Energy Efficient Robust Scheduling of Periodic Sensor
Packets for Discrete Rate based Wireless Networked Control

Systems

Bakhtiyar Farayev

A Thesis Submitted to the
Graduate School of Sciences and Engineering
in Partial Fulfillment of the Requirements for

the Degree of
Master of Science
n

Electrical and Electronics Engineering

Kog¢ University

September 4, 2015



Kog¢ University

Graduate School of Sciences and Engineering

This is to certify that I have examined this copy of a master’s thesis by

Bakhtiyar Farayev

and have found that it is complete and satisfactory in all respects,
and that any and all revisions required by the final

examining committee have been made.

Committee Members:

Assist. Prof. Sinem C6leri Ergen (Advisor)

Assoc. Prof. Oznur Ozkasap

Prof. Ozgiir Ercetin

Date:




To my family

il



ABSTRACT

Wireless networked control systems (WNCS) require the design of a robust schedul-
ing algorithm that meets the stringent timing and reliability requirements of control
systems, despite the limited battery resources of the sensor nodes and the adverse
properties of wireless communication for delay and packet errors. In this thesis, we
propose a robust delay and energy constrained scheduling algorithm based on the
exploitation of the periodic data generation nature of the sensor nodes at various
pre-known frequencies in many WNCS applications such as smart grid and industrial
automation. We first formulate the joint optimization of scheduling, power control and
rate adaptation for practical discrete rate transmission model, in which only a finite
set of transmission rates are supported, as a Mixed-Integer Non-linear Programming
problem and prove its NP-hardness. We then propose a novel optimal polynomial-time
power control and rate adaptation algorithm, and a novel polynomial-time heuris-
tic scheduling algorithm based on determining the set of concurrently transmitting
nodes by an intelligent iterative combining mechanism and distributing them over
the schedule in the most uniform manner by a modified Karmarkar-Karp algorithm.
The simulations demonstrate the superior performance of the proposed scheduling

algorithm compared to previously proposed algorithms with lower runtime.
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OZETCE

Kablosuz Ag Kontrol Sistemleri kablosuz algilayicilarin sinirh enerji kaynagi ve
kablosuz haberlesmenin gecikme ve paket hatalar1 gibi olumsuz 6zelliklerine ragmen
siki zamanlama ve giivenilirlik gerekliliklerini saglayan etkin ¢izelgeleme teknigi gerek-
tirmektedir. Bu tezde, akilli orgii ve endiistriyel otomasyon gibi bir ¢ok kablosuz
ag kontrol sistemlerinde algilayicilarin 6nceden bilinen frekanslarda periyodik paket
iiretme 6zelligini kullanarak gecikme ve enerji gerekliliklerini saglayan algoritma 6n-
ermekteyiz. Biz ilk olarak cizelgeleme, gii¢ kontrolii ve haberlesme hizi adaptasy-
onunu, gercek sistemlerde oldugu gibi ayrik hiz iletisim modelini kullanarak, birlesik
bir bigimde Karigik Tiimsayili Lineer Olmayan Programlama problemi olarak for-
miile edip ¢oziimiiniin NP-zorluga sahip oldugunu gosteriyoruz. Daha sonra ise poli-
nom zamanda ¢Oziilebilen gii¢ kontrolii ve haberlesme hiz1 adaptasyonu algoritmasi,
bunun yan sira yine polinomsal zamanda ¢oziilebilen, eszamanli haberlesmeye uygun
algilayicilar: akill bir dongiisel yontemle birlegtiren ve yapisi degistirilmis Karmarkar-
Karp algoritmas ile ¢izelge iizerinde esit dagilimli bir sekilde dagitmaya dayali ¢izel-
geleme problemi Oneriyoruz. Yaptigimiz benzetimle 6nerdigimiz cizelgeleme algorit-
masinin Onceki algoritmalara nazaran daha iistiin performans sergiledigini ve daha

diisiik hesaplama siiresine sahip oldugunu gostermektedir.
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Chapter 1

INTRODUCTION

The wireless communication between sensor nodes and controllers in WNCSs re-
duces the cost of their installation, maintenance and upgrade together with the com-
plexity of the overall system compared to their wired equivalent [1]. WNCSs have been
supported by several leading industrial organizations such as International Society of
Automation (ISA) [2] and Highway Addressable Remote Transducer (HART) [3] with
a vast number of applications in industrial automation [4], building automation [5],

smart grid [6] and vehicle control systems [7].

The main challenge of WNCS is the design of a robust scheduling algorithm that
satisfies the packet generation period, transmission delay and reliability requirements
of the sensors required to maintain a certain control system performance, despite
the adverse properties of wireless communication for non-zero packet error probabil-
ity and non-zero delay at all times [8, 9]. The scheduling algorithm should exploit
the periodic transmission nature of the sensor nodes at pre-known packet generation
rates while providing robustness to packet losses and changes in network topology
by distributing enough unused schedule periods over time allowing the inclusion of
unexpected required additional packet transmissions as needed. Moreover, the sched-
ule should satisfy the transmission energy requirement of the sensor nodes to achieve
their desired lifetime, which are mostly battery operated or rely on energy harvest-
ing techniques. Since the transmission delay and energy consumption of a sensor
node are determined by the transmission power and rate of that sensor node and the
concurrently transmitting nodes, the schedule should be optimized jointly with the

transmission power and rate of the sensor nodes.
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Scheduling algorithms designed for WNCS fall into one of two categories: robust-
ness oriented and periodicity oriented. Scheduling algorithms designed for robustness
aim to provide low deterministic end-to-end delay across a very large mesh network by
adopting multi-channel Time Division Multiple Access (TDMA) together with multi-
path multi-hop routing protocol [10, 11|. However, these algorithms schedule the
packet transmissions one at a time without taking advantage of their predetermined
periodic nature. Scheduling algorithms designed for periodicity on the other hand
directly adopt the algorithms designed for the scheduling of periodic controller tasks
running on a processor, such as Earliest Deadline First (EDF) and Least Laxity First
(LLF), for the direct transmission of the periodic data packets of the sensor nodes
to their corresponding controller [12, 13, 14]. However, these schedules allocate the
transmissions as they arrive without leaving unused time periods in between failing

to provide robustness to packet losses or topology changes in the network.

None of the schedules proposed for WNCS consider the assignment of the con-
current transmission of the sensor nodes to the time slots. Concurrent transmission
reduces the overall schedule length by both decreasing the delay of the sensor nodes
and increasing the length of available time intervals for retransmissions and unex-
pected transmission requests. Optimal concurrent transmission scheduling in a joint
framework with power control and rate adaptation has been studied widely for delay
constrained energy minimization in general purpose wireless networks [15, 16, 17].
However, none of these scheduling algorithms aim to satisfy the packet generation
period and high reliability requirement of the sensors belonging to control systems by

providing robustness to the packet losses in wireless communication.

Only recently, a novel framework for the design of a robust scheduling algorithm
that exploits the periodicity of sensor node transmissions has been proposed for
WNCSs |7, 18]. For the sake of completeness, we summarize the description and
quantification of the robust schedule. The subframe and frame length are defined as
the minimum and maximum packet generation period of all sensor nodes, and de-

noted by S and F', respectively. The total active length of a subframe m, denoted
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by a,,, is defined as the sum of the length of the time slots allocated to subframe
m. The robustness of the schedule requires the distribution of data transmissions as
uniformly as possible over the scheduling frame. The objective is therefore quantified
as minimizing the maximum total active length of all the subframes in a frame.

