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Abstract—1In a participatory sensing system, data sensed from
smartphone users are shared with the general public who
requests data through submitting tasks. When multiple tasks
request the data from a mobile user, the mobile user can make a
transmission schedule to achieve the balance between the amount
of data transmitted and energy consumption. Intuitively, reducing
the amount of data transmitted by making use of data sharing
between the tasks can save the energy consumption. However,
due to the convexity of rate-power function for rate-adaptive
transmitting devices, a schedule purely minimizing the amount of
data transmitted may not always be the optimal one minimizing
the energy consumption. Thus, there exists a tradeoff between the
amount of data transmitted and energy consumption. This paper
formulates the problem as a bi-objective optimization problem
to simultaneously minimize the amount of data transmitted
and the energy consumption. Two task models are studied,
first-in-first-out (FIFO) task model and arbitrary deadline (AD)
task model, respectively. We first provide optimal algorithms for
the off-line case. We then study the online case where requests
arrive dynamically without prior information. For FIFO tasks,
we develop an online algorithm that is O (In L)-competitive with
respect to both the amount of data transmitted and energy
consumption, where L is the longest length of the time duration
of the tasks. For AD tasks, we devise an online algorithm that
is O(In? L)-competitive with respect to both the amount of data
transmitted and energy consumption. Our simulation results
validate the efficiency of our online algorithms.

Index Terms— Rate scheduling, energy efficiency, participatory
sensing, data sharing, competitive analysis.

Manuscript received January 31, 2016; revised May 14, 2016 and
August 22, 2016; accepted October 16, 2016. Date of publication October 25,
2016; date of current version December 29, 2016. This work was supported
in part by the National Natural Science Foundation of China under
Grant 61300024, Grant 61632008, Grant 61320106007, and Grant 61572088,
in part by the Jiangsu Provincial Natural Science Foundation of China
under Grant BK20130634 and Grant BK20140648, in part by the Jiangsu
Provincial Key Laboratory of Network and Information Security under
Grant BM2003201, in part by the China Specialized Research Fund for the
Doctoral Program of Higher Education under Grant 20130092120036, in part
by the Key Laboratory of Computer Network and Information Integration
of the Ministry of Education of China under Grant 93K-9, in part by the
Collaborative Innovation Center of Wireless Communications Technology,
Hong Kong Research Grant Council under Grant CRF C7036-15G, in part by
the NSFC-Guangdong Joint Fund under Project U1501254, and in part by the
Research Grants Council of the Hong Kong Special Administrative Region,
China, under Project CityU 117913.

W. Wu, F. Shan, and J. Luo are with the School of Computer
Science and Engineering, Southeast University, Nanjing 210000, China
(e-mail: weiweiwu@seu.edu.cn; shanfeng@seu.edu.cn; jluo@seu.edu.cn).

J. Wang and M. Li are with the Department of Computer Science, City
University of Hong Kong, Hong Kong (e-mail: jianwang@cityu.edu.hk;
minming.li@cityu.edu.hk).

K. Liu is with the College of Computer Science, Chongqing University,
Chongging 400044, China (e-mail: liukai0807 @cqu.edu.cn).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JSAC.2016.2621359

rate

RC IRt .t
[N G& smarphone 357 ime

- géi\e'\ rate} ——

Sensing request == ime
: h -
S Smartphone -
Sens,
9o,
O]
9’@57'4.%.
LIS
<

rate

Requester

—=
iy time
Smartphone <—-

Fig. 1. The architecture of a participatory sensing system.

I. INTRODUCTION

ARTICIPATORY sensing with smartphones has become

a compelling paradigm with the proliferation of smart-
phones, in which data collected is shared with the general
public [1], [2]. A participatory sensing system consists of
a platform as the coordinator, a group of mobile users as
data providers, and the general public as data requesters.
Fig. 1 shows the architecture of a participatory sensing system.
The general public submits multiple data sensing tasks to the
platform, then the platform allocates the tasks to mobile users,
and the mobile users transmit the sensed data to the platform.
One important feature of the system is data sharing among
tasks, where some data from a mobile user can be shared by
multiple tasks on the platform, as long as the data meets the
time-sensitive QoS constraint.

To reduce the total amount of data transmitted, a mobile
user can make a transmission schedule to enable more data
sharing among tasks. Such a problem has been studied
by [3], [4]. In this paper we further the research by considering
the total energy consumption used by transmission, another
important concern to mobile users. The relationship between
the total data traffic and total energy consumption is not
as straightforward as one may assume. Although in general
less data traffic through shared data transmission implies less
energy consumed, it is not always true because sometimes too
much shared data needs a high transmission rate, which may
consume more energy. This happens because the rate-power
function p = G(s) (which specifies the power p consumed to
achieve a desired rate s) is convex in nature for rate-adaptive
devices [5]-[7].

We now use an example shown in Fig. 2 to illustrate
the conflict between data traffic minimization and energy
minimization. Fig. 2(a) gives a schedule with the input of
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Fig. 2. Trade-off between the data traffic and energy consumption.

one task, Ji, requesting an amount w of data within the
interval [1,2/]. In such a case, transmitting data with a
constant rate % during the time interval of [1, 2/] will lead to
the minimum energy consumption. However, when there are
two tasks with the possibility for data sharing, the schedule to
minimize the total data traffic will not lead to the minimum
energy consumption. Suppose that there is another task Jb,
requesting an amount w of data within time interval [+ 1, 3/].
We can see that,

o« To minimize the total data traffic, the schedule in (b)
transmits all data (with a total amount w) in the overlap
of the two time intervals to make it shared by the two
tasks. Under such a schedule, the total amount of energy
consumption is / - G(7).

« To minimize the total energy consumption, the schedule
in (c) decreases the traffic in the mid area to be w — x and
increases the traffic in the low-rate areas to be x where the
variant x is a positive real number to be discussed later,
resulting in a total amount w — x +2x = w+x > w
of data traffic and an amount 2/ - G(7) + [ - G(*7*) of
energy consumption.

In contrast to the intuition that decreasing the data traffic
can reduce the energy consumption, we can observe from
(b) and (c) in Fig. 2 that, transmitting more data traffic
may cause less energy consumption. This leads to a need
to design new transmission policies to address the trade-off
between the data traffic and energy consumption. Although
there may not exist a schedule minimizing the data traffic
and energy consumption simultaneously, as shown later, we
can always find a schedule of which both data traffic and
energy consumption can approach the minimum data traffic
and the minimum energy consumption within a good bound,
respectively.

To address the trade-off above, this paper formulates the
problem as a bi-objective optimization problem to reduce both
the data traffic and energy consumption. To model the delay
constraints, we consider the following two models, FIFO task
model and AD task model. The former typically models the
FIFO schedulers with first-in-first-out service rule that earlier
arrived tasks have earlier deadlines [8], [9]; while the latter
generalizes the setting in the former to tasks with arbitrary
deadlines.

To model the tasks requiring data transmission, we consider
both offline setting and online setting. In the offline setting,
all information is known in advance, i.e. the arrivals and
departures of tasks. In the online setting, we assume arbitrary
task arrivals and departures to model the general online setup
of rate scheduling, which can provide a worst-case guarantee.
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We measure the performance of online algorithms in terms
of the bi-objectives with the paradigm of competitive
analysis [10], which guarantees that the output (both data
traffic and energy consumption) of an online algorithm always
approximates the optimal offline solution within a bounded
factor for all possible inputs.

Developing online scheduling algorithms with proven good
performance bounds for both FIFO task model and AD task
model is quite challenging. First, the optimal schedule that
minimizes the data traffic may not always be the optimal one
that minimizes the energy consumption. Second, the optimal
solution for minimizing the energy consumption has complex
structures and does not admit a combinatorial algorithm due
to irregular intersections/sharing of the intervals of the tasks
(which can be seen from the example above that the value x
can be an irrational number correlated with the rates of other
tasks). To the best of our knowledge, no online algorithms
with competitiveness for minimizing the energy consumption
(even regardless of the data sharing and data traffic) are known
in the literature of rate scheduling.

In this paper, we propose optimal algorithms for the offline
setting and develop online algorithms with proven worst-case
performance bounds with respect to bi-objectives. Since the
structure of the optimal solution is too complicated to be
characterized, it is almost impossible to directly bound the
performance. To this end, we propose two online decomposi-
tion methods that are able to partition the tasks into subsets
with well-characterized properties (e.g. disjoint property,
bi-monotonicity) respectively for FIFO tasks and AD tasks,
and accordingly devise novel algorithms/analysis to tackle the
partitioned tasks, thus indirectly bound the competitiveness of
the online algorithm running on the original tasks by merging
the performance bounds.

Our contributions are summarized as follows.

« This paper investigates an energy-efficient transmission
problem with data sharing in participatory sensing sys-
tems in which a trade-off between data traffic and energy
consumption is discovered. We theoretically address such
a trade-off in terms of bi-objective optimization.

