] is also zero (apart from just two dis-
crete cases). The same applies to items with no constraint. The
algorithm in [14], thus, entered an infinite loop broadcasting
only items with associated impatience I(w;) metrics. To en-
able comparison with [14], we assign the impatience metric
I (w;) : {R; = 10% - D, 3; = 1} to items i = 1,...,50. Ab-
sence of constraints for items ¢ = 51,...,100 is emulated by
assigning the metric I, (w;) : {R; = 10% - D, §; = 0.1}, (i.e.,
a much lower 3 value).

The results are given in Fig. 5. The proposed algorithm satis-
fies accurately all constraints, while the algorithm in [14] targets
only the minimization of the global mean impatience. These
issues do not lessen the importance of [13] and [14], which pi-
oneered in introducing QoS in periodic scheduling. However,
they highlight the need for flexible QoS schemes.

The remainder of the experimental evaluation focuses on
studying the IMPACT metric and examining the main points
of the mathematical analysis further. For the same configura-
tion leading to Fig. 4, all constraints are scaled by a common

120 T r T T
Per Item Values Mean Values
100" —*—Required Deadlines. Expected B
g —&-QoSA QoSA
:: ' Impatience Scheduler. Impatience Sched
. 80 g
D |
3] 3
g
2 60f
@
2,
E a0
g
5]
)
= 20
0—=8 - L= -
0 10 20 30 40 50
Data item ¢
Fig. 5. Performance comparison of QoSA and the Impatience Scheduler of

[14]. The proposed algorithm upholds all constraints with near-perfect accuracy.
The impatience scheduler achieves better mean impatience, but cannot uphold
individual, per-item constraints.

factor in order to produce parameter values B = 0.1 : 0.1 : 0.9
[see (16)]. Each time, the global mean waiting time achieved by
QoSA is logged and compared with the analytical lower bound
for (15). As shown in Fig. 6(a), the values coincide, match-
ing the analysis. The procedure is repeated, this time logging
the IMPACT of the constraints on the mean waiting time for
items with no associated constraint. The results in Fig. 6(b)
show that the simulation-derived values coincide with those
projected by the first two assertions of Proposition 2, essentially
matching their analytical proof (see Appendix C). Fig. 6(c)
illustrates the simulation-derived and the analysis-derived IM-
PACT of the presence of agreements on the total mean waiting
time. Notice that the approximation of (20) is shown to be ade-
quate for B € [By, 1) as expected. The curve-fitting parameter -y
was derived by applying mean square error-based curve fitting.
Notice that the cases, where B € [By, 1), correspond to con-
straints demanding smaller waiting time for an item than its fair-
share. Intuitively, this is expected to be the most common and
interesting case.

An alteration of (20) can be defined, if values B € [0, By] are
of interest as well. Noticing that the global mean waiting time
is driven to infinity when B — 0 (i.e., when one or more items
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Fig. 6. Study through simulation of the IMPACT metric and the main points

of the mathematical analysis. The analysis-derived values nearly coincide with
simulation-derived ones in all cases. (a) Comparison of expected and resulting
global mean waiting time. (b) Comparison of expected and resulting IMPACT
of existing constraints on the mean waiting time for items with no associated
constraints. (¢) Comparison of expected and resulting IMPACT of existing
constraints on the global mean waiting time.

stop being broadcasted although several clients still need them),
we propose the following approximation:

/

Ep [wi]min

Ep [wi]min

1— Bo Bo
~ (1 BO)l—B +BoB-
(This approximation also satisfies the boundary conditions de-
scribed in Appendix C.) Fig. 6(c) shows (25) to match the
simulation-derived results. The same conclusion was repeated
for any of the tested simulation configurations. Equation (25)
can serve as an efficient metric of the IMPACT of constraints,
when we are solely interested in keeping the total mean waiting
time in check.