We illustrate the robust schedule in comparison to EDF schedule with an example
network consisting of 4 sensor nodes. Sensor node 1 has packet generation period of 1
ms and packet transmission time of £; = 0.15 ms. Sensor nodes 2, 3 and 4 have packet
generation period of 2 ms and packet transmission times of t5 = 0.20 ms, t3 = 0.25 ms
and t4, = 0.30 ms, respectively. Here, the subframe and frame length are S = 1 ms and
F = 2 ms, respectively. The frame contains 2 subframes. Fig. 1.1 (a) shows the robust
schedule that minimizes the maximum total active length of the subframes. The
maximum total active length is equal to max(a, as) = max(t; +ts+ts,t1+1t4) = 0.60
ms. Fig. 1.1 (b) on the other hand demonstrates the EDF schedule for the same
network topology and sensor node requirements. The maximum total active length is
equal to max(ay, az) = max(t; +ta+t3+14,t;) = 0.90 ms. The robust schedule given
in Fig. 1.1 (a) is more adaptive to packet losses, topology and sensor requirement

changes than the EDF schedule given in Fig. 1.1 (b) as exemplified below:

e Suppose that the transmission of the data packet of sensor 1 in the first 1 ms
failed. The robust schedule in Fig. 1.1 (a) includes enough space to allocate
the retransmission of sensor 1 whereas the EDF schedule in Figure 1.1 (b) does

not.

e Suppose that in addition to the periodic data packet generation of the scheduled
sensor nodes, an additional packet of 0.2 ms time slot length is generated by an
event-triggered sensor node at the beginning of the scheduling frame. Then the
time slot of the event-triggered packet can be allocated with a delay of 0.60 ms
in the schedule of Figure 1.1 (a) compared to 1.15 ms in the schedule of Figure
1.1 (b).

The robust schedules designed in [7] and [18] adopt the Ultra-Wideband trans-
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= 1ms T 1ms

" 1ms T 1ms

Figure 1.1: Schedules designed for the example network consisting of 4 sensor nodes, denoted
by sn ¢ for i € [1,4]. (a) Robust schedule that minimizes the maximum total active length of the
subframes, (b) EDF schedule.

mission model, based on a linear relation between transmission rate and Signal-to-
Interference-plus-Noise Ratio (SINR), due to very large bandwidth; and continuous
rate transmission model, in which Shannon’s channel capacity formulation for an Ad-
ditive White Gaussian Noise (AWGN) wireless channel is used in the calculation of
the maximum achievable rate as a function of SINR, respectively. In practical com-
munication systems, however, only a finite set of discrete transmission rate values are
supported, as suggested by the practical realization of multiple data rates in [19]. In
this thesis, we study the joint optimization of scheduling, power control and rate adap-
tation with the objective of maximum robustness while meeting the periodic packet
generation, transmission delay, reliability and energy consumption requirements of

the sensor nodes adopting this discrete rate transmission model.

1.1 Contributions

The original contributions of this thesis are as follows:

e We study the joint optimization of power control, rate adaptation and scheduling
of WNCSs based on the more realistic discrete rate transmission model for the
first time in literature. We formulate the optimization as a Mixed-Integer Non-
linear Programming (MINLP) problem and prove its NP-hardness. We then

prove that the optimization of power control and rate adaptation for each node
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subset can be separately formulated, solved and then used in the scheduling

algorithm in the optimal solution.

e We propose an optimal polynomial-time algorithm for a novel power control
and rate adaptation problem with the objective of minimizing the time required
for the concurrent transmission of a set of sensor nodes while satisfying their
transmission delay, reliability and energy consumption requirements based on
the more realistic discrete rate transmission model for the first time in literature.

We provide a comprehensive proof of the optimality of this algorithm.

e We propose a novel heuristic polynomial-time scheduling algorithm based on
first determining the set of concurrently transmitting nodes by an intelligent
iterative combining mechanism using the proposed optimal power control and
rate adaptation algorithm, and then distributing them over the schedule in the
most uniform manner by a modified Karmarkar-Karp algorithm. Previously
proposed algorithms mostly adopted the approach of first distributing node
transmissions to the subframes with the goal of minimizing maximum total
active length and then considering the concurrent transmission of the nodes
allocated to the same subframe to decrease the total active length even further.
Our approach of considering the concurrent transmission of the nodes before
their distribution allows to allocate the node subsets better suited for concurrent

transmission to the same subframe.

e We demonstrate that the proposed scheduling algorithm performs better than
the previously proposed algorithms with lower runtime for different number of
nodes and controllers in the network, different environments and node densities

via extensive simulations.
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1.2 Organization

The rest of the thesis is organized as follows. Chapter 2 describes the system model
and assumptions used throughout this thesis. Chapter 3 presents the formulation of
the joint optimization of power control, rate adaptation and scheduling of WNCSs as
a MINLP problem, the proof of its NP-hardness and the reasoning for the solution
strategy used in this thesis. Chapter 4 gives the optimal polynomial-time power
control and rate adaptation algorithm and the proof of its optimality. Chapter 5
describes the proposed scheduling algorithm. Simulation results are presented in
Chapter 6. The concluding remarks and the ideas for future research are given in

Chapter 7.
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Chapter 2

SYSTEM MODEL AND ASSUMPTIONS

The system model and assumptions are given as follows:

e The WNCS contains sensor nodes, controllers and actuators. The sensor nodes
fall into one of two categories: time-triggered sensors and event-driven sensors.
Time-triggered sensor nodes sample and send their data to one of the controllers
periodically. The packet generation period and transmission delay required to
achieve a certain control performance are denoted by T; and d;, respectively, for
a time-triggered sensor node [. On the other hand, event-driven sensor nodes
sample and send the data to the corresponding controller upon a triggering
event in the unallocated parts of the schedule. The controllers can receive
packets from one sensor node at a time. When a controller receives the sensor
data, it performs the new control computation and sends the output to the
actuator. We assume that the actuators always receive the controller packets

successfully.

e We use the terms node and link interchangeably, where link [ refers to the

connection between sensor node ! and its controller.

e We assume that sensor nodes transmit their data packets to their corresponding
controllers in one hop. The extension of the proposed framework to include
routing for the multi-hop transmission of the packets from the sensor nodes to

the controllers is out of scope of this thesis and subject to future work.

e Central controller is selected from the existing controllers in WNCS and re-

sponsible for network synchronization, resource allocation and scheduling of the
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sensor nodes. Central controller is assumed to have complete network topol-
ogy, however the method for topology learning is out of scope of this thesis.
The central controller is also responsible of monitoring the received power and
the packet error rate of the links in the network to make reliable decisions for

resource allocation and scheduling of the sensor nodes.

e TDMA is used as a Medium Access Control (MAC) protocol due to its superior
delay and energy performance for the networks with predetermined topology
and data generation pattern [20]. The time is divided into subframes which
are further divided into beacon and time slots. The central controller sends
the beacon at the beginning of each subframe and includes the scheduling and
resource allocation information of each scheduled node within the subframe. If
there exist sensor nodes outside the transmission range of the central controller
then the central controller uses the corresponding controllers to relay the bea-
con to these nodes. The guard time exists between consecutive time slots to

compensate for synchronization errors.

e We assume that the packet generation periods are multiples of each other, e.g.
T ={1,2,4,8} ms. The periodic generation of sensor data at various frequencies
exists in many WNCS applications such as industrial automation [4], smart grid

[6] and vehicle control [7].

e We assume that the length of the time slot allocated to a sensor node is fixed
over all the subframes it has been allocated to and the time difference between
the consecutive time slots assigned to each node is fixed and equal to its packet
generation period. This assumption guarantees the fixed determinism of control

systems, which is frequently preferred to bounded determinism [21].