« For the offline case, we provide optimal algorithms with
respect to bi-objectives. For common deadline tasks, an
iteration-based algorithm is proved optimal to simulta-
neously minimize the data traffic and the energy con-
sumption. For general tasks with individual deadlines,
we provide a method to compute the optimal solutions
respectively minimizing the data traffic and the energy
consumption

« For online FIFO tasks, we develop an online algorithm
that achieves O(In L)-competitiveness with respect to
both of the bi-objectives, i.e., the overall data traffic and
the overall energy consumption always approximate the
offline optimal solution within a factor of O(In L).

« For online AD tasks, we develop an online algorithm that
achieves O (In? L)-competitiveness with respect to both
of the bi-objectives.

The remains of this paper are organized as follows.

Section II reviews the related work. In Section III, we formu-
late the model and introduce the energy-efficient transmission
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problem with bi-objectives. In Section IV, we provide the
optimal algorithms for the offline case. In Section V, we
study FIFO task model and develop an online algorithm with
proven O (In L)-competitiveness. Different from our prelim-
inary work [11], the competitive ratio derived removes its
dependency on the total number 7' of time slots that is usually
large, and moreover, we further investigate the generalized
AD task model by developing an O(In? L)-competitive algo-
rithm in Section VI. Section VII performs the simulations for
our online algorithms and validates their efficiency. Finally,
we conclude the paper in Section VIIIL.

II. RELATED WORK

Extensive research work has been done respectively in the
field of participatory sensing and rate scheduling. We only
review the most related ones due to space limit.

A. Participatory Sensing

Recently, with its attractive applications, participatory sens-
ing has attracted extensive research attention, both from
industry and academia. Various issues in participatory sensing
have been addressed in the literature [1], [2], [12], [13].
For example, [14]-[16] use social-media-based crowdsourc-
ing to build knowledge base of urban emergency events;
References [18] and [19] consider the privacy preserving
problem in participatory sensing; References [20] and [21]
study the incentive mechanism design problem in incentivizing
truthfulness and users’ participation; Reference [17] considers
location-aware collaborative sensing in mobile crowdsourc-
ing. The task allocation issues in crowdsourcing markets are
investigated in [22] and [23], without concerning about data
sharing, however. The data sharing problem within multiple
applications is initially formulated in the field of wireless
sensing systems, in which Tavakoli ef al. [3] and Fang et al. [4]
consider constant-rate schedules and develop algorithms to
minimize the communication overhead. Observing the data
sharing nature, Zhao et al. [24] extend their work to study the
sensing task allocation problem in participatory sensing system
with the aim of load balancing over multiple participants.

B. Energy-Efficient Rate-Adaptive Scheduling

Much research effort has been made to design rate-adaptive
transmission algorithms (without considering data sharing).
Various objectives (e.g., throughput, delay, energy consump-
tion) are investigated in prior works which can be referred to
in a recent survey [25]. References [9], [26], and [27] devise
the optimal rate schedule to minimize the energy consumption
in the offline setting, respectively with the input of common
deadline tasks and FIFO tasks. Gatzianas et al. [27] investigate
the system utility maximization problem from a stochastic
aspect. References [28]-[31] are the first works to theoretically
study the algorithms in the general online setup, without
relying on any prior information. Among them, Vaze [28]
develop online algorithms to minimize the completion time;
References [29]-[31] propose online algorithms with compet-
itive ratios to maximize the data throughput. In the literature,
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no online rate scheduling algorithms with competitive ratios
are known for minimizing the energy consumption.

To the best of our knowledge, no prior works considered
the rate-adaptive transmission policies with data sharing in
participatory sensing systems. This paper addresses such a
problem and we notice that there is a surprising conflict
between the data traffic and energy consumption in such a
rate-adaptive scenario, which is in contrast to the constant-rate
scenario [4], [24] where data traffic minimization is consistent
with the energy minimization, thus we attempt to balance such
a trade-off by developing online algorithms with performance
bounds in terms of bi-objectives.

III. PRELIMINARIES

In this section, we first introduce the system model, and
then present the problem formulation.

A. System Model

We model a QoS-constrained request in a participatory
sensing system as a task with an arrival time and a deadline,
specifying the timeliness of the data request. The time is
partitioned into discrete time slots, 1,2,..., 7T, and we use
time interval [71, 2] to refer to time slots ¢, + 1,..., 0.
Thus the length of the interval is » —#; + 1 time slots. A task
Ji, i = 1,...,n, can be defined by (r;, d;, w;), where r; is
the arrival time, d; is the deadline, and w; is the amount of
data requested. To be specific, task J; can receive data from
the beginning of time slot r; to the end of time slot d;. For
simplification, we just say task J; arrives at ; and departures
at d;. The amount of transmitted data in interval [r;, d;] should
be at least w;, which is called the delay/time constraint.
All tasks form the input task set 7 = {Ji, Ja, ..., Jy}. Let
L = max|<i<pd; —ri + 1 be the longest length of the time
duration of the tasks.

Without loss of generality, we assume min; r; = 1 and
max; d; = T. For each task J; = (rj,d;, w;), we say that
task J; remains alive at ¢t € [r;, d;]. Also, r; (d;) is called an
arrival (deadline) time/point, and consequently, from time 1
to T, there are 2n such points. The time interval between two
adjacent points is called a block/epoch.

In this paper, we consider two task models, FIFO task model
and AD task model. The FIFO models the first-in-first-out
service rule where tasks have deadlines in the same order as
the arrival times, which is the most general task model studied
in the literature of rate scheduling [8], [9]. The AD task model
further generalizes FIFO to tasks with Arbitrary Deadlines to
model the most general QoS requirement.

We consider a single user point-to-point transmission chan-
nel and make the same assumption as previous works that
the transmitter can adaptively change its transmission rate s,
which is related to transmission power p through a function
p = G(s) called rate-power function. In many systems with
realistic encoding/decoding schemes, the rate-power function
is convex in nature [6], [9], such as the optimal random
coding in single-user additive White Gaussian Noise (AWGN)
channel, where s = G~ '(p) = 1log(l + &) and N is the
thermal noise level and often assumed N = 1, and inversely
p=G(s)=e?n2s 1,
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TABLE I
KEY NOTATIONS

Symbol | Semantics

J | input task set
J; | ith task
r; | arrival time of task J;
d; | deadline of task J;
w; | amount of data requested by task J;
L | the longest length of the time duration among all tasks in J
T | the latest deadline of the tasks in J

p = G(s) | rate-power function, the power consumed to achieve the rate s
s(t) | data rate specified in time ¢
W(A) | data traffic caused by schedule A
E(A) | energy consumption caused by schedule A

In this paper, instead of investigating a specific rate-
power function, we target at the general rate-power function
p = G(s) = ¢* — 1 with constant a > 0. To simplify the
presentation, we write p = G(s) = ¢° — 1 for short when
o does not affect the final performance bound in our deduction.
Table I summarizes the key notations for the ease of reference.

B. Problem Formulation

We introduce an energy-efficient transmission problem
where a transmitter needs to transmit its data, shared by
multiple tasks, to the platform with the minimum data traffic
and energy consumption. A schedule adapts its rate at the
beginning of a time slot (or equivalently at the end of the
proceeding time slot). A scheduling algorithm A generates
a rate schedule/allocation that specifies the data rate s(¢) to
transmit at time ¢. The sensed data can be shared by multiple
tasks as long as it fits in the time intervals of the tasks.
A feasible schedule must fulfill the data requirement of all
tasks within their delay constraints. That it,

> s) = wi, V. (1)

ri<t=<d;

Note that the data transmitted with rate s(¢) in time slot 7 can
be shared by (or equivalently used to meet the requirement of)
any task J; alive at time ¢ € [r;, d;].

The data traffic incurred by an algorithm A, denoted
as W(A), is the total amount of data transmitted,

W)= D s@. )

1<t<T

The corresponding energy consumption is denoted as E(A)
where

E(A)= > G(s@)). 3)

1<t<T

In this paper, we consider a bi-objective energy-efficient
scheduling problem to minimize both the overall data traffic
W(A) and the overall energy consumption E(A), as defined
below.

Definition 1: The bi-objective energy-efficient rate schedul-
ing problem is to determine the rate s(t) over time so as to
minimize both the data traffic (2) and energy consumption
(3) with the satisfaction of all the delay constraints (1),
respectively in the offline setting and online setting.
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Such a definition seems inconsistent to our previous obser-
vation because there is a conflict between these two objectives.
Interestingly, we will show that it is possible to achieve the
simultaneous minimization of both objectives for tasks with
a common deadline in the offline problem. Moreover, for the
online problem, we can have a schedule that has bounded
competitive ratio simultaneously on both objectives.

In the offline setting, full task information is known. In the
online setting, task arrives over time without prior information.
An online algorithm needs to decide the scheduling strategy
on the arrival of the tasks, without relying on any distribution
or future information. We adopt the paradigm of competitive
analysis, which is widely used to measure the worst-case
performance of online algorithms, where an online algorithm
ALG is compared with the optimal offline algorithm OPT
with full information (as benchmark).

