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Abstract—Link scheduling is an appealing solution for ensur-
ing the reliability and latency requirements of Internet of Things
(IoT). Most existing results on the link scheduling problem
were based on the graph or SINR (Signal-to-Interference-plus-
Noise-Ratio) models, which ignored the impact of the random
fading gain of the signals strength. In this paper, we address the
link scheduling problem under the Rayleigh fading model. Both
Shortest Link Scheduling (SLS) and Maximum Link Schedul-
ing (MLS) problems are studied. In particular, we show that
a set of links can be activated simultaneously under Rayleigh
fading model if all link SINR constraints are satisfied. Based
on the analysis of previous Link Diversity Partition (LDP)
algorithm, we propose an Improved LDP (ILDP) algorithm and
a centralized algorithm by localizing the global interference
(denoted by CLT), building on which we design a distributed
CLT algorithm (denoted by RCRDCLT) that converges to a
constant approximation factor of the optimum with the time
complexity of O(Inn), where n is the number of links. Fur-
thermore, executing repeatedly RCRDCLT can solve the SLS
with an approximation factor of ® (In n). Extensive simulations
indicate that CLT is more effective than previous six popular
link scheduling algorithms, and RCRDCLT has the lowest time
complexity while only losses a constant fraction of the optimum
schedule.

Index Terms— Link scheduling, Internet of Things, distributed
algorithm, Rayleigh fading, SINR.

I. INTRODUCTION

OR an Internet of Things (IoT), interference, connectivity,
capacity, throughput, delay, security and so on are most
important indices [1]. Wireless networks play a crucial role
in IoT and are a fundamental architecture to gather data of
IoT devices. Designing the efficient link scheduling algorithms
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in wireless networks is one of the effective ways that can
help an IoT to realize the connectivity, increase capacity
and throughput, and decrease delay. Besides, the interference
among signals must be considered when we design link
scheduling algorithms. Also, the interference model selection
has significant effects on the performance and complexity of
link scheduling algorithms.

Generally, the goal of link scheduling problem is two-fold.
One is Maximum Link Scheduling (MLS), i.e., maximizing
the number of links that can be scheduled concurrently in
a single slot. Another is Shortest Link Scheduling (SLS),
which aims at scheduling a set of links in the minimum
number of slots. Initially, the link scheduling problem is
studied from the beginning of the graph model, but the
practicability of algorithms designed under this model is
limited by its duality. Subsequently, extensive research on
the problem mainly considered the deterministic Signal-to-
Interference-plus-Noise-Ratio (SINR) model which defines the
signal strength fades in a fixed speed. In fact, the strength of a
signal cannot be deterministic due to the fading characteristic
in signal propagation. The Rayleigh fading model is one of
more realistic models, and can describe the real-world environ-
ments [2]. However, the model leads to the design and analysis
of link scheduling algorithms more challenging and difficult
in return. Consequently, there are few works focusing on link
scheduling subject to Rayleigh fading constraint (e.g., [3]-[6]).

The success probability of a link cannot achieve 1 under the
Rayleigh fading model since the channel fading gain makes
the strength of received signal uncertain [4]. Nonetheless, it is
reasonable to regard a link as being scheduled successfully if
its success probability is 1 —e at least, where € is an acceptable
failure probability. Similar assumption was also applied in
the previous works (e.g. [3], [5], [6]). However, their works
were unsatisfactory to provide a better scheduling performance
which refers to scheduling more concurrent links in a single
slot for the MLS, and using less slots to schedule all links for
the SLS.

In the current paper, to enhance the scheduling performance
further, we present a series of novel and efficient algorithms
with lower time complexity. The main contributions of the
paper are summarized as follows.

o Based on the successive interference cancellation (SIC)
technique, we improve Link Diversity Partition algo-
rithm (ILDP) under Rayleigh fading model, a centralized
algorithm for the MLS with low scheduling performance
under the deterministic SINR model, which builds the
relationship between two models. Specifically, ILDP
gives a method to localize the global interference, which
presents a significant insight into distributed algorithm
design.
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o By utilizing interference localization, we then pro-
pose a Centralized and Localized Traversal CLT) algo-
rithm for the MLS, by proving that the interference
beyond a certain range is a constant. Compared with
the optimal schedule, CLT gives a constant approxima-
tion factor. Combining with random contention resolu-
tion, we present a distributed implementation of CLT
RCRDCLT) with O(Inn) rounds, where n is the number
of links, which improves the performance of our prior
works for MLS in [5] and [6].

o Executing RCRDCLT repeatedly gives an effective solu-
tion for the SLS, and an approximation factor of O(Inn)
is proposed, which shows that the best performance
guarantee for the SLS is logarithmic.