e The nodes are operating in the active mode while transmitting and receiving
the packets. They are set to sleep mode when the nodes are not scheduled to

transmit or receive a packet. The nodes are in the transient mode when they
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are switching from active to sleep mode or vice versa. We only consider the
energy consumption for the data packet transmission of each sensor node since
the energy consumption in active mode is much larger than that in sleep and
transient modes, and the energy consumption in the reception of the beacon
packets is not subject to optimization. We define the maximum allowed per

packet energy consumption to achieve a certain lifetime by e; for sensor node I.

e The transmission power can take any value below P,,,,. This continuous power
assumption is frequently used in previous scheduling algorithm designs since
practical radios support a large number of discrete power levels, resulting in

high approximation accuracy with lower complexity (22, 18, 17].

e We assume that the channel is constant over the scheduling frame, i.e. channel
gain gy from the sensor node [ to the controller receiving data from sensor node
k does not change. Considering the channel variation of the links within the
scheduling frame, i.e. fast fading wireless channel model, is out of scope of this

thesis and subject to future work.

e We use the discrete rate transmission model in which a finite number of trans-
mission rates (r!,r%,...,7%?) corresponding to a finite number of SINR levels
(74,42, ...,7%) are determined such that node [ can transmit at rate 79 if the
SINR achieved at the corresponding link, given by v, = Wﬁ;mzk’ is greater
than or equal to 74, where p; is the transmit power of node [, Ny is the back-
ground noise power and () is the number of discrete transmission rates. The
transmission rates are assumed to be determined based on an SINR-rate map-
ping function f(v), ie. " = f(7'), i € [1,Q], such that % < 0. This
property holds for Shannon’s capacity formulation, which is commonly used in

AWGN channels.
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Chapter 3

OPTIMIZATION PROBLEM

3.1 Formulation of Optimization Problem

The joint optimization of power control, rate allocation and scheduling aims to pro-

vide maximum robustness while satisfying the packet generation period, transmission

delay and energy requirement of the sensor nodes. This optimization problem is

mathematically formulated as

minimize
t
subject to
N
Yot <t me 1, M]
n=1

bt <™t le[1,L], ne[l,N],me [1,M]

m/+s—1 N
>t =1, leL,L],m €[1,M— s +1]

m=m’ n=1

bm,n — bersl,n

; ; , lell,L],ne[l,N],me[l,M — s

d <1, ce[1,C],n€1,N],me [1, M]

leLe

6" < b, 1e[1,L],n e [1,N],me [l,M]
g < eb™™, 1e[1,L],ne[1,N],me [1,M]

p}n’" §pmaxb;n’", le[l,L],n€[l,N],me[l, M]

""" =Ry, le[l,L],ne[1,N],me 1, M]

(3.1a)

(3.1b)

(3.1c)

(3.1d)

(3.1e)

(3.1f)
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P gub]" = ki (No + > puguby”™) =0, 1€ [1,L],n € [1,N],m € [1,M],q€[1,Q]

uFl
(3.1k)
Q
d k=1, l€[l,L],n€[L,N],me[1,M] (3.11)
q=1
Q
ot = "k, Le (1, L],n € [1,N],m € (1, M] (3.1m)
q=1

variables

t>0,t™">0,4"" >0,b"" € {0,1}, p/"" > 0, 7" >0, k" € {0,1}
le[l,L],ne[l,N},me[1,M],qe[1,Q]  (3.ln)

where L is the number of sensor nodes; C' is the number of controllers; N is the
number of time slots in a subframe; M is the number of subframes in the scheduling
frame given by the ratio of the frame length F' to the subframe length S, i.e. M =
F/S; L¢ is the set of nodes transmitting to controller ¢; Fj is the length of the packet
of sensor node [; and s; is the ratio of the packet generation period of node [, i.e. T}, to
the subframe length S. The variables of the optimization problem are ¢, the maximum
total active length of the subframes; ™", the length of time slot n in subframe m;
", the transmission time of sensor node [ in time slot n of subframe m; b;"", the
indicator of the assignment of sensor node [ to time slot n of subframe m; p;"", the
transmit power of sensor node [ in time slot n of subframe m; x;", the transmission
rate of sensor node [ in time slot n of subframe m; and kZ;’", the indicator of the

assignment of sensor node [ to the ¢-th rate level, i.e. 7%, in time slot n of subframe

m.

Egs. (3.1a) and (3.1b) are used to transform the objective of the optimization

problem from a non-linear form of minimizing maximum total active of the subframes,
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i.e. maXmen, m SV ™7 to a linear form. Eq. (3.1c) states that the length of time
slot n in subframe m is the maximum of the transmission times of the sensor nodes
assigned to time slot n of subframe m. Egs. (3.1d) and (3.1e) represent the periodic
data generation requirement of the sensor nodes considering fixed determinism as
stated in Section 2. Eq. (3.1f) states that the sensor nodes transmitting to the same
controller cannot be allocated concurrently in a time slot. Egs. (3.1g), (3.1h) and
(3.1i) represent the transmission delay, transmission energy and maximum transmit
power requirements of the sensor nodes, respectively. Eq. (3.1j) states that the
amount of data transmitted by a sensor node must exceed its packet length. Eq.
(3.1k) represents the relation between the transmission rate of sensor node [ assigned
to time slot n of subframe m and the transmission power of the sensor nodes allocated
to the same time slot guaranteeing that the SINR is above the threshold corresponding
to the assigned transmission rate of node [. Egs. (3.11) and (3.1m) guarantee that
each link is assigned to one of the available discrete rate values.

The joint power control, rate adaptation and scheduling problem is a Mixed Integer
Nonlinear Programming (MINLP) problem, for which there is no known polynomial-

time algorithm.

3.2 NP-Hardness of Optimization Problem

Theorem 1. The joint power control, rate adaptation and scheduling problem formu-

lated in Section 3.1 is NP-Hard.

Proof. Consider the instance of the original problem in which there exists only one
controller in the WNCS. Then, only one node can be allocated to a time slot since the
controller does not have the multi-reception capability. Therefore, the time slot length
of each node can be calculated independently of the other nodes. Given the time slot

length of all the sensor nodes, the problem reduces to the scheduling problem where
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the time slots corresponding to the sensor nodes are allocated to the subframes so
that the maximum total active length is minimized while meeting the periodic packet
generation requirement of the sensor nodes. This reduced form of the scheduling
problem is the same as the problem introduced in Theorem 1 of [7], which proves the
NP-Hardness of the scheduling problem for the one ECU case in IVWSNs by reducing
the problem instance to the NP-hard Minimum Makespan Scheduling Problem (MSP)

on identical machines. O

3.3 Solution Strategy

The solution strategy is based on the following Lemma.

Lemma 1. In the joint optimization of power control, rate adaptation and scheduling,
as formulated in Section 3.1, the optimization of the power control and rate adaptation
of the node subsets with the goal of minimizing their concurrent transmission time, to

minimize the total active length of the subframes, is independent of each other.

Proof. Suppose that the set of nodes that are assigned to time slot n of subframe
m for concurrent transmission are given so the values of the variables """l € [1, L]
satisfying Eqgs. (3.1d) - (3.1f) are predetermined. Then the transmission power and
transmission rate of the nodes in this set are determined by using Eqs. (3.1g)-(3.1m)
with the goal of minimizing the length of the corresponding time slot given by Eq.