We measure the online algorithm in terms of bi-objectives,
the data traffic and the energy consumption. To simplify the
presentation, we abuse the notation and use O PT (or s°P") to
represent these optimal solutions (or optimal rate functions),
without distinguishing between the one minimizing the data
traffic and the one minimizing the energy consumption, if no
ambiguity arises. An online algorithm is said y -data A-energy
competitive if it always outputs an online schedule respectively
within y times and A times of the optimal offline solutions with
respect to the overall data traffic and energy consumption for
any input ¢ (which is a set of tasks to be served in this paper).
That is,

W(ALG(0))

W <7, Vo “4)
and

E(ALG(0))

EOPTG) = ©

where W(ALG(c)), W(OPT (0)) are the total data traffic in
the online algorithm and the optimal offline algorithm respec-
tively for a given input o, and E(ALG(c)), E(OPT (o))
are respectively the total energy consumption in the online
algorithm and the optimal offline algorithm respectively for a
given input o.

Thus, this paper aims at designing both offline algorithms
and online algorithms with proven performance bounds with
respect to the bi-objectives to minimize the data traffic and the
energy consumption.

IV. OPTIMAL OFFLINE RATE SCHEDULE

In this section, we study the optimal rate scheduling
algorithms.

Our major result here is that, due to the sharing nature of
data and the convexity of the rate-power function, the energy
consumption can be reduced by properly transmitting with
more workload, instead of intuitively transmitting with less
workload. Furthermore, the optimal solution for minimizing
the energy consumption has a surprisingly complex structure.
This can be shown by a simple instance with two tasks as
follows.

Example 1: Consider 7 = {J1, J2}, where J; = (1,2, 2) and
J» = (2, 3,2). Obviously, the optimal schedule for minimizing
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the data traffic is to transmit at rate s1 = 0,50 = 2,53 = 0
respectively at time ¢ = 1, 2, 3 (transmitting with an amount
w = 2 of data traffic in total and an amount ¢* — 1 of
power consumption). Since these two tasks have the same
average rate w(J;) = w(J2) = 1 and lower rate consumes
less energy, one promising schedule for minimizing the energy
consumption is to schedule task J; with rate s; = 1,5 = 1
at time ¢+ = 1,2, and moreover, let task J, share the rate
at time 2 and finally finish its remaining workload with rate
s3 = 1 at time 3. Compared with the first schedule, the
second schedule does reduce the energy consumption (with
an amount 3(e — 1) consumed) by increasing the total data
transmission (transmitting with an amount w — x + 2x =
2 — 1 4+ 2 of data traffic in total) in the low-rate areas,
instead of intuitively transmitting less data traffic. Surprisingly,
further careful calculation will give the result that the rate
5o = 14+1In+/2, 51 = 53 = 1 —In+/2 (transmitting with a total
amount w + x = 2 + (1 — In+/2) of data traffic) is actually
the optimal solution for minimizing the energy consumption
(minimizing €252 4 ¢%2 4 ¢272 — 3 under the delay constraints
of s1 +s2 > 2 and 5o + 53 > 2).

Motivated by the above observation, We first focus on com-
mon deadline tasks (with d; = T for all 1 <i < n) and show
that an iteration-based algorithm can simultaneously achieve
the minimum data traffic and minimum energy consumption.
Then, we will provide optimal algorithms respectively to
minimize the data traffic and the energy consumption for
general tasks with arbitrary deadlines.

A. Optimal Schedule for Common Deadline Tasks

In this section, we develop an algorithm that is able to
simultaneously minimize the energy consumption and data
traffic. Due to the convexity of the rate-power function, an
energy-efficient schedule prefers to assign a low rate, instead
of a high rate, to complete the workload. This can be seen
from the following example. Suppose that a schedule transmits
with rates s(¢) and s(t + 1) in two consecutive time slots ¢ and
t+ 1, say s(¢) > s(t + 1). Then, we can decrease the power

consumption by averaging these two rates to be —t%

since G(s())+G(s(z+1)) > 2G(—t+§¢)) by the convexity.
This is called the equalization method [26]. However, we
should apply the equalization method carefully, because the
delay constraints of the tasks may be violated during the
equalization. The following lemma can be proved easily by
applying the equalization method with the proof moved to
Appendix A.

Lemma 1: The rate function in the optimal solution is a
step function that changes its rate either at an arrival time
or at a deadline point. If the optimal solution increases its
rate at time t, then t is an arrival time. If the optimal
solution decreases its rate at time t, then t is a deadline
point.

Let the rate function in the optimal solution for minimizing
the energy consumption be s%P!. Define the average rate of a
task J; to be w(J;) = e s r +1 Assume that J,, is the task that
achieves the largest average rate w(J,) = maXi<i<p #:H
The following lemma finds the interval with the largest rate
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Algorithm 1 Interval-Delete
1: find the task J, that achieves the largest average rate
w(Jm) = Maxi<izn 7-757-

2: transmit with rate w(J,,) in interval [ry,, T].

3: while there are some intervals that have not been fixed do

4: delete interval [r,, T] and update the deadline of each
task J; with r; < r, to be r,;, — 1 and the remaining
workload to be w; — |I; N I, | - w(Jy).

5. find the task J; among the tasks {J; : r; < ry} that
achieves the largest average remaining rate w(Jy) =
max{max;.; <, w’”lwu’”) ,0}.

6: transmit with rate w(]k) in interval [rie, rm — 1].

7. set m = k.

8: end while

in s°P!, which is proved by equalizing the rate inside interval
[rm, T to the rate outside that interval.

Lemma 2: For common deadline tasks, if Jy, is the task that
achieves the largest average rate w(Jy,) = maxi<j<p $,'+1
then the optimal solution minimizing the energy consumption
has rate s°P'(t) = w(Jy) in interval [ry,, T).

Proof: Let r = w(Jy) = maxj<j<p %:1 Since J,,
achieves the largest average rate w(J,) among all possible
intervals [r;, T], allocating by averaging w,, over interval
[7m, T] will accomplish all tasks with r; > 7,,. This ensures
that transmitting at rate r in interval [r;, T'] is feasible for tasks
with r; > r,,. Moreover, with amount w,, of data to be finished
in that interval, transmitting at the constant rate » minimizes
the energy consumption by the convexity of the rate-power
function. The total amount of data transmitted in that interval
clearly cannot be less than w,.

To show that transmitting at rate r in interval [r,, T] is
optimal, we still have to prove that the total data finished
in that interval will not exceed w,,. This can be shown by
contradiction. If amount E + ¢ of data is transmitted in interval
[, T] in the optimal solution, then this part of data will be
averaged and transmitted in that interval with rate Tlﬁ’;:il to
minimize the energy consumption. We then prove that there
exists at least one time slot + < r, at which the optimal
rate s°’’(t) < r. This is true since if on the contrary the
rate s°P'(t) > r for all ¢ < ry,, then this would contradict
the fact that [r,,, T] achieves the largest average rate among
all possible intervals [r;, T]. Thus, we assume s°’'(t) < r
at time ¢ < r,,. Then, we can apply equalization to time slot
ry and t. This would reduce the energy consumption and leads
to a contradiction to the optimality.

Therefore, the rate in interval [r,,, T] is exactly r. ]

Consequently, the optimal solution has rate w(J,,) in inter-
val I,, = [ry, T]. For any task J; with r; < ry, that intersects

with I, it has a remaining workload max{#’”&ﬁy”)’? }

to be finished in [r;, r, — 1]. Observing this, we develop an
algorithm INTERVAL-DELETE (Algorithm 1). It finds the inter-
val with the largest average rate in s°P!, updates the workload
of the task to be the remaining workload, and then iteratively
finds all the intervals in s°P’. Its optimality with respect to the
bi-objectives is stated in the following theorem, of which
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the detailed proof is presented in Appendix A. Note that the
rate function returned in Algorithm INTERVAL-DELETE, and
correspondingly in the optimal solution, is non-decreasing for
common deadline tasks.

Theorem 1: For common deadline tasks, Algorithm
INTERVAL-DELETE computes the optimal rate schedule that
simultaneously achieves the minimum energy consumption
and the minimum data traffic.

B. Optimal Schedule for Tasks With Arbitrary Deadlines

According to the iteration-based method proposed above,
one may naturally expect to extend the method to compute
the optimal solution for general tasks. However, observing
Example 1, we note that the properties of the optimal solution
are quite different with the input of general tasks. First, the
solution minimizing the energy consumption may not always
minimize the data traffic. Second, the optimal rate function
may not be non-decreasing. Third, the calculation process
to minimize the energy consumption in that example further
reminds us that it does not allow us to compute the optimal
solution by a combinatorial or iteration-based method.

Instead, we note that the energy minimization problem
can be formulated by a convex programming with a pseudo-
polynomial number of constraints as follows.

T
PCP: min > G(s(t)) (6)
t=1
subject to z s@)>w;, 1<i<n @)
ri <t <d;
s(t)=0, 1<r<T €))

Note that the properties stated in Lemma 1 hold for the
optimal solutions (with respect to both the one minimizing the
energy consumption and the one minimizing the data traffic):
the rate schedule in the optimal solution is a step function
that changes rate either at an arrival point or at a deadline
point. To remove the pseudo-polynomial number of constraints
introduced by the variant s(¢) over time ¢, we partition the time
axis according to these time points as follows. Assume that
the arrival points and deadlines of all tasks are resorted with
an increasing order and denoted as #; < t» < ... < tp,. The
interval between every two adjacent points #x, fx41 is written
as I(k) and called an epoch. The length of epoch I(k) is
denoted by Tj. According to the property of the step function
in Lemma 1, the optimal solution keeps the rate constant
in each epoch and we denote the optimal rate in the epoch
between f#; and f;41 to be sx. The total number of the rate
variants associated with the epochs is at most 2n.