(25)

VI. CONCLUSION

A novel QoS-aware broadcast scheduling scheme for wireless
broadcast systems has been presented. Two major omissions of
the related work were the overspecialization of QoS-related met-
rics and the lack of potential to keep item-specific constraints.
The proposed algorithm has been proven to be QoS metric inde-
pendent. It manages to uphold any data-item-specific constraint
accurately, while minimizing the global mean waiting time.
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Finally, accurate analytical metrics that quantify the impact of
QoS agreements on the overall performance of the system were
defined.

APPENDIX A
PROOF OF PROPOSITION 2

The first case is a direct result of the fact that M; = M; (w;)
is an n:1 mapping of w; — M;: For a given M;"**, there are
always one or more corresponding w; values. Choosing the
maximum of them ensures that more air time is given for other
items (see Fig. 1), while still upholding the constraint. The same
applies to case 2. Concerning the third case, the mean value of
ML' is

B [M(w)] = / U Mi(wy) - Pw) - dw,. (26)
0
Since u is uniform, P(w;) = 1/w™**,Vi. Then
wi ™ Mg w; de
E, [M(wl)} = fO wm(ax ) : 27

The maximum value of w;"** that satisfies (27) is chosen, as in
the first two cases. Since w; € [0, w™**] uniformly, it holds that
E,[w;] = 0.5 - whax, Q.E.D.

APPENDIX B
PROOF OF LEMMA 3

We insert restrictions (14) in (1), replacing the v;,7 € Sqos.
Notice that L will then be present in both parts of the equation.
Solving for L produces

o ZigéSQOS vi -l equation(16) Zi¢SQos v; -
B L - T 1-B
1= ieSqus o 1-B

Since L is the length of the schedule, it must hold L > 0 <
B < 1. B is also an inherently positive quantity; hence, the
restriction B € [0,1). For an arbitrary item j ¢ Sq.s and a
given L, (28) yields

(28)

(9’[)j lz‘
— = ——. 29
3vi lj ( )
The objective is to find the v?,i ¢ Sqos, that minimize (3).
Requesting d%”iv[w] = 0 produces through (29)
o __ i .
v = 1Yy - Vi ¢ SQOS (30)

l;’

ie., vy ~ /¥ Finally, (15) is produced by inserting (28) and

(30) in (3), after trivial calculations.

APPENDIX C
PROOF OF LEMMA 4

The (') notation will be employed for denoting the presence
of constraints. The mean waiting time of an item ¢ ¢ Sq,g is
’ maxy’ equation(2) r
-V

3

(€19
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Pi

When constraints are present, L' is given by (28), and v ~ /4

in any case. Equation (31), thus, becomes

B, [w] = (Zmos W) (2 (1-B)- \/]7) . (32)

For the reference point (no constraints), L is given by (1), and
once again vy ~ , /¥ Therefore

L i
E,[w;] = ﬁ = (Z%STMI pi li) (2 . ﬁ) . (33)

Equation (19) is derived by dividing (32) by (33), and setting
B D i¢Squs Vi li

i )
ZiesTmal pi Tl

In a straightforward manner, concerning the mean over the wait-
ing time for all i ¢ Sqos

By =1 By €[0,1]. (34

E;)[wz] _ Zi%&%s pi'E;1 [w] equ‘dtgl(lg)
Ep [’(1)7 i%SQoS Zi¢s()(is pi- E“’ [’U)7]

Ep [wz] o (]- - B()> Zi¢SQDS pi.Eu [wt}
Ep [wl] 1-B Ei¢SQos bi - Eu [wb]

i¢SQOS
(1= By
~\1-B )"’

For the third part of Lemma 4, we divide (15) by (5), producing

(35)

/

E Wiy (1= By)® | Diesqus Pi- W™ (36)
EP [wi]min 1-B (ZieSTotal pi - li)2
For the bound B = B, (36) yields % =1, and for B —
E;; [willnin

1, limp_; ol — O Furthermore, (36) is an increasing

function of 1/(1 — B). This constitutes (20) a good candidate
for performing curve fitting of (36) for B € [Bj, 1), since it also
respects the two boundary conditions. The v > 0 is the curve-
fitting parameter, which can be numerically calculated by any
popular method, such as the minimization of the mean square
eITOr.
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