(3.1c), independent of the other time slots. O

In our proposed solution, the optimization of power control and rate adaptation
for each node subset is separately formulated, solved and then used in the scheduling

algorithm as follows:

e We propose an optimal polynomial-time power control and rate adaptation al-

gorithm with the objective of minimizing the time slot length required for the
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concurrent transmission of a set of sensor nodes while satisfying their transmis-

sion delay and energy requirements.

e Since solving an NP-hard problem optimally requires exponential runtime in
the network size and is intractable even for moderate network sizes, in order to
find fast and efficient solutions, we provide a novel heuristic polynomial-time
scheduling algorithm based on determining the set of concurrently transmitting
nodes and distributing them over the schedule in the most uniform manner by
a modified Karmarkar-Karp algorithm. The algorithm for determining node
subsets for concurrent transmission is based on iteratively combining the nodes
that provide maximum gain in the total transmission time while limiting the
size of the resulting node subsets considering the requirement for their uniform
distribution in the following step. This approach has the advantage of determin-
ing better link subsets to be allocated to the same subframe in contrast to the
previous algorithms that mostly adopted the approach of first distributing node
transmissions to the subframes with the goal of minimizing the maximum to-
tal active length and then considering the concurrent transmission of the nodes
allocated to the same subframe to decrease the total active length even further

17, 18].
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Chapter 4

POWER CONTROL AND RATE ADAPTATION PROBLEM

The power control and rate adaptation problem aims to minimize the time required
for the concurrent transmission of the sensor nodes, by assigning their transmission
rates to one of the available discrete rate values, while satisfying their transmission
delay, energy consumption and maximum allowed power constraints. The transmis-
sion rate, delay, energy and maximum power requirements are met by satisfying Eqs.
(3.1g)-(3.1m) for a single time slot. Next, we propose a polynomial-time algorithm
for the solution of this power control and rate adaptation problem and give a detailed

proof of the optimality of the proposed algorithm.

4.1 Longest Transmission Time Rate Increase (LTTRI) Algorithm

We propose Longest Transmission Time Rate Increase (LTTRI) algorithm to deter-
mine the optimal power and rate allocation for the concurrent transmission of the
nodes in the set S in polynomial time. The algorithm is based on the initialization of
the transmission rate vector to the vector of the lowest possible rates satisfying the
delay constraints of the nodes and then increasing the rate values in the transmission
rate vector intelligently by checking the feasibility of the lowest possible number of
rate allocation vectors for satisfying energy, maximum power and SINR constraints.

Let us enumerate the links in the set S from 1 to |S|. Let r be a vector of the
transmission rates of the links in the set S. Let r; denote the transmission rate of
the i-th link, i.e. the i-th element of r vector; and ~; refer to the corresponding

SINR threshold level. Determining the feasibility of a rate vector r requires checking
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the existence of a power vector corresponding to r; and if so, the satisfaction of
the delay, energy and maximum power constraints by these rate and power vectors.
The existence of a power vector corresponding to r is evaluated by determining the

existence of a transmit power vector that satisfies the constraint

Digii
No+ > . Pigji

for every node i. Perron-Frobenius conditions determine whether there exists a power
vector satisfying these SINR constraints, and if so, the component-wise minimum
min

power vector p™" [23]. p™™ is then tested for delay, energy and maximum power

constraints, given by Eqgs. (3.1g), (3.1h) and (3.1i), respectively, for a single time slot.

Let ¢t denote the time duration required for the concurrent transmission of the
nodes in the set S. The optimal values of r and t are denoted by r°* and t°P,
respectively. The i-th element of the vector r?* corresponding to the optimal rate of
node i denoted by r:” ! is initialized to the minimum rate level that satisfies the delay
constraint of node i, denoted by r*, for all i € [1,]S]], whereas t°P is initialized to
infinity (Lines 1 — 2). If this initial r°" is not feasible, then the algorithm returns
tP' = oo, meaning that there does not exist a feasible solution (Lines 3 and 15).
Otherwise, the algorithm computes the duration of the time slot corresponding to the
rate vector r°”* by determining the maximum transmission time of the nodes in the
set S (Lines 4 — 5). Since the node with the maximum transmission time denoted
by j determines the time slot length, the length of the time slot can only decrease
by increasing its transmission rate. Therefore, the algorithm continues by increasing
the rate of the j-th node by one level if it is less than the maximum possible rate
r? (Lines 6 — 7) and then checking the feasibility of the resulting r°?* vector (Line
3). The algorithm stops if either the j-th node has rate ¢, meaning that it is not

possible to decrease the time slot length any further (Lines 8 —9) or the resulting r°
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vector is not feasible.
The complexity of LTTRI algorithm is O(Q|S|*) since the algorithm checks the
feasibility of at most Q|S| transmission rate vectors and the complexity of the fea-

sibility check is dominated by that of testing Perron-Frobenius conditions given by

O(ISF) [23].

Algorithm 1 Longest Transmission Time Rate Increase (LTTRI) algorithm

Input: Node set S considered for concurrent transmission
Output: Optimal rate values for the nodes in the set S if their concurrent transmission is

feasible
1: t°P = oo;
) t _ (.th ,th th
2: Pt = (ri", ry ’”"TISI)’

th . F; .
where r/" = mznqe[LQ}{Tq\rq < d;};
3: while r° is feasible do
&g = argmazieq |s)) opt

. opt _ Fj .
5 1% = b

J
if rj.pt < r? then

6:
7: increase 13" " by one level;
8: else
9: break;
10:  end if

11: end while

12: if t°P* < oo and r° is not feasible then
13:  decrease r?p t by one level,

14: end if

15: return rot, ¢oprt

4.2 Optimality of LTTRI Algorithm

We now prove the optimality of the proposed algorithm following the statement of
the following three lemmas.

Let r = (ry,7a,...,75)) be a vector of the transmission rates of the links in the
set S and t be the length of the time slot corresponding to the rate vector r, such

that ¢ = maxiemsu%, if r is feasible. Let us call the transmission rate vector r¢ =
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(rd, rd, ...,rﬁq‘), such that for at least one element k, r{ < ry, while r¢ < r; for all

i €[1,]5]], the descendant of r.

Lemma 2. Let both r and 1 satisfy the delay constraint. If ™ is infeasible, then r

15 infeasible.

Proof. Let us denote the SINR threshold levels corresponding to the rates r; and rg
by v; and ¢, respectively. Since higher rate corresponds to higher SINR threshold
value and ¢ < r;, v¢ < ;. If v is infeasible since there does not exist a transmit
power vector satisfying the SINR constraints given in Eq. (4.1) with threshold values
of ¢ for all i € [1,|S]], then there does not exist a transmit power vector satisfying
the SINR constraints with threshold values of ~; for all ¢ € [1,]S]], so r is infeasible.

Assume that there exist a transmit power vector corresponding to both r and
r?. Let us denote the component-wise minimum power vectors corresponding to the
rate vectors r and r? by p = (p1,p2, ..., ps|) and p? = (pf, p4, ...,p|d5|), respectively.
We first show that p¢ < p; for all i € [1,|S|]. Any power vector satisfying the
SINR requirements for the SINR threshold levels ~;,7 € [1,]S]] also satisfies these
requirements for v¢,i € [1,|S|]. Suppose that p¢ > p; for an arbitrary link k. Since p
satisfies the SINR requirements corresponding to the threshold levels v% i € [1,]S]],
p? cannot be component-wise minimum power vector. This is a contradiction.

If r is infeasible due to the maximum power constraint, then there exists at least
one link k for which p{ > ppae. Since pr > p¢, P > Pmaz. Hence, r does not satisfy
maximum power constraint either.

If r¢ is infeasible due to the energy constraint, then there exists at least one link
k for which t{p{ > e;. Let us denote the ratio of rj to 7{ by a. Since SINR-rate
mapping function is an increasing function with a non-negative second derivative as
described in Section 2, the transmission power pj, will be greater than ap¢. Therefore,

tipr > aF—q%apg = tIp? > e so r is infeasible due to the energy constraint. O
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Lemma 3. Let t¢ and t be the transmission times corresponding to the transmission

rate vectors ™ and r, respectively. Then, t¢ > t.