We thus obtain the following convex programming formu-
lation with 3n constraints, which can be solved in polynomial
time and lead to the optimal solution minimizing the energy
consumption.

2n
CP: min ZTkG(sk) 9)
k=1
subjectto > Tk =w;, 1<i<n  (10)
1(k)Clr;,d;]
s >0, 1<k<2n (1)
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As shown in Example 1, the optimal solution with the
minimum energy consumption may not always be the optimal
one minimizing the data traffic. We thus separately propose
the following linear programming,

2n

LPR : min »_ Tis (12)
k=1

subject to Z Tisyk > w;, 1<i<n (13)
1(k)Clri,d;]
sk >0, 1<k<2n (14)

Similar deduction can show that the solution to LPR mini-
mizes the data traffic. We summarize the results above in the
following theorem.

Theorem 2: The solution to convex programming (CP) min-
imizes the energy consumption. The solution to linear pro-
gramming (LPR) minimizes the data traffic.

V. ONLINE RATE SCHEDULE FOR FIFO TASKS

In this section, we investigate FIFO task model and propose
an online algorithm to simultaneously minimize the data traffic
and energy consumption with bounded competitive ratios.

In fact, to directly bound the performance of an algorithm
on all tasks is almost impossible due to the complex structure
of the optimal solution. Instead, we propose a decomposition
method which partitions the tasks in the optimal solution into
several disjoint sets. Such a decomposition method would
bring us nice structural properties (e.g. disjoint property and
bi-monotonicity to be defined later) of the optimal solution
for the disjoint sets and help us bound the competitiveness of
our algorithm running on the partitioned tasks. By merging
performance on the partitioned tasks, we indirectly derive the
competitiveness between our online algorithm and the optimal
solution with the input of the original tasks.

The arrangement of this section is as follows. First, we
present the FIFO-decomposition method and examine the
structural property of the partitioned tasks after decomposition.
Then, we develop an online algorithm for the partitioned
tasks. Next, we prove the performance bound for the algo-
rithm running on the partitioned tasks. Finally, we merge the
results and develop a rate schedule that achieves O (In L)-data
O(In L)-energy competitiveness.

A. FIFO-Decomposition for FIFO Tasks

We first develop an online decomposition method for FIFO
tasks, called FIFO-decomposition, so that we can focus on the
tasks in the partitioned group for which the optimal solution
has good structures.

The FIFO-decomposition works as follows. We mark the
earliest deadline of the tasks to be £{"" k — d,. All tasks alive at
time t{"“rk will be placed into set §1 = {J; : t{”‘”k e [r;,d;]}.
Then, for the remaining tasks that arrive after t{”‘”k, we mark
the earliest deadline d; to be té"‘"k = d;, and let all tasks
alive at time té”‘”k form set S. Iteratively, we can obtain a
set S, formed by the tasks that arrive after tc’l”_“fk and remain
alive at time , which is the earliest deadline of tasks that

tmark
arrive after t:]"f{k . Assuming that we obtain Q sets in total
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Fig. 3. Online FIFO-decomposition method, where the delay constraint (time
interval) of each task is represented as a solid line.

after decomposition, we regroup the sets with odd index to be
odd group Spqqa = UrS2k—1 and the sets with even index to
be even group Sepen = Uik Sak. Obviously, Segq U Sepen = J.
Note that, such a decomposition method can be performed in
an online manner. Fig. 3 gives an example showing the online
decomposition process.

We examine what properties are implied by the
FIFO-decomposition proposed above. Given a set S of
tasks, let 7(S) = {[minjcsr;, maxy,ecsd;]} be the interval of
that set.

The FIFO-decomposition leads to the following structural
properties.

« (Disjoint Property) for every two sets in the same group,
say Sy, Sy € Soqaa With g # ¢, their intervals are
disjoint, i.e., 1(S;) N 1(Sy) = 0.

o (Pairwise Intersecting Property) all tasks in the same
set, say S, are alive at the same marking time, t;"“’k

o (Bi-group Property) there are only two groups after
decomposition, Sygq and Sepen-

The first property can be verified as follows. Consider two
tasks Jy, J,, that are chosen from two sets S;, S;42. Assume
task Ji in set S,y arrives after t(;"‘" k and has deadline d; =
t;"ffk. Task J, arrives by time tg”“’k with r, < t;”‘”k < e,

thus d, < dy = t(;"flr k due to the fact that the deadlines of the
tasks follow the order as tasks arrive. Combining with the fact
ry > t(’]"f{k, we have d,, < r, and hence the intervals of J,,, J,
are disjoint. Thus, the intervals of any two sets S,, S, with
g # q’ in the same group are disjoint.

The second property and the third one are obviously true
according to the decomposition process. We call the tasks in
the same set, say S,, pairwise intersecting tasks.

Besides the structural properties above, more signifi-
cantly, we note that a critical optimal property holds for
the partitioned pairwise intersecting tasks, which is called
bi-monotonicity and crucial to the design of the online algo-
rithm. Given a rate schedule function, we define peak inter-
val to be an interval [t4, ] such that the rate function is
constant in that interval and satisfies s(t, — 1) < s(t,)
and s(tp) > s(tp + 1). Fig. 4 shows an example for pair-
wise intersecting tasks and its bi-monotonicity is defined as
below.

Lemma 3 (Bi-Monotonicity of Pairwise Intersecting Tasks):
For pairwise intersecting tasks S, the optimal rate function
(both for minimizing the energy consumption and the data
traffic) has at most one peak interval, say [t,, tp]. That is, the
rate function is monotonically non-decreasing from the earliest
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Fig. 4. An example for pairwise intersecting tasks and the bi-monotonicity.

time min;eg r; to tp and then monotonically non-increasing till
max;ecs d,‘.

Proof: Suppose on the contrary that there are at least two
peak intervals in the optimal solution. We show that this would
lead to a contradiction to the property of pairwise intersecting
tasks. Assume that [#,, ], [, f4] are two peak intervals in the
optimal solution. Since the optimal solution increases the rate
at time 14, f. and decreases the rate at #,, it can be seen that
t, and ¢, are arrival times and 7, is a deadline point according
to Lemma 1. Note that t, < #, < t.. This implies that at least
one task has arrival time at 7. which is larger than the other
task’s deadline at #,. This contradicts the fact that all tasks are
pairwise intersecting. [ ]

B. Online Algorithm for Pairwise Intersecting Tasks

Now we develop an algorithm MAX-REMAIN-ONLINE
(Algorithm 2) for pairwise intersecting tasks. The idea of the
algorithm is to divide the tasks available at time ¢ into two sets
and update the transmission rate according to the comparison
of the rates of the tasks in these two sets. The algorithm divides
the tasks available at time ¢ into two sets: the tasks that arrive
at t, {J; : rj = t}, and the tasks that arrive before, {J; : r; <
t <d;}. For any task J; that arrives at time ¢, it computes the
average rate | = dL The algorithm sets rate function

i
ri+1°
s(l) = ma)lc,u, at the beglnnmg For any task that arrives

before time 7 and remains available at time ¢, it computes
Zr <t'< S(t ) .
the remaining rate y;(t) = J%M. The algorithm

then transmits at rate s(¢) = max{max Wi,
iirj=t

max y;(t)} with
ir; <t<d;
energy G(s(t)) at time z.

According to the strategy of the algorithm, we can see
that the algorithm can increase the rate only at a time ¢, at
which a newly arriving task has a larger average rate than
the remaining rate of any task that remains alive at that time
and arrives before that time. Should this case occur, we have

s(t) = max Wi > max yp;(t).

iri= i:r; <t <d;
We show an example to illustrate the running process of the
algorithm.

Example 2: Set 7 = {Ji, 2, J3} and J; (1,3,6),
J» = (2,3,5),J3 = (2,4,6). At time ¢t = 1, the algorithm
transmits with rate u; = 2 on the arrival of task Ji. At time
t = 2, tasks J and J3 arrive, thus the rate is changed to be
max{uo, u3, y1(t)} = up = 2.5. Attime t = 3, no task arrives
and the algorithm chooses a rate max{y((¢), y2(¢), y3(t)} =
y2(¢) = 2.5. At time 4, only task J3 is alive and the algorithm
decreases its rate to be y3(t) = 61;5 =1.
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Algorithm 2 Max-Remain-Online

1: at the beginning time ¢ = 1, set initially x; = 15T 1 +7 for
any task J; that arrives at time 1 and set the rate s(1) =

. for the arrival of time ¢ do

for each task J; that arrives at ¢ do
compute the average rate u; = e

end for

for each task J; with r; <t < d; do

7 for task J;

A U S

wi*Zrigz’« s(t)

p— for

compute the remaining rate y;(¢) =
task J;
end for

9: transmit at rate s(¢) = max{max Mi,
i, =t

®

max y;(¢)} with
iry <t<d;

energy G(s(¢)) at time ¢
10: end for

C. Performance of the Algorithm Running
on Pairwise Intersecting Tasks

Based on the bi-monotonicity, we start to study the perfor-
mance of our online algorithm running on partitioned pairwise
intersecting tasks.