The rest of this paper is organized as follows. Section II
provides the related work. In Section III, we present network
model and notations. In Section IV, we present our central-
ized and distributed link scheduling algorithms with rigorous
analyses. Extensive experiments are implemented to evaluate
the performances of our designed algorithms in Section V.
Finally, we conclude the paper in Section VI.

II. RELATED WORK

The link scheduling problem has been studied extensively
in previous literatures. Initially, the problem was consid-
ered under the graph model (e.g., [7]-[14]). Afterwards,
it was noted that the deterministic SINR model can offer a
more realistic representation of interference between signals.
Moscibroda and Wattenhofer first studied the link scheduling
problem under the deterministic SINR model [15]. Then,
Goussevskaia er al. gave a NP-hard proof for the link
scheduling problem under the SINR model [16]. Subsequently,
attentions for designing effective link scheduling algorithms
shifted to a more realistic model using SINR, such as
centralized (e.g., [15], [17]-[21]) and distributed algorithms
(e.g., [22]-[28]).

In [7], Sharma et al. modeled the interference by k-hop
interference models, in which two links within k-hop distance
interfere with each other and no two links within k-hops can
successfully transmit at the same time. Although these models
were too simplistic, they offered some significant insights
into interference localization and distributed algorithm design
under the deterministic SINR model.

To localize the global interference under the deterministic
SINR model, one of effective methods is partitioning the net-
work area into some cells with enough size. By adopting this
method, Goussevskaia et al. classified link classes according
to link length, and constructed a feasible schedule for each
link class using a greedy strategy [16]. Similar idea was also
applied in [18], [22], [29]—-[31]. Based on the fact that a short
link can tolerate more interference while a long link tolerates
less, Huang et al. proposed a novel approximation algorithm
for the SLS [30]. Their motivation is that if two links are
far away from each other, the interference of one link on the
other should be small. By partitioning the links into disjoint
local link sets with a certain distance away from each other,
such that independent scheduling inside each local link set is
possible. Moreover, hexagon partition based link scheduling
algorithms were proposed by Yu et al. [18]. Simulations
demonstrated that hexagon-partition based link scheduling was
more efficient than the square-partition employed by [16]
and [31].

For distributed algorithm design under the determinis-
tic SINR model, Dinitz first proposed a regret-learning
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strategy for the MLS [32]. Asgeirsson and Mitra applied
the regret-learning to design an O(1)-approximation algo-
rithm for uniform power assignment [33]. However, these
game-theoretic algorithms take time polynomial of n to
converge. In addition, random contention resolution can be
implemented to solve the link scheduling problem in a dis-
tributed fashion [34]. The idea is that each agent accesses
the limited resource in any slot with a certain probability
q until its first success. In case of a collision, none of the
involved agents is successful in this slot. This idea is easily
applicable in wireless networks by letting each IoT device
transmit its packet in each slot with probability ¢ until the
first success. For the SLS, Kesselheim and Vocking gave a
distributed O(log2 n)-approximation algorithm with sublinear
power assignment [34], and later resulting in a O(logn)-
approximation algorithm by Halldérsson and Mitra [35].
Similar conclusions were also obtained in works [24] and [36].
In [36], Goussevskaia et al. proposed a centralized algo-
rithm (GHW) for the MLS with constant approximation ratio
guarantee, and solved the SLS by executing GHW repeatedly
with the time complexity of O(nlogn).