Proof. We know that, t = maxcp st = maxie[l,‘g‘]%. Since r¢ < r; for all
€ [1,18]], t = maziep st < mawicp, |s|] 4 Hence, t¢ > t. O

Lemma 4. Suppose that node j has the maximum time slot length among concurrently
transmitting |S| nodes, i.e. j = argmaxie[l,w”%. Then, increasing the transmission

rate of any node k # j, where k,j € [1,|S]], does not decrease the time slot length t.

Proof. t = maxie[17|suf—; =5 > f—]’: for all k # j, where k,j € [1,]S|]. Suppose that,

Tj

ry

for an arbitrary link k # j, we increase 7, to r,/. Then £& < £ < Zi — ¢ Hence,
Tk Tk 7’]
increasing the transmission rate of any node k£ # j does not decrease t. O

Theorem 2. Algorithm given in Section 4.1 gives the optimal transmission rate vec-

tor.

Proof. We prove the theorem by showing that the transmission time corresponding to
all the feasible transmission rate vectors is greater than or equal to the transmission
time t°?* corresponding to r°" at the output of the algorithm. We first partition the
set of all possible transmission rate vectors into three subsets G, Go and G3 such that
G ={r' = (r,r, ..., 1ig)[r; < r;pt;rg > 0,1 # j}, Go = {r" = (r{,rg...rjg)Ir] =
r;p“r r > Pk # j} and Gy = {" = (', 7. rig)lry = r;’p“r,r;” < e
Si, 81 # 0, > 2l > r,‘;pt,k €5, 51USU{j} =55 NSy=0,j¢51,7¢ 52},

opt,+ :

where j = argmazen s~ opt and 73”7 is the rate increased by one level from 73", . We

now analyze the feasibility and the transmission time corresponding to all r’ € Gy,
r’ € Gy and v € Gj.
(i) We prove that for all v’ € 1, the transmission time is greater than or equal to

t°P. We know that j = argmaxie[l,‘guq% and t°P! = maxl-eu,w”j—;g = Opt Similarly,
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the transmission time ¢’ corresponding to r’ is given by maz;ecp, Snﬂf > ~. Since

r.. — r

/ opt s F; _ jopt
I L
J

(ii) We prove that all v € G, are infeasible. Since j = argmaxie[17|5u?%, the

algorithm stops because either 77" " = 79 (Lines 8 — 10 in Algorithm 1) or the rate

vector r with r; = rjo-pt’Jr and 7, = 7" k € [1,|9]],k # j is infeasible (Line 3 in

Algorithm 1). If r* " = r@ then G, = 0. Otherwise, since the rate vector r with

opt

Pt and rp = Pk € [1,|S]],k # j is a descendant of r”, r” is also infeasible

ri = 7"]
due to Lemma 2.
(i) We prove that for all v € G3, the transmission time is greater than or equal

to t°P'. Since the rate vector r with r; = v and r, = ¥,k € [1,|S|],k # j is

j
infeasible, we need to decrease the rate of at least one node i such that i € [1,|S]],i #
7,7 > 12 to guarantee feasibility. Let us assume that v = (v, 7t/ ...11) for which
ri > rjo-pt”L;rl’-” <rPie 8,8 # 0, > %l > Pk € S5, S U Sy U{j} =
S, 51 NSy =0,7¢ 51,7 ¢ Sy is feasible with the corresponding transmission time ¢"”.
There exists only one descendant of r", which is given by r” = (7"’18 , 7"5 yes rﬁql) such
that r7 = 7/ for at least one element i of the set Sy and ry < k # i,k € [1,|9]],
that Algorithm 1 evaluates with the i-th node having the maximum transmission time
and continues by increasing Tf by one level. Since increasing the transmission rate

of any node k # i does not decrease the time slot length due to Lemma 4, t% = ¢

Since r” is a descendant of r°*, t# > t°P* due to Lemma 3. Therefore, t” > toPt. [
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Chapter 5

SCHEDULING ALGORITHM

The scheduling algorithm aims to determine the concurrently transmitting node
subsets and assign them to the subframes such that the maximum total active length of
the subframes over a frame is minimized. The optimal scheduling has been formulated
as a Mixed-Integer Linear Programming (MILP) problem with the number of variables
exponential in the number of the links in [7]. The heuristic algorithm proposed in
[7] is based on first sequentially assigning the time slot corresponding to each node
to the subframe with the smallest total active length, and then iteratively improving
the maximum total active length of the schedule by determining the node subset of
maximum utility at each iteration, where the utility of a node subset is defined as the
amount of decrease in the maximum total active length by the concurrent transmission
of the nodes in the subset. [18] on the other hand proposes a framework for the design
of a heuristic scheduling algorithm encompassing the previously proposed scheduling
algorithm in [7]. This framework consists of a node assignment algorithm that assigns
the nodes to the subframes in a certain order, and a concurrency allocation algorithm
that determines the subsets of the nodes that can transmit concurrently from the
node sets with the same packet generation period allocated to the same subframe by
the node assignment algorithm. The main deficiency of these previously proposed
algorithms is that the assignment of the nodes to the subframes does not consider the
amount of decrease in their total transmission time by concurrent transmission: If
the total transmission time of a subset of nodes decreases considerably by concurrent

transmission, they should be assigned to the same subframe.
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We propose a novel heuristic polynomial-time scheduling algorithm based on first
determining the set of concurrently transmitting nodes, and then distributing them
over the schedule in the most uniform manner by a modified Karmarkar-Karp algo-
rithm. The two phases of the algorithm are called Adaptive Maximum Improvement
based Concurrency (AMIC) Algorithm and Difference based Node Assignment (DNA)
Algorithm, as depicted in Fig. 5.1. Since the proposed scheduling algorithm combines
AMIC and DNA algorithms, we call it AMIC-DNA.

YES
y

Apply Concurrency Allocation
algorithm AMIC to L;

Adaptation Algorithm: LTTRI

TERMINATE

Power Control and Rate |

l C,t(C),a

Apply Node Assignment algorithm
DNA to C;

Cl
4

elements of C;

Update a, j=j+1

Figure 5.1: General framework of the AMIC-DNA algorithm.

‘ Periodic allocation of |

Let L sensor nodes in the WNCS have Z distinct packet generation periods such
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that 77 < Ty < ... < Tz. Let a be the vector of the total active length of M sub-
frames in a frame. Let L; denote the set of sensors with packet generation period 7j.
AMIC and DNA algorithms are executed for each packet generation period 7} in the
increasing order. We consider only the nodes with the same packet generation period
for concurrent transmission to keep the time difference between consecutive time slot
allocations fixed at their packet generation period for fixed determinism, as explained
in detail in Section 2. AMIC algorithm partitions the set of sensor nodes with packet
generation period 7} into concurrently transmitting node subsets. The subset of the
nodes most suitable for concurrent transmission is determined by comparing the in-
dividual transmission time of the nodes with their concurrent transmission time. The
feasibility and the transmission time of their concurrent transmission is determined
by using LTTRI algorithm given in Section 4.1. The output of the AMIC algorithm
includes the subsets of concurrently transmitting nodes, which is denoted by C;, and
their corresponding transmission time, called ¢(C;). The DNA algorithm then assigns
the subsets in C; to the subframes k € [1, s;] in the most uniform manner so that the
maximum total active length of the subframes is minimized. The resulting subsets in
the first s; subframes are then allocated periodically with period 7} over the frame
to satisty the periodicity requirement. « is initialized to zero vector at the beginning
of the algorithm and updated at the end of the periodic allocation corresponding to

each packet generation period.