We define the following notations for analyzing the algo-
rithm. Let S be the set of partitioned pairwise intersecting
tasks, and s°?" be the rate function of the optimal solution
which follows the bi-monotonicity. Without loss of generality,
we assume that 79 = tyi, = minjesr; and T4y = tpax =
max;es d;. Let [1,, 1] be the peak interval in s°P!, thus s%P! is
an increasing step function in [#,;,, 7, = #»] and a decreasing
step function in [Z,, f;ax]. Assume that s°P! increases the rate
at time 71, 72, ..., Tm—1 = 1, and decreases the rate at 7, =
by Tm+1s - - - » Tm+u- Fig. 4 shows an example of the notations.
Write W(A, [a, b]) and E(A, [a, b]) to be the total amount
of data transmitted and energy consumed by schedule A in
interval [a, b]. Denote by ALG and OPT respectively the
schedule in the proposed algorithm and the optimal solution.
The following two lemmas respectively bound the data traffic
and energy consumption of our online algorithm with the input
of pairwise intersecting tasks.

Lemma 4: For the input of pairwise intersecting tasks S, in
Algorithm MAX-REMAIN-ONLINE, the total amount of data
transmitted in interval [tg, Ty+y] is at most 21n(tp 4y —10+1)
W(OPT, [0, Tytul)-

Proof: Assume that tasks in set S is pairwise intersect-
ing, thus the optimal solution follows bi-monotonicity. Let
$1,82,...,Su respectively be the increasing rates in s°’! in
interval [7g, 7, ]. Let Sy41, Sm+2, - - - » Sm+u rESpectively be the
decreasing rates in s°P! in interval [z, tax]. Note that for
any time ¢ at which s°" increases, which is also called the
increasing point, it must be an arrival time of some task
(symmetrically, for any time ¢ at which s°P' increases, it must
be a deadline of some task).

We focus on the interval [7q, 7,,] first and bound the
total amount W(ALG, [79, 7;5]) of data transmitted in that
interval. Note that the algorithm transmits with rate s(t) =
max{max u;, matlxd yi(t)} at each time point. Therefore, it

i ,

iirp=t | <t=d;
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either increases the rate when a task with large average rate
is released and or decreases the rate to be a remaining rate.
Accordingly, we say the algorithm increases the rate to be
the average rate of task J,(,) or decreases the rate to be
the remaining rate of task J,(,). Without loss of generality,
we assume that the algorithm sets the rate to be s(t,(p)) at
time #,(p) to execute Jy(p), where 0 < p < 5,79 < tl,(p) <

T+ 1, 1y0) = 70, To(s) = Tm(-l-l and 1,(0) < fy(1) = ... = ly(s)-
Obviously, s(t,(p)) < m.
The total amount of data transmitted in interval

[0, Tm] is W(ALG, [z0, t]) = Z()<p<sfl s(tv(p))(tv(erl) -
Wy(p
bh(p) = 2ospss-i div(p) Ty 1 (to(p+1) — Ito(p)) Where

$(to(p)) (bo(p+1) = fo(p)) is the amount of data transmitted in
interval [, (p), to(p+1) — 11.

Note that the rate of the algorithm in interval
— i SLTV:) ioh i
[to(p), to(p+1) — 11 is bounded by T which is

W(OPT d . . .
at most (d+w since the optimal solution must
v

complete at le(aét a workload Wy (p) in that interval to satisfy
the feasibility. We will discuss by considering the following
two kinds of tasks, tasks with d,(,) < 7, and tasks with
dz)(p) > Tm.

Consider first the tasks with d,,(,) < 7. By the fact that s°7 !
W(OPT.Iry(p) o)) _

is non-decreasing in [ry(p), Tm], we have Toiy—Toip 1 =<

WOPT.Iryp:tmD) A g o result
n=ry(p+l ’

sto(p) (o (p+1) = to(p))
Wy (p)

do(p)— rv(p)"‘l (tv(erl) - tv(p))
W(OPT,[Fy(p),Tm

(Tm_rlE:I’)(ZilT )(tl)(p+1) - tu(p))

(W(OPT,[rz)(p),Tm])

zh,(p)ifirz(p+|)—1 Tm—t+1
’“(f’“)_l(W)m
Lu(p) T —t+1
In(z,, bhippy + 1D —
1))W(0PT, [rv(p), Tm])

The third inequality holds since
(W(OPTa[rv(p),'[m])

INIA

IA

IAIA

In(z;, Lp+1) *+

W(OPTa[rz)(p)aTm D

<
T —To(p)+1 -

with 7,(p) < ty(p) < t. The second last one

T —t+1 |
To(p+1)—
is correct since f,o(p) - _t+1dt < In(tm =ty + 1) —
In(z, — bo(p+1) + 1).
Now consider tasks with dy) > 7. We have
Wu(p) < WOPT Inp).dup) . W(OPT)
dy(py=ro(p+1 — du(p)=To(p)+1 - dv(p)*rv(p)Jrl - Thus,

S(tl)(p)) (tv(erl) - tu(p))

Wy (
T(pp))“(tv(erl) - tz)(p))
W(OPT)
dl)(p)(_rv(p)""l (tv(erl) - tv(p))
W(OPT)
z’”(!’)ststv(ﬂ+l)il du(p)7t+1
(h‘l(dl)(p) —typ) T+ 1)— h‘l(dl,(p) —h(p+) + 1)W(OPT)
(In(z,, — Lp) + 1) — In(z,, — L(p+1) + 1))W(0PT).

The second last inequality holds because In(d,(p) — t,(p) +
1) —In(dy(py — to(p+1) + 1) < In(zyy — ty(py + 1) — In(zy, —
to(p+1) + 1) when dy(p) > .

Therefore, for both cases, we have obtained that
S(tv(p))(tv(p+1) — b)) = (In(zm — hhpy + 1) — In(z —
to(p+1) + 1))W(OPT). Summing up all the amount of data
transmitted by Algorithm MAX-REMAIN-ONLINE in interval

[0, Tim], we have W(ALG, [0, tn]) = Z()Spfs_ls(tv(p))

IANIA

IA

IAITA
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In(z,, —
— Iy(s) +

(to(pr1) = To(p) = 2o<p<s—1(In(Tm — o) + 1) —
to(p+1) + DYW(OPT) < (In(zm — ty(0) + 1) — In(zn
1))YW(OPT) = (In(zy, — 10+ 1))W(OPT).

For the remaining interval [z, Tjpy+u], We can
symmetrically derive that W(ALG, [tm—1, Tm+ul) <
N(twra — ot + D)WOPT) =  (n(tmta

Tm—1 + D))W(OPT, |70, tm+u]) based on the same fact

Wy (p) ..
< _
S(fv(p)) Doy —To F1° Combmlng the results, we have

W(ALG) < W(ALG, [0, tm+ul) + W(ALG, [0, Tm+ul) <
2(111(‘L'm+u — 170+ 1)W(0PT, (70, Timtul). u
Lemma 5: For the input of pairwise intersecting tasks S,
in Algorithm MAX-REMAIN-ONLINE, the energy consumed
in interval [to, T4yl is at most 2In(ty4y — 10 + 1)
E(OPT; [0, Tm+u])~
Proof: Comparing with the analysis on the total transmit-
ted data in Lemma 4, we should be more careful to derive
the performance bound on the energy consumption, since the
lower bound of the optimal solution should be carefully cho-
sen. Let s1, 52, ..., s, respectively be the increasing rates in
s°P!in interval 7o, T ]. Let Sp+1, Smt2, - - - » Smtu TESPECtively
be the decreasing rates in s°P' in interval [z, fnax -

We examine interval [7g, 7;,] and bound the energy con-
sumption E(ALG, [, t,]) in that interval first.

We first focus on sub-interval [z;_1, 7 — 1] with 1 <k <m
where the optimal solution has rate s;. To bound the perfor-
mance in interval [tx_1, tx — 1], we assume that the algorithm
changes the rate at time #,(,) to speed s(t,(p)) to execute J,(p),
where 0 < P =8, Tk-1 = ly(p) = Tk, Ly(0) = Tk—1,lo(s) = Tk
and #,(0) < tp,(1) < ... < tv(s) Similar to the proof in Lemma 4,
we have s(t,(p) < 7 Lotp)

(p)~To(p)+1°
The total amount of energy consumed in interval [tx_1, 74 —
11 is E(ALG,[tj—1, 1 — 1]) = 20<p<s 1(es(tu(p)) —

)
D (p+1) — top)) = 205;;55—1(6%(”) “(”)+I = D(pr1) —

Wy (p) . W(OPT, [rz)(p) dz)(p)])
tl)(p)) Note that m 1S at most W

since the optimal soiutlon must complete at least a workload
Wy (p) in that interval to satisfy the feasibility. We will discuss
by considering the following two kinds of tasks, tasks with
dy(p) < T and tasks with d,(p) > 7.