Note that the deterministic SINR model ignores the impact
of random fading on the strength of received signal. In realistic
environment, a successful link under the deterministic SINR
model does not means that the link can be successfully
scheduled under the Rayleigh fading model. More important,
to enable distributed algorithm designs, predictable interfer-
ence control, an open question is whether it is possible to
develop a model of measuring interference, which has the
locality of the protocol model and high fidelity under the
Rayleigh fading.

In [4], Dams et al. gave a scheme adapting link
scheduling algorithms in the deterministic SINR model
to the Rayleigh-fading model, while losing only a factor
of O(log"n)' in the approximation guarantee, which was
reduced to a constant by Halldérsson and Tonoyan [37].
Significantly, Dams et al. showed that success probability
of a successful link under the deterministic SINR model is
at least 1/e under Rayleigh fading model. Following this
work, by utilizing the idea of localizing global interfer-
ence under Rayleigh fading model, some centralized and
distributed algorithms were proposed for the MLS and SLS
(e.g., [31, [5], [6D.

In [3], Qiu and Shen proposed centralized and distributed
algorithms (LDP and RLE) with O(g(L)) and O(1) perfor-
mance guarantees, respectively, where g(L) (called length
diversity) is the number of magnitudes of transmission link
lengths. In our previous work [5], we solved the MLS by
designing a distributed algorithm Syn_DLS to increase relia-
bility and latency requirements of IoT. In our another previous
work [6], we derived the minimum distance constraint d;,
between the interferers and the receiver under the determin-
istic SINR model, and designed more effective distributed
algorithms (DLS and DDLS) based on random contention
resolution, by ignoring interference safely outside d,i, as a
constant and showing that those interference cannot influence
whether a link is successful or not.

In summary, the MLS under the Rayleigh fading model
can be simplified as the following one: given a guarantee
requirement of success probability 1 — ¢, in the determinis-
tic SINR model, removing all interfering links within some

log™* denotes the iterated-logarithm function, and O(log* n) is essentially
“almost constant.”
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distance (a function of 1 — ¢) for each selected link, and
this link has at least 1 — e success probability under the
Rayleigh fading model. The next step that we need to do is to
maximize the number of those links. Consequently, it enables
us to pay attention to algorithm design and analysis with
the consideration of the deterministic SINR model, and apply
them to the Rayleigh fading model. To sum up, the difference
between [3], [5], [6], [36], and this paper is given as follows.

o Compared with [3], [5], and [6], we consider the
interference-limited network (i.e., without noise), which
simplifies the expression of success probability of a link,
and we observe the relationship of distance among links
clearly. In addition, SIC is adopted to remove the impact
of stronger interfering signal, which can increase success
probability of a link.

o Compared with [36], Rayleigh fading model is further
considered, under which distributed algorithms were pro-
posed in [5] and [6] based on idea of interference local-
ization. Compared with above scheduling algorithms,
by using SIC technique and plane partition, we present
a more effective way of interference localization, and
the designed distributed algorithm can schedule more
successful links in a time slot and use more less number
of time slots to ensure that each link has been scheduled
at least once.

III. NETWORK MODEL AND DEFINITION

Given an IoT network consisting of n communication links
L ={ly,...,l,,}, where [; represents a transmission from a
sender s; to a receiver r;. The set of senders is denoted by
S ={s1,...,8n}. The distance from a sender s; to a receiver
r; is denoted by ds,,, and d;; for short if 7 = j.

The wireless propagation is described by attenuation and
fading. The Rayleigh fading means that the instantaneous
envelope of the received signal follows Rayleigh distribution
and its power is an exponentially distributed random vari-
able. It is viewed as a reasonable model for tropospheric
and ionospheric signal propagation as well as the effect of
heavily built-up urban environments on radio signals. Under
the above assumptions, if a signal is transmitted by sender
si, it will be received by receiver r; with the strength of
Pihi;d;;*, where P; is the transmit power and assumed to
be the same for all senders, « is the path-loss exponent, h;;
is the channel fading gain and follows an exponential distrib-
ution with unit mean [3]-[5]. Compared to noise, inter-link
interference is the dominating source of limitation on the
success probability. Therefore, it is interesting to focus the
analysis in the interference-limited regime, which means that
the interference dominates the noise since the node density
is quite high in large wireless network, and the noise can be
neglected [38], [39]. When the received SIR at receiver r; is
greater than or equal to vy, 7; can correctly decode the signal
transmitted by s;. Mathematically,

hii - di;®

vi = —
' > hyidsr
s ES,j#i

2 Vths (1

where 745, is the decoding threshold [5], [36].