5.1 Adaptive Maximum Improvement based Concurrency (AMIC) Algo-

rithm

AMIC algorithm aims to partition the set of sensor nodes with packet generation
period Tj, denoted by L;, into concurrently transmitting node subsets by iteratively

combining the node subsets with maximum gain quantified by the decrease in their
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total transmission time.

Since concurrency allocation is followed by their uniform distribution in the follow-
ing DNA algorithm, an upper limit is imposed on the size of the subset of concurrently
transmitting nodes as a function of the number of nodes in the set L; and the number
of subframes used for uniform distribution s;. This limit is denoted by w and equal
to L%J If w =0, then |L;| < s;, meaning that the number of nodes in L; is less
than the number of subframes s;, so concurrency does not help distributing the nodes
more uniformly and should be skipped. On the other hand, if w > 1, then this limit
guarantees having at least s; concurrently transmitting node subsets for uniform dis-
tribution. If such a limit is eliminated, at the extreme case, all the nodes in the set L;

may be combined for concurrent transmission in one subframe, which increases the

maximum total active length considerably.

The metric used in the determination of concurrently transmitting node subsets
is the decrease in the total transmission time of two node subsets when they transmit
concurrently. Let ¢(A) correspond to the transmission time of node subset A calcu-
lated by using LTTRI algorithm. Let L} and L3 be two disjoint subsets of L;. The

gain by the concurrent transmission of L]l and L? is then computed as
G(L}, L3) = t(L}) + t(L3) — t(Ly U L?) (5.1)

AMIC algorithm, illustrated as Algorithm 2, is described as follows. The upper
limit on the number of nodes in the concurrently transmitting node subsets w is ini-
tialized to L%j (Line 1). The set of concurrently transmitting node subsets C; and
their transmission time ¢(C;) are initialized to the set of nodes L; and their transmis-
sion time, respectively, meaning that initially every node is transmitting separately
(Line 2). The algorithm then continues by combining the node subsets in C; for

concurrent transmission as long as there exist such two node subsets with the total
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Algorithm 2 Adaptive Maximum Improvement based Concurrency Algorithm
(AMIC)

Input: L; : subset of nodes with packet generation period T}.
Output: Cj : set containing subsets of concurrently transmitting nodes,
t(C}) : set of transmission times corresponding to subsets in Cj.
L.
w=[];
Cj = Lj, 1(C5) = t(Ly)
while 3 Cj € Cj, C7 € Cj s.t. G(C},C3) >0 and |Cf[ 4 |CF| <w do
(Cj*,CF) = argmaxc;ecj,c;ecj,\c;|+\c;|ng(C},C;)
C;+C;— C]l* — CJZ*
tH(Cj) t(Cj)l— t(C};) —t(C7)
C;+ C;+ (Cj* U C{*) ,
t(C) « t(C)) + t(C’j* U Cj*)
end while

number of nodes in their union satisfying the upper limit constraint and their total
transmission time decreasing by their concurrent transmission, i.e. their gain defined
in Eq. (5.1) is greater zero (Line 3). In that case, the two node subsets with maximum
gain are determined and subsequently replaced by their union in Cj, similarly their
corresponding transmission times are replaced by that of their union in #(C;) (Lines
4 —38).

To illustrate the AMIC algorithm with an example, let us enumerate the nodes
in L; from 1 to 7 and set s; to 2. The algorithm starts by setting w to 3, i.e.
the maximum number of nodes allowed for concurrent transmission is 3, and Cj to
{1,2,3,4,5,6,7}. Each iteration of the AMIC algorithm is shown in Table 5.1. In the
first, second and third iteration of the algorithm, (4,7), (3,5) and (2,4,7) are found
to have the maximum gain, respectively. In the fourth iteration, there exist no subset
pairs with positive gain, and thus the algorithm terminates.

The complexity of the AMIC algorithm is O(Q|L;|”). The maximum number
of iterations is |L,;| since the number of elements decreases by 1 in each iteration.
The algorithm checks all the node subset pairs in each iteration, with worst case

complexity of O(]L;]*). Calculating the gain corresponding to each such pair has
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Table 5.1: Example concurrency allocation in AMIC algorithm.

Iteration C; C’}*, Cf*
1 {1,2,3,4,5,6,7} 4,7
2 {1,2,3,(4,7),5,6} 3,5
3 {1,2,(3,5),(4,7),6} | 2,(4,7)
4 {1,(2,4,7),(3,5),6} —

O(Q|L;|*) complexity, due to the complexity of the computation of the transmission

time of their concurrent transmission by the LTTRI algorithm.

5.2 Difference based Node Assignment (DNA) Algorithm

DNA algorithm aims to distribute the concurrently transmitting node subsets C;
determined by the AMIC algorithm into the first s; subframes such that the maximum
total active length of the subframes is minimized.

This problem is similar to the NP-hard Minimum Makespan Scheduling Problem
(MSP) on identical machines [7] and the NP-hard Multi-way Number Partitioning
(MNP) problem |24, 25]. Given a set of n jobs with processing times pt;,i € [1,n]
and m identical machines, the MSP aims to find an assignment of the jobs to m
identical machines such that the makespan, which is the time until all jobs have fin-
ished processing, is minimized. A 2-approximation algorithm for the MSP called List
Scheduling Algorithm is a greedy algorithm based on assigning the jobs to the ma-
chines with the minimum current load [26]. On the other hand, given a multiset of
positive integers, the MNP problem aims to assign each integer to one of k£ subsets,
such that the largest sum of the integers assigned to any subset is minimized. Two
main algorithms of polynomial-time complexity proposed for the MNP problem are
greedy algorithm and Karmarkar-Karp (KK) algorithm [27], [25]. The greedy algo-
rithm for this problem sorts the numbers in decreasing order and assign each number

to the subset with the smaller sum so far. On the other hand, the KK algorithm is
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based on repeatedly assigning k largest numbers to different subsets, without deter-
mining which subset each goes into; combining them in the most efficient manner and
replacing them by a difference measure, until no more such combining can be done.
[25] and [28] shows that the KK algorithm has the best performance among all the
polynomial-time alternatives for different numbers of elements in the original set via
extensive simulations. Therefore, we use the adaptation of the KK algorithm in our
proposed DNA algorithm.

The main difference between our problem, and the MSP and MNP problems, is
the existence of the non-zero total active length of the subframes before the distribu-
tion of the concurrently transmitting node subsets by the DNA algorithm for packet
generation period T;,¢ € [2, Z]. The vector of the total active length of the subframes
a is initialized to zero before the distribution of the node transmissions for packet
generation period 77, and then updated by the DNA algorithm for all the packet
generation periods T;,i € [1, Z]. We therefore adapt the KK algorithm to include an
additional initial step to insert the vector a into the algorithm.

The DNA Algorithm, illustrated in Algorithm 3, is described as follows. Since
the concurrently transmitting node subsets are distributed in the first s; subframes,
only the first s; elements of the total active length vector a is stored in vector a'
(Line 1). The set of concurrently transmitting node subsets, denoted by Cj, is then
updated by including «@’; the transmission time vector extended by including o’ is
renamed as vt(C;); and the difference measure of @’ is calculated by the function
dif f and included in the transmission time vector ¢(C;) (Lines 2 —4). The difference
measure function dif f finds the sum of the differences between the smallest element
and the remaining elements of a vector. For instance, dif f([1,5,4,3]) = (b —1) +
(4—-1)4 (3—1) = 9. Throughout the algorithm, the vector ¢(C;) contains either
the transmission times of the concurrently transmitting node subsets or the difference

measure of the transmission time vectors whereas vt(C;) includes either the single
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Algorithm 3 Difference Based Node Assignment Algorithm (DNA)

Input: Cj : set containing subsets of concurrently transmitting nodes,
t(Cj) : set of transmission times corresponding to subsets in Cj,
a : vector of total active length of the subframes.
Output: Allocation of the concurrently transmitting node subsets in C; to the first s;

subframes.