Consider first the tasks with d,, () < 7;,,. By the fact that 57 !
. W(OPT,lryp),do])
is non-decreasing in [, (), T ], we have

W(OPT dopy=ro(p+l =
w Let X be the amount of data in the area that
T —To(p)+1

is covered by s°’! but above rate s; in the optimal solution
. W(OPT,[ry(p),tml)

opt — ») —

by time 7,,. We have s°P'(t,(,)) = s and T ro) FT =

Xk
Sk + PRy men b As a result,

(eS(fv(p)) — 1()(tl)(p+l) - tv(ﬂ))
< GG ) = ()

< G(sx + #W)(Zu(pﬂ) — to(p))

Sk-‘,-x—k
= Ztl}(p)f[f[l)(p+l)_1(e Tm—t+1 — 1)

=T+l Skt o =TT rk+1
Ztl;(p)<t<t1(p+1) L gy —t+1 e 1

(hl(Tm p) + 1) = In(z,, — L(p+1) + D)(tm — @ +
X
1)(e Tm T+l 1)
= (ln(Tm_tv(p)+1)_ln(Tm_tv(p+1)+1))E(0PTa [tk, Tim])
< (In(zy — ty(py + 1) = In(zpy — ty(p41) + D)E(OPT).
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W(OPTa[rz)(p)aTm )]

The third inequality holds since — <
m=Ty(p)+1
(W(OPT:[ru(p):Tm])

with ry(p) < t(p) < t. The forth one is

Tm—t+1
because ¢%T¢ — 1 < "t — 1 where ¢ = ft":ll <1
when ¢t < 17 and we treat s; to be a constant a. The
third last one is correct since f,“(”“)_l r,,,—z+1dt < In(t, —

to(py + 1) — In(zy, — t,(p41) + 1). The second last one is
because the optimal solution completes at least an amount
(s + M_Xifkﬂ)(rm — 7% + 1) of workload in interval [z, 7p,]

Xk
and hence E(OPT, [tk, t;]) > (t — 1k + 1)(esk+zm—rk+1 -1
by the convexity of G(-).
Now consider more complex case that tasks have

Wy (p) < WOPT.Iryp)-dyp)D)
dy(py > . Still, we have T roy 7T = do(p—To(p) 1

Let X; be the amount of data in the area that is covered by
s°P' but above rate s; in the optimal solution by time T
W(OPT,[ry(p), dv(p)]) W(OPT,[ry(p),tm])
If dy(p)—To(p)+1 — Tm—Ty(p)+1 W_of’kT_’_ rm;ro(p)+1’
we have the same reduction as above. If W >
W(OPT,[tm+1,d,
sk + %f“, it is easy to see that ( 7 T:LT ) o o
The amount W(OPT, [ti, + 1, dy(p)]) of data transmitted in

interval [z, + 1,d,(p)] is at least sg - (dy(p) — Tm) (Where

W(OPT, [tm+1, dyp)]) =k - (dp(p) — Tmn) is always a positive
W(OPT:[ru(p):dv(p)]) _ [/(

value) and thus il = S + e by

writing X, = W(OPT, [tk,dy(p)]) — sk - (do(p) — Tk + 1).
Moreover, we obtain a lower bound on the energy consumption
of the optimal solution that E(OPT) > (dy(py —tx+1)G (sr+

W(OPT,[tk,dy(p)) =Sk (do(py =tk +1)\
dv(pﬁ)—rk-%—l . ) - (dl)(l’) — 7 + 1)G(Sk +

X .
W) by the convexity of G(-). Thus,

(es(to(p)) - 1)(tv(p+1)
< G(W(OPT Tu(p)» du(p)
dy(p)— rv(p/)"‘l

X
= G(sk + W)(fv(pﬂ) —t(p))

to(p))
)(tv(p+1) - tv(p))

Skt dl)(p) —1+1
= 2ty st i1 b

’

X
k
z dz)(p) 1k+1( Sk+du(p)frk+l 1)
fo(p) ST =t (p+1)—1 du(g) 141

(ln(dv(p) - tv(p) + 1) = In(dy(p) — to(p+1) + D)o (p) —

o+ DT )
= (nldyp) = o + D = Inldopp) = B+ +
l))E(OPT5 [T]Odi)(p)])

< (In(dy(p) — to(p) + 1) —=In(dy(p) — to(p+1) + D)E(OPT)

< (n(zy — typy + 1) — In(z; — fo(p+1) + D)E(OPT).
The forth inequality is because e®tc — 1 < ¢/ ¢“ted — 1
where ¢ = % < 1 when ¢ < 7 and we treat s to

be a constant a. The third last inequality holds by applying
the lower bound for the optimal solution stated above, i.e.,

Xk
du(p)—rk-H

+
E(OPT, (1, dy(p))) = (dy(p)— s+ (e —1). The
last inequality holds because In(d,(p) — ty(p) + 1) — In(d, (p) —

Iu(p+1) + 1) < ln(rm —ly(p) + 1) — ln(rm —h(p+1) + 1) when
dv(p) > Ty
Therefore, for both cases, we have obtained that

8t (p) (o (p+1) =t (p)) = (0T — 1y (p) +1) =10 (T — 1o (p+1)+
1)) E(OPT). Summing up all the amount of energy consumed
in interval [7x_1, 7x — 1], we have
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Algorithm 3 FIFO-Schedule

1: run online Algorithm FIFO-decomposition to decompose
the tasks into the odd group S,44 and even group Seyen.

2: run online Algorithm MAX-REMAIN-ONLINE over tasks
in S,4q and determine the rate function s°?(r) at time .

3: run online Algorithm MAX-REMAIN-ONLINE over tasks
in Seyen to derive the rate function s¢’¢"(¢) at time 7.

4: determine the transmission rate at time 7 to be s(f) =
max{s°?(r), s (1)}.

E(ALG, [tk—1, Tk — 1]) = 205p55_15(t1)(p))(r1)(p+1) -
To(p))

< Yoepesi(n(ry —
1)E(OPT))

< (n(ty, —t%—1 + 1) —In(zy, — 7x + 1)) E(OPT).

Finally, summing up all value k, we obtain that

E(ALG, [10, tn]) = X e E(ALG, [t51, 74 — 1)

< 2i<kemn(@m — e + 1) = In(zy — 7%—1 + D)E(OPT)

<lIn(z, — 10+ 1)E(OPT).

For the remaining interval [t, Tmyy], We can
symmetrically derive that E(ALG, [t—1, Tm+tul) <
In(t4uy — Tm—1 + 1E(OPT). Combining the results,
the energy consumption is at most E(ALG) <
E(ALG, [0, tn]) + E(ALG, [ti—1, Tmtul) < 2(I0(Tppy —
790+ 1)E(OPT|70, Tm+u])). This completes the proof. [ |

topy + 1) — In(tyy — ty(pa1) +

D. Merging the Results: Rate Schedule for FIFO Tasks

Now we are ready to combine the results above to develop
an online algorithm for FIFO tasks.

The algorithm works as follows. It decomposes the tasks 7
into odd group S,q4 and even group Sgpe, in an online manner
using Algorithm FIFO-decomposition. Once a task decom-
posed arrives, it runs MAX-REMAIN-ONLINE, respectively
for the tasks in the odd group and even group. Let s°%¢(r)
and s°°¢"(r), respectively, be the rate functions returned by
Algorithm MAX-REMAIN-ONLINE running on tasks in S,44
and Seypen. Then, the algorithm determines its final trans-
mission rate to be s(f) = max{s°®(r), s¢°¢"(¢)}. Algorithm
FIFO-SCHEDULE (Algorithm 3) presents the design of the
algorithm.

We derive the performance bound of the proposed algo-
rithm. The following theorem proves that the algorithm
is O(In L)-competitive with respect to both data traf-
fic and energy consumption. Its proof crucially relies on
the disjoint/bi-monotonicity properties of the decomposition
method and the competitiveness of MAX-REMAIN-ONLINE
running on partitioned tasks.

Theorem 3: Algorithm FIFO-SCHEDULE is O(In L)-data
O(In L)-energy competitive for general tasks.

Proof: Denote by W(A,S) and E(A, S) respectively
the total amount of data transmitted and the overall energy
consumption in algorithm A with the input of set S. Assume
that ALG stands for algorithm MAX-REMAIN-ONLINE.
We have W(ALG,S;) < 2In2L - W(OPT, I(S;)) where
the last inequality holds by applying the bounds derived for
pairwise intersecting tasks in Lemma 4 and the fact that
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Tm+u — T0 + 1 < 2L since the tasks are pairwise intersecting.
Similarly E(ALG,S;) < 2In2L - E(OPT,I(S;)) by
Lemma 5.

Recall that any two sets in the same odd/even group are
disjoint, i.e., 1(S;)N1(S;+2) = @, and each set is composed of
pairwise intersecting tasks. Thus, for tasks in the odd group,
it can be seen that W(ALG, Spaq) = > ; W(ALG, $2i41) <
2In2L Y ; W(OPT,I(S2i4+1)) < 2In2L - W(OPT,[1,T)])
and W(ALG, Sepen) = 2In2LY, W(OPT,1(S2)) <
2In2L W(OPT,[1,T]) by the disjoint property.
Similarly, E(ALG, Spqq) = Zi E(ALG, $i+1) =<
2In2L % ; E(OPT,1(S2i4+1)) < 2In2L - E(OPT,[1,T))
and E(ALG, Seven) = 2In2L - 3, E(OPT,1(S2)) <
2In2L - E(OPT,[1,T)).