Due to the existence of channel fading gain, a link cannot be
successfully scheduled with probability 1 under the Rayleigh
fading model [3]-[5]. Therefore, we tolerate an acceptable
failure probability e for the transmission. That is, the link /;
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can be successfully scheduled under Rayleigh fading model if
the probability of +; > 4, is greater than or equal to 1 — e.
Similar assumption was also adopted in [3]-[5].

Lemma 1 ([3], [5]): Given a link [; and a sender set P C S,
the success transmission probability of [; is

1
e
j#isier L+ (ddﬂ) Yt
A schedule P is feasible if all senders in P can successfully
transmit the message to their intended receivers with proba-
bility of at least 1 — e.

Definition 1 (Interference Factor [3]): Define the interfer-
ence factor of s; on r; as

dis \ &
1n<1+< ”) m) if i # ji
fSi,T’j: dsﬂ"j

0 if i = j.

pi = )

Accordingly, we use fp ., to denote the interference factor
of set P on receiver r;, where fpm] = > fshrj.
s;€EP

Based on the definition of interference factor, a link /; can
be regarded as successful under the Rayleigh fading model iff

fp.r; < 7 holds, where . = In ( L

1—e )"

A. Successive Interference Cancellation (SIC)

According to the decreasing order of received power,
the receiver with SIC technique can decode those stronger sig-
nals than its intended signal. If an interferer is stronger enough
for the receiver, then it can be decoded first and canceled off
by this receiver before decoding its intended signal. Finally,
the expected signal can be decoded successfully.

In k-SIC, at most k stronger signals can be decoded. The
necessary and sufficient conditions for k-SIC at r,, is

Sim
k
Zj:pd Sjm + Es>k Ssm,

where S, is the i strongest power received at r,,, [40], [41].
Table I shows some important notations.

> Yh, 1<i<k, 3)

IV. CENTRALIZED AND DISTRIBUTED ALGORITHMS FOR
MLS PROBLEM

In this section, we first propose an Improved LDP (ILDP)
based on 1-SIC by analyzing classic link scheduling algorithm,
namely Link Diversity Partition (LDP) [16]. Then utilizing
the idea of interference localization, we propose a centralized
link scheduling algorithm (denoted by CLT) with a constant
approximation factor, and obtain its distributed implementation
(denoted by RCRDCLT) with logarithmic rounds.

A. An Improved LDP Algorithm

LDP is designed for link scheduling under the deterministic
SINR [16]. The key idea of LDP is that it first classifies the
links with similar lengths to one class. For each link class,
LDP partitions the whole network area into squares with same
size and set neighboring squares to different colors. Such
color setting ensures that the links in the same-color squares
always have a far enough distance from each other. Then, all
the selected links in the same-color squares form a feasible
schedule.
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TABLE I
NOTATIONS
Term Description Page
n the number of communication links 3
L the set of n communication links 3
S; the sender of link I; 3
i the receiver of link [; 3
S the set of all senders 3
dsi,rj the distance between node s; and node r; 3
hij channel fading gain between node s; and r; 3
« path-loss exponent 3
Yth decoding threshold 3
€ acceptable failure probability 3
Ve Ye =1In (1i€) 3
P a feasible schedule 3
fs,-,,rj the interference factor of s; on r; 3
f'py,r] the interference factor of set P on r; 3
g(L) the link length diversity, a small constant 4
Ly the link subset for link class k 4
Imin the minimum link length 4
B the size of square for link class k, B = 2"+t ;.8 4
1
B8 aconstant,andﬁ:(%~%-%)a+1 ) 4
o Ye 1
p a small constant, and p < E 1+</3_161)a =1 4
P the optimal solution for the SLS 6
dmin the minimum distance between interferer and receiver 6

However, it is difficult to apply LDP under the Rayleigh
fading model directly. The reason is that, on the one hand,
a successful link of deterministic SINR model may fail to be
scheduled under the Rayleigh fading model. On the other hand,
for a given link class, the size of all squares is fixed under the
deterministic SINR model, while difficult to be estimated once
the Rayleigh fading model is considered. In particular, given a
successful link in the deterministic SINR model, above failure
probability can be upper-bounded. Also, combing with upper
bound of interference factor (considering failure probability
constraint €), we can calculate a fixed size of each square,
which ensures the success probability of each scheduled link
in same-color squares is at least 1 — e under the Rayleigh
fading model.