1. a' = lay, ag, ..., as,];

2: Cj — Cj +ad';

3: vt(Cy) < t(Cy) + d';

£ 4(C))  (Cy) + dif (a):

5: while |C;| > 1 do

6:  sort t(C}) in decreasing values, and correspondingly C; and vt(C});
7. if Cj(1: s;) contains combined element then
8: (C*,tC*) = merge(C;(1 : s5));

9: else
10: (C*,tC*) = combine(Cj(1 : s5));
11:  end if
12: Cj — Cj — C](l : Sj);
13: Cj«C;+0*
14:  vt(C)) « vt(Cy) — vt(Cy)(1 : 55);
15:  vt(C)) « vt(Cy) +tC*
16: t(Cj) — t(Cj) — t(Cj)(l : Sj);

17: t(C'j) — t(Cj) +dif f(tC*)
18: end while
19: return Cj
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values corresponding to the transmission times of the concurrently transmitting node
subsets or the vectors of transmission times of length s;.

The algorithm continues by sorting the elements of ¢(C}) in decreasing transmis-
sion time, and correspondingly those of C; and vt(C}), and then merging or combining
the first s; elements at each iteration until there remains only one element in C; (Lines
5 — 18). Let us define the terms combined element and singleton before we proceed
with the explanation of the functions merge and combine. A combined element is
a vector of length s; containing either numbers corresponding to a’ or concurrently
transmitting node subsets. A singleton is a concurrently transmitting node subset. If
the first s; elements of the vector C; do not contain a combined element then they
are combined by including them as elements of the vector C* through the combine
function (Lines 9 — 10). For instance, if s; = 3, and the first 3 elements of C; are
(1,5),(2) and (3,7) then C* = combine([(1,5), (2), (3,7)]) = [(1,5), (2),(3,7)]. If the
first s; elements of the vector C; contain at least one combined element then this
combined element is merged with the remaining s; — 1 elements, which may be either
combined elements or singletons, through the merge function (Lines 7 — 8). Merging
two combined elements is assigning the largest entry of one combined element to the
smallest entry of the other combined element. Merging a combined element with a
singleton on the other hand is merely assigning the singleton to the smallest entry of
the combined element. Once the combined element C* is obtained by either combine
or merge function, the first s; entries of C; are replaced by C* (Lines 12 — 13).
Similarly, the vector of the total transmission time of C*, denoted by tC*, and the
difference measure of tC* replaces the first s; entries of vt(C;) and ¢(C}), respectively
(Lines 14 — 17).

The complexity of the DNA algorithm is O(|C}|log(|C;|)). The algorithm initially
sorts the entries of C; with complexity O(|C;|log(|C;])) and includes the difference

measure of the combined element in the sorted list with complexity O(log(|C;|)) for
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maximum lf—j' iterations.

We can now illustrate the DNA algorithm with the following example. Let
the input of the algorithm be C; = {(1,2),(3),(4,7),(5),(6,9),(8),(10)}, t(C;) =
{1.1,0.9,1.5,1.4,1.65,1.3,1.05}, @ = [2.7,2.6,2.7,2.6,2.7,2.6,2.7,2.6] ms and s; =
4. This means that, we want to assign C; to the first 4 subframes in a way
that the resulting maximum total active transmission time of the first 4 sub-
frames is minimized. The algorithm first constructs ' by taking the first s;
elements of a, ie. o = [2.7,2.6,2.7,2.6], and then includes o' in C; and
vt(C;), and its difference measure in #(C;). The resulting vt(C;) is given by
{1.1,0.9,1.5,1.4,1.65,1.3,1.05, [2.7,2.6,2.7,2.6]}. In the first iteration of the algo-
rithm, first the entries of C}, vt(C;) and t(C;) are sorted in decreasing values of
t(C;). Since there is no combined element in the first 4 entries of C;, the algo-
rithm combines them generating C* = [(6,9), (4,7), (5), (8)] with difference mea-
sure calculated as (1.65 — 1.3) + (1.5 — 1.3) + (1.4 — 1.3) = 0.65, and updates C},
vt(C;) and ¢(C;) accordingly. In the second iteration, following the sorting of the
entries of C;, vt(C;) and t(C};), the first 4 elements of C; includes a combined ele-
ment [(6,9), (4,7),(5), (8)] with the corresponding vt(C};) value of [1.65,1.5,1.4,1.3].
Hence, we merge [(6,9), (4,7), (5), (8)] with the remaining 3 entries, {(1,2), (10), (3)}.
The resulting combined element C* = {(6,9); (4,7), (3); (5), (10); (8), (1,2)} replaces
these four entries in ;. The transmission time values corresponding to C* given
by [1.65,1.5 4+ 0.9,1.4 4+ 1.05,1.3 4+ 1.1], and the difference measure (2.45 — 1.65) +
(2.4—1.65)+ (2.4 — 1.65) = 2.3 are included in vt(C;) and ¢(C};), respectively. In the
third iteration, the remaining two combined elements are merged with the resulting
C* ={[2.64+(8),(1,2); 2.7+ (5),(10);2.6 + (6,9); 2.7 + (4, 7), (3)]}. Since it contains
only one element, the algorithm stops. The total active lengths of this final C; vector
is the single entry of vt(C}) given by [5.1,5.05,4.35, 5]. The difference measure of this

partitioning is 2.1 ms, with maximum total active length equal to 5.1 ms.
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Table 5.2: Example allocation of concurrently transmitting node subsets to the subframes by DNA

algorithm.

T G 1)

?:Zgiifg/ [{2(66 92)7(26)2(%( ), (1,2), (10), (3), {1.65,1.5,1.4,1.3,1.1,1.05,0.9,0.2}
ififif;/ [{2(6 2)7(223 (2;]}[< AR {1.1,1.05,0.9,0.65,0.2}

gs&iﬁg/ g(g ;))7(26)2 (7])},( ), (10); (8), (1,2)], (23,02}

3 update §[26)+2 § l éi:7;:(23;];< (10526 + |y s

The complexity of the algorithm for the node group belonging to each packet

generation is dominated by the complexity of the AMIC algorithm, i.e. O(Q|L;|") for

packet generation period 7). Since Ly U Ly U ... U L forms the set of all the sensor

nodes in the network and O(Q|L1|") + O(Q|L2|") + ... + O(Q|Lz|") < O(QL"), the

complexity of the AMIC-DNA algorithm is O(QL").
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Chapter 6