Finally, we combine the results obtained respectively for
the odd group and the even group to derive the feasi-
bility and competitiveness of FIFO-SCHEDULE. Note that
Algorithm FIFO-SCHEDULE calls MAX-REMAIN-ONLINE
twice, respectively for tasks in the odd and even group.
In algorithm FIFO-SCHEDULE, setting the rate at time ¢ to
be s(r) = max{s°®(r), s¢"(r)} would be enough to finish
the required data of all tasks 7 = Syqq U Seven under the
delay constraints. This verifies the feasibility of the algo-
rithm. Furthermore, the total amount of data transmitted is
> s = 3, max{s%4(0), s (1)) < W(ALG, Soaa) +
W(ALG, Sepen) < 4In2L - W(OPT,[1,T]). The overall
energy consumption is ., ¢! —1=73", emax(s® (0,5 (D) _
1< 3,0 — 1 4 "0 — 1) = E(ALG, Souaa) +
E(ALG, Sepen) < 4In2L - E(OPT,[1,T]). Therefore,
the proposed algorithm is O(ln L)-data O(In L)-energy
competitive. [ ]

VI. ONLINE RATE SCHEDULE FOR GENERAL TASKS
WITH ARBITRARY DEADLINES

In this section, we further consider the generalized
AD task model and develop online rate schedule with bounded
competitive ratios for tasks with arbitrary deadlines.

In the previous section, the FIFO-decomposition efficiently
partitions the tasks into just two (odd/even) groups so that each
partitioned set is with good structural properties. For general
tasks with arbitrary deadlines, however, such a decomposition
method fails to partition the tasks into limited number of well-
structured groups, due to irregular intersection/sharing of the
tasks. This makes it challenging to design a rate schedule with
proven performance bound.

To address this challenge, in this section, we will propose
a novel online decomposition method to tackle the tasks with
arbitrary deadlines, and design a rate schedule with O (In? L)
competitiveness with respect to both data traffic and energy
consumption.

A. AD-Decomposition for Tasks With Arbitrary Deadlines

To tackle tasks with arbitrary deadlines, we propose a
new decomposition method, called AD-decomposition, which
works as follows. On the arrival of a task J;, we find the
value r such that 2" < d; —r;i + 1 < 2"t! (we say that J;
belongs to set S,). For such a task, we find the earliest time
t with the form ¢t = (3y + p) - 2" such that ¢ € [r;, d;], thus
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Fig. 5. Online AD-decomposition where tasks in S, is partitioned into groups
{Sr,.p,0<p =<2}

Algorithm 4 AD-Decomposition

Lt=0.S=74.

2: for on the arrival of each time ¢ do

3:  for on the arrival of each task J; € § with r = r; do

4: find value r such that 2" <d; —r; + 1 < 271,

5: if ¢ is with the form r = (3y + p)2” where y > 0,0 <
p <2 then

6 set Sy.py = Srp,y U Ji.

7: S = S\Ji.

8 end if

9 t=t+1.

10: end for

11: end for

place J; into set Sy, y. That is, task J; in set S, is placed into
set Sy y,p if it goes across the earliest time ¢ with the form
t = (3y+ p)-2". It is easy to verify that such a decomposition
method can be performed in an online manner. Then, all sets
with the same value of r and p are regrouped to be a group
Sr,p = Uy>08r,p,y. In such a way, all the tasks in J are
firstly partitioned into [log L] sets {S,,0 <r < [logL] — 1},
and then each set S, is further partitioned into 3 groups
{Sr0, Sr.1, Sr,2}, resulting in 3[log L] groups in total. Fig. 5
demonstrates an example on how to partition the set S, into
3 groups {Sy,p,0 < p <2} in an online manner. Algorithm 4
implements the online decomposition procedure.
Now we examine what properties are implied by the
AD-decomposition proposed above.
« (Disjoint Property) for every two sets in the same group
Sr.p» 88Y Sy p.y, Sr.p,y € Sy, p, their intervals are disjoint,
i, 1(Srp,y) NI(Syp,y) =9 forany y # y'.

o (Pairwise Intersecting Property) all tasks in the same
set, say Sy p,y, are alive at the same time, 3y + p) - 2.

+ (Logarithmic Groups) there are at most 3[log L] groups,

ie, {Sp,0<r <flogL]—-1,0<p <2}

« (Bi-monotonicity) for any set of pairwise intersecting

tasks, the optimal solution follows the bi-monotonicity
as stated in Lemma 3.

The last three properties can be verified easily by observing
the decomposition process. The first property can be shown
as follows. For any task in set S,, say J;, the length of its
interval d; — r; + 1 is less than 2 - 2", If J; goes across the
earliest time with form ¢ = (3y + p)2", which implies (3y +
p—12" <r <@By+ p)2" <d;, then it will be placed into
group S, p. Suppose that two tasks in the same group S, p,
say Jy, Jy, respectively belong to two different sets S, , , and
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Algorithm 5 AD-Schedule

1: Run online Algorithm AD-Decomposition to decompose
the tasks 7 into logarithmic groups.

2: Run online Algorithm MAX-REMAIN-ONLINE over tasks
in each decomposed group to get the rate s<°"’(r).

3: Run online Algorithm MAX-REMAIN-ONLINE over the
original input tasks 7 directly to get the rate s°"(t).

4: Return the minimum one between schedules s’ (¢) and
gori (l)

Sr.p,y+1. This implies that d,, <r, +2-2" < 3y + p +2)2"
and r, > Gy +D)+p—-—12" > Gy+p+2)2" > d,,
thus the intervals of J, and J, are disjoint. This indicates that
I(Sr,p,y) NI(Sy, ) = ¥ for any y # y’ and hence verifies
the disjoint property.

B. Merging the Results: Rate Schedule for AD Tasks

Now we design an online algorithm that achieves O (In% L)
competitiveness with respect to both data traffic and energy
consumption.

Recall the disjoint property that any two sets in the same
group S, are disjoint, ie., S,y NI(S,p,,,) = @ for any
y # y'. Moreover, the tasks in the same set S, , , are pairwise
intersecting. Thus, when running MAX-REMAIN-ONLINE on
Sr,p» the total amount of data transmitted/energy consumed is
bounded within O(In L) times of the optimal solution.

Moreover, according to the logarithmic property, there are at
most 3[log L7 groups in {S;, ,}, which constitutes the tasks 7.
Let s, ,(t) be the rate function returned by MAX-REMAIN-
ONLINE running on set S, ,. We observe that the combined
rate function, denoted as s (¢) = max,, ,{s (1)}, is feasi-
ble to finish the workload of all tasks 7. As a fact, such a rate
function can achieve O (In? L)-competitiveness with respect to
the bi-objectives, which will be proved later.

Based on these observations, one alternative idea for deriv-
ing O(In? L)-competitive algorithm is to schedule with the
rate s°°"?(r). In order to further improve its performance,
we further refine such a strategy by directly running MAX-
REMAIN-ONLINE over the input tasks 7 to get another rate
57 (1), and then return the better one of {s¢"?(r), s°"(1)}.
The resulting algorithm will be denoted as AD-SCHEDULE
(Algorithm 5).

The following theorem proves that AD-SCHEDULE is
O(In? L)-data O(In* L)-energy competitive.

Theorem 4: Algorithm AD-SCHEDULE is O(In? L)-data
O(In? L)-energy competitive for generalized AD tasks.

Proof: Recall the disjoint property/pairwise
intersecting property of the AD-decomposition and
the competitiveness of MAX-REMAIN-ONLINE.
When running MAX-REMAIN-ONLINE with tasks in
group S p, the total amount of data transmitted is
W(ALG, S.,) = Zyzo W(ALG, S.p,y) =< 2In2L -
220 W(OPT, I(S,p,y)) < 2In2L - W(OPT,[1,T])
where ALG stands for MAX-REMAIN-ONLINE and 2L
comes from the fact that 7,44 — 70 + 1 < 2L when
applying Lemma 4. Similarly, the total amount of energy
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Fig. 6. Performance of FIFO-SCHEDULE in FIFO task model: (a) average delay; (b) data traffic; (c) energy consumption.

consumed is E(ALG,S.,) = Z =0 E(ALG, Sy py) =<
2I02L-Y,_o E(OPT, I(S.p.,)) <2Mm2L-E(OPT. 1, T)).

Let s;,,(t) be the rate function returned by MAX-REMAIN-
ONLINE running on set S, ,. We examine the combined rate
function s’ (1) = max;, »{sy,»(£)(¢)}. It would be enough
to finish the required data of all tasks 7 under the delay
constraints since J = U, S, ,. Moreover, the total amount
of data transmitted is >, seomb () = > max, p{s, (1)} <
maxy, p{>, sr,p ()} < >, , W(ALG, S,p) < >, ,2In2L -
W(OPT,[1,T]) < 6[logL] -In2L-W(OPT,|[1, T]), where
the second last inequality holds by the competitiveness
of MAX-REMAIN-ONLINE running on group S, and the
last one holds by the logarithmic property of the AD-
decomposition. Similarly, the overall energy consumption is
s, S ) = > emanplnp @) 1 < > zrp(esr,p(t) —
=3%,,EALG,S,,) <Y, ,2In2L - E(OPT,[1,T]) <
6[logL] - In2L - E(OPT,[1,T]). Thus the combined rate
function s°"’(r) achieves O(In® L)-data O(In* L)-energy
competitiveness.