PERFORMANCE EVALUATION

The goal of the simulations is to evaluate the performance of the proposed power
control and scheduling algorithm compared to the optimal solution, as well as the
previously proposed scheduling algorithms. Since the scheduling algorithms proposed
in [18] are shown to perform better than the Maximum Utility based Concurrency
Allowance (MUCA) algorithm proposed in [7], we choose the best performing two al-
gorithms using the scheduling framework proposed in [18]. The proposed scheduling
framework assigns the nodes to the subframes through the node assignment algo-
rithm and determines the subsets of nodes that concurrently transmit through the
concurrency allocation algorithm. The first algorithm adopts Sorted Node Assign-
ment (SNA) and Minimum Length Allocation (MLA) hence is denoted by SNA-MLA,
whereas the second algorithm adopts SNA and Maximum Utility Allocation (MUA)
therefore is called SNA-MUA. SNA is based on assigning each node to the subframe
with the minimum total active length giving priority to the nodes with higher trans-
mission times and considering the nodes connected to different controllers separately.
MLA algorithm enumerates all feasible subsets of the nodes with the same packet gen-
eration period assigned to the same subframe, and then selects some of these feasible
subsets such that every node is covered at least once and the total time allocated is
minimized. MUA algorithm on the other hand iteratively constructs the concurrently
transmitting node subsets from the nodes with the same packet generation period as-
signed to the same subframe by including the node that maximizes the utility, which

is defined as the decrease in the transmission time of a set of sensor nodes when
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they transmit concurrently, in the subset. SNA-MLA with exponential complexity
has been shown to perform better than SNA-MUA of polynomial-time complexity in
[18]. To better understand the performance gain of the DNA algorithm compared
to the greedy algorithm that assigns the node subsets with the largest transmit time
to the shortest subframe in the scheduling, we also include the scheduling algorithm
that combines AMIC and greedy algorithm, which is called AMIC-GREEDY. Fur-
thermore, the optimal solution is obtained by enumerating all feasible solutions of
the optimization problem and choosing the one with minimum maximum total active

length for comparison and denoted by OPT.

Simulations are performed in MATLAB. The graphs show the average of 100
independent random network topologies, where the sensor nodes and the controllers
are uniformly distributed within a square area. The packet generation period and
the packet length of each node are randomly chosen from the sets [1,2,4,8] and
[50, 100] bits, respectively. 4 discrete rate levels corresponding to 4 SINR levels equal
to [—00, 10,20, 30] dB are calculated by using Shannon’s capacity formulation. The
channel attenuation is calculated by using Rayleigh fading with scale parameter set
to the mean power level determined by using the large scale statistics modeled as
PL(d) = PL(dy) + 10alog(d/dy) + Z, where d is the distance between the node
and the controller, PL(d) is the path loss at distance d, PL(dp) is the path loss at
reference distance dy, Z is the Gaussian random variable with zero mean and standard

deviation o,. All the simulation parameters are given in Table 6.1.

Table 6.1: Simulation Parameters

PL(dy) 70 dB Pmaz | 250 mW
« 3.5 o, 4 dB
No 108 W/Hz || W | 100 MHz
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6.1 Maximum Total Active Length Performance

Fig. 6.1 shows the approximation ratio of the proposed AMIC-DNA algorithm com-
pared to the AMIC-GREEDY, SNA-MLA and SNA-MUA algorithms for different
number of nodes and controllers at 5 nodes/m? density. The approximation ratio
is defined as the ratio of the maximum total active length of the scheduling algo-
rithm to that of the optimal solution. The number next to the algorithm name in
the legends of the figures denotes the number of controllers. AMIC-DNA algorithm
outperforms both the previously proposed SNA-MLA and SNA-MUA algorithms,
and AMIC-GREEDY algorithm for different number of nodes and controllers. The
difference between AMIC-DNA and AMIC-GREEDY demonstrates the performance
gain by the usage of the DNA algorithm whereas the remaining performance gain
compared to the polynomial-time SNA-MUA algorithm quantifies the advantage of
determining concurrently transmitting node subsets before their assignment to the
subframes. The proposed AMIC-DNA algorithm even outperforms the exponential-
time SNA-MLA algorithm. As the number of nodes and controllers increases, the
approximation ratio slightly increases, mainly due to the increasing number of the

combinations of the links for concurrent transmissions.

Fig. 6.2 shows the approximation ratio of the AMIC-DNA, AMIC-GREEDY,
SNA-MLA and SNA-MUA algorithms for different path-loss exponents and different
number of controllers in the network of 100 nodes. The figure again validates the
superior performance of AMIC-DNA compared to AMIC-GREEDY, SNA-MLA and
SNA-MUA algorithms for different path loss exponents. The approximation ratio
only slightly increases with increasing path loss exponent, mainly due to the increase

in the variance of link attenuations.

Fig. 6.3 shows the approximation ratio of the proposed and the previous algo-

rithms for different network densities and different number of controllers in a net-
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Figure 6.1: Approximation ratio of the scheduling algorithms for different number of nodes
and controllers.

work of 100 nodes. This figure demonstrates that AMIC-DNA performs better than
AMIC-GREEDY, SNA-MLA and SNA-MUA algorithms at different node densities.
The difference between the performance of these algorithms decreases at low and high
node densities. This is mainly due to the decreasing number of the combinations of
the links for concurrent transmissions: At low node densities, the number of link
combinations suitable for concurrent transmission is limited since most of the nodes
are suitable for concurrent transmission while causing only slight interference being
separated enough from each other. At high node densities, the number of node sub-
sets that are separated enough from each other for concurrent transmission is limited

due to the massive interference caused among each other.

6.2 Runtime Performance

Fig. 6.4 shows the average runtime of the scheduling algorithms for different number

of nodes and controllers. The average runtime of the proposed AMIC-DNA algorithm
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Figure 6.2: Approximation ratio of the scheduling algorithms for different path-loss expo-
nents and different number of controllers in a network of 100 nodes.

increases almost linearly in the number of nodes, and only slightly increases as the
number of controllers increases. As the number of controllers increases, the number of
nodes that can concurrently transmit increases. This increases the complexity of the
AMIC while decreasing that of DNA, assigning smaller number of subsets to the sub-
frames. The average runtime of SNA-MUA algorithm is slightly smaller than that of
AMIC-DNA for small number of controllers but starts to exceed that of AMIC as the
number of controllers increases. As the number of controllers increases, the increase
in the number of concurrently transmitting nodes increases the complexity of MUA
while not affecting that of SNA. The average runtime of SNA-MLA increases expo-
nentially in the number of the nodes, because of the exponential-time enumeration
mechanism used in the MLA algorithm to determine the concurrent transmissions.
The exponent of the runtime of both SNA-MLA and OPT increases as the number

of controllers increases, with that of OPT larger than that of SNA-MLA.

When we analyze Figs. 6.1 and 6.4 together, we observe that AMIC-DNA provides
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Figure 6.3: Approximation ratio of the scheduling algorithms for different network densities
and different number of controllers in a network of 100 nodes.

superior maximum total active length performance at lower average runtime. This is
mainly due to the consideration of concurrency allocation before the node assignment

in the algorithm, and usage of efficient algorithms.
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Chapter 7

CONCLUSION

In this thesis, we propose a novel solution method for the joint power control,
rate adaptation and scheduling optimization with the goal of providing maximum
robustness to the packet losses, topology and sensor requirement changes while satis-
fying the stringent timing and reliability requirements of control systems and energy
requirements of the sensor nodes for practical WNCSs employing discrete rate trans-
mission model. Upon formulation of the problem as a MINLP problem and proving
its NP-hardness, we prove that the power control and rate adaptation problem can
be separately solved and used in the scheduling algorithm in the optimal solution.
We propose a polynomial-time algorithm for power control and rate adaptation, and
prove its optimality. We then propose a novel heuristic scheduling algorithm where the
concurrently transmitting node subsets are first determined with a limit on the maxi-
mum number of elements in each subset, and then distributed as uniformly as possible
among the subframes by an adaptation of the Karmarkar-Karp algorithm, previously
proposed for multi-way number partitioning problem. We demonstrate that the pro-
posed algorithm performs better than the previously proposed algorithms with lower
complexity for different network sizes, densities and environments. In the future,
we are planning to extend this framework for multi-hop WNCS and next generation

cellular networks.
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