Therefore, Algorithm AD-SCHEDULE is O(ln2 L)-data
O(In L)-energy competitive for general tasks with arbitrary
deadlines. ]

1) Discussion: We note that FIFO-SCHEDULE and AD-
SCHEDULE respectively apply different partition strategies to
deal with the FIFO task model and AD task model, resulting
in different worst-case performance bounds, but they call
the same sub-procedure MAX-REMAIN-ONLINE in tackling
the partitioned pairwise intersecting tasks. FIFO-SCHEDULE
solves the scheduling problem for transmitters following first-
in-first-out rule in practice. AD-SCHEDULE extends the results
and provides solutions to the more general task model. The
latter one is with slightly worse but still well-bounded worst-
case performance compared to the former one.

VII. SIMULATIONS

Our theoretical analysis has bounded the worst-case per-
formance of the online algorithms with respect to both data
traffic and energy consumption. In this section, we perform
simulations to further validate their average performances.

In the simulation, we will compare our rate-adaptive sched-
ule with constant-rate schedules that also consider data shar-
ing. We note that the constant-rate algorithms in [4] and [24]
also consider data sharing but work only in the offline setting.
In this simulation, we will take two algorithms as the baselines

to demonstrate the advantage of our rate-adaptive scheduling
algorithms, comparing with non-rate-adaptive algorithms: one
is a natural online greedy constant-rate algorithm, which trans-
mits with the rate once there is any request waiting in the task
queue; the other is the offline greedy constant-rate algorithm
in [4]. To ensure the feasibility, the least constant-rate that
guarantees the satisfaction of all tasks’ time constraints should
be gy = max; # Hence, we set the constant rate to be
Fmax N our simulation and consequently each task J; needs a
length —L of transmission duration. Furthermore, to examine
whether our algorithm is close to the best possible solution, we
compare our algorithm with the optimal offline solution. In our
setting, we not only compare these algorithms with respect to
the bi-objectives, the data traffic and the energy consumption,
but also with respect to the average delay, which is the average
value of the difference between the completion time and the
arrival time of the tasks.

We first perform simulations on algorithm FIFO-
SCHEDULE for FIFO task model. The rate-power function
is set to be s = %log(l + p) (with & = 2In2) in AWGN
channel where p is in milliwatts and s is in kilobits per second
(kbps). Task arrival time is assumed to be a random integer that
follows uniform distribution U (1, 300). Task J; arrives at r;
and the schedule needs to adjust the rate s(¢) in every second.
Arrival time points are sorted so that 1 <r, < ... <r,. For
each arrival time r;, the deadline is generated by randomly
selecting an integer in [r;, 300],i = 1,2, ..., n. The amount
of requested data of each task is assumed to be a random
variable following uniform distribution U (0kb, 900kb). Then
all deadlines are sorted so that an earlier arrived task carries
an earlier deadline, d; <dp < ... <d,.

Fig. 6 shows the simulation results of algorithm
FIFO-SCHEDULE. Each point in these figures is a mean value
of 2500 random instances. Although we did not address the
delay minimization problem in this paper, we first compare
the delay incurred in the five schedules in Figure 6(a), the
min-traffic linear programming LPR, min-energy convex pro-
graming CP, online greedy constant-rate algorithm Greedy-
Online, offline greedy constant-rate algorithm Greedy-Offline,
and our online algorithm FIFO-SCHEDULE. As it is shown in
the figure, the average delay decreases as the number of tasks
increases, which is possibly because of the sharing nature of
the tasks; With respect to delay, the online constant-rate greedy
algorithm performs good, which is natural since it is actually
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delay-oriented, and the delay of our algorithm is close to the
online greedy algorithm. Then, we examine their performance
on the bi-objectives addressed in this paper. Fig. 6(c) shows the
simulation results. Here, it is worth noticing that, with respect
to minimizing the data traffic, the optimal solution OPT-LPR
is computed by the linear programming LPR; while with
respect to minimizing the energy consumption, the optimal
solution OPT-CP is computed by the convex programming CP.
As shown in Fig. 6(b), the data traffic of our online algorithm
is less than that of the online/offline greedy constant-rate
algorithms, and close to that of the optimal offline solu-
tion. Moreover, as demonstrated in the figure, the energy
consumption of our online algorithm is much less than the
online/offline constant-rate greedy algorithms, and close to that
of the optimal solution. These together validate the efficiency
of FIFO-SCHEDULE with respect to the bi-objectives.

Next, we evaluate our algorithm AD-SCHEDULE for AD
task model. The setting is the same as above, except that
tasks are allowed to have arbitrary deadlines. Fig. 7 presents
the simulation results. We can see from the figure that the
trends of different schedules remain unchanged, and both data
traffic and the energy consumption are quite close to the
optimal solution, which is possibly because AD-SCHEDULE
further compares the decomposition-based schedule s (r)
with another promising schedule s°"#(¢) and returns the better
one between them to improve the performance.

Considering that our online algorithms do not rely on any
distribution or future information, the above simulation results
validate the efficiency of the algorithms.

VIII. CONCLUSION

This paper introduces the energy-efficient transmission
problem with data sharing and conducts the first theoretical
analysis on the trade-off between the data traffic and the
energy consumption. We provide optimal algorithms for the
offline setting and online algorithms with proven competitive
ratios with respect to the bi-objectives of minimizing the data
traffic and the energy consumption. By respectively proposing
online decomposition methods, called FIFO-decomposition
and AD-decomposition, we devise online algorithms that
achieve within O(InL) times and O(In®L) times of the
optimal solution for FIFO task model and AD task model,
with respect to both data traffic and energy consumption.
Simulation results further show that the average performances

The number of tasks

50 60 70 10 20 30 40 50 60 70
The number of tasks

©

Performance of AD-SCHEDULE in AD task model: (a) average delay; (b) data traffic; (c) energy consumption.

of the online algorithms are close to the optimal solution, thus
validate the efficiency.

APPENDIX

A. Proofs of the Optimal Algorithm for
Common Deadline Tasks

Proof of Lemma 1: The first property can be proved by
applying the equalization to any two adjacent time slots that
belongs to the same epoch, which would not violate the time
constraints.

Consider the last two properties. With respect to a specific
task J;, the rate in interval [r;, d;] that fulfills the requirement
w; of data may change over time. Consider the case that
the optimal solution increases the rate first, say, at time z.
Suppose on the contrary that ¢ is not an arrival time. Assume
that J; is the task whose workload is transmitted at time 7.
Then applying the equalization method to decrease the rate at
time ¢ and increase the rate at + — 1 could reduce the power
consumption. This contradicts the optimality of the optimal
solution and hence ¢ must be an arrival time. Similar proof
can verify that ¢ is a deadline point when the optimal solution
decreases at time ¢.

Proof of Theorem 1: Algorithm INTERVAL-DELETE finds
the interval with the largest rate in s°P’ in the initiation step.
The schedule in that interval is fixed by transmitting with the
largest average rate w(J,,) among all tasks. Then, it iteratively
finds all the intervals in s°'. Write W(A) and E(A) to be
the total amount of transmitted data and energy consumption
caused by a schedule A.

We first prove its optimality for minimize the energy con-
sumption. By the proof in Lemma 2, the schedule in [r,, T']
achieves the minimum energy consumption. In the second

iteration, each task with r; < r,, has max{%, 0}
1 m 1 m

workload to be finished in [r;, r;;, — 1]. Thus it can be verified

that transmitting with rate max{max;., <, %’_”Jw(l’"), 0}
m 1

is optimal for the tasks with updated workload by sim-
ilarly applying the proof in Lemma 2. Iteratively, in the
interval found in each iteration, the algorithm transmits
the data with the minimum energy. This verifies that
Algorithm INTERVAL-DELETE computes the optimal rate
schedule that achieves the energy consumption E(OPT) of
the optimal schedule O PT .
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We now show that the schedule returned by the algorithm
transmits with the minimum amount of data W(O PT). First,
in the first interval found by the algorithm, the amount of
data transmitted is no more than the requirement of J,,
which is a lower bound for any optimal solution to finish J,.
In the second iteration, assume that the algorithm trans-
mits the remaining workload of J; in interval [rg,r, — 1].
Since the remaining workload of Ji is wx — |Ix N Iy, | - w (),
the total amount of data transmitted in interval [rg, T'] is no
more than that of the required workload wy, which satisfies
Wy > wy,. This is also a lower bound for any optimal solution,

i.e.

W(OPT) > wg. Iteratively, we can see that the total

amount of data transmitted by the algorithm in each iteration
matches the lower bound of any optimal solution.

Therefore, our proposed algorithm simultaneously achieves
the minimum energy consumption E(O PT) and the minimum
transmitted data W(O PT).
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