Definition 2: ( [3], [16]) Given a set of links, the link length
diversity, denoted by g(L), is defined as

g(L) ={h|3l; € L : |logy(dii/lmin)| = h}. 4)

Namely the diversity ¢g(L) is the number of magnitudes
of distances. In real applications, g(L) is usually a small
constant [3], [16].

We only consider 1-SIC protocol for analysis simplicity,
i.e., at most 1 strong interfering signal can be eliminated.
Next, we introduce ILDP based on 1-SIC in detail. This
algorithm starts to run by building g(L) disjoint link classes
Li,..., Lg(L) from L, s.t.,

Ly = {lz S L|2hklmin <d;; < 2hk+1lmin}.

Note that hy, is independent of n and can be upper-bounded
by a constant if the maximum link length is pre-known.

Then, for link class Ly, ILDP partitions the entire network
region into squares with size length Gy = Qhetly . 3, where

1

16 a—1\=

8= I L7 e +1, 5)
a—2 v a—2
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Fig. 1. Partition and two links exist in a same square by using 1-SIC.

and set neighboring squares to different colors. And thus,
all the selected links from the same-color squares form a
feasible schedule [16], denoted by P. By using 1-SIC, each
receiver of a successful link in P can tolerate at most one
strongest interferer, when the distance between them satisfies
the constraint in the following Lemma 2. For instance, assume
that [, and [; belong to the same link class. As shown in Fig. 1,
r; allows to the existence of sy if ds,,, < pd;;. Moreover, 7y,
can also remove the impact of s; in the same-color square by
1-SIC and joins into scheduling set, if ds,r, < pdgk. In this
way, compared with LDP, the size of scheduling set P4y
obtained by ILDP may be doubled in the best case.

Lemma 2: If two successful links are allowed to exist in
the same square, the parameter p must satisfy

1
Ve 1
a—1 ’

a—2

p= ' 16
Yen 1+ B=—D"

The proof of Lemma 2 is shown in Appendix A.
The pseudo-code of ILDP is shown in Algorithm 1.

Algorithm 1 1-SIC Based Improved LDP (ILDP)

1: Initialization: Scheduling set P[5/ = 0 for link class Ly
and color j

2: Input: g(L) link classes {Lq,...

3. for k=1to g(L) do

4:  Partition the network region into squares of size Ox X S
for link class Ly

Color the squares with {1,2, 3,4}, s.t. no two adjacent
squares have the same-color

6 for j =1to 4 do 4

7: The sender s; joins into Pi(l];’j )

8

9

s Ly}

W

Find link [;, in link class Lj and di; < d;;
if ds,r, < pdi; and ds,r, < pdy then

10: The sender sy, joints into 771;(;:’1’;)
11: else

12: Remove link [;, from L

13: end if

14:  end for

15: end for

16: return P4, = arg max {Pi(l]fi’g),Vk, j}

We show that P;;4), is feasible with the consideration of the
Rayleigh fading model in the proof of Theorem 1.

Theorem 1: ILDP provides a feasible schedule.

The proof of Theorem 1 is shown in Appendix B.
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Theorem 2: The approximation factor of ILDP is O(1).
Proof: ~ Assume that there are two links in a same
square satisfying the distance constraints in lines 8 and 9 of
Algorithm 1. Thus, |P}j, | = 2P/, |. Let P}, be the optimal

opt
schedule in a link class Ly, Pop = argmax{P},, Vk}, and
P’}dp = arg max{P(k’]) Vj}. According to conclusion in [3],

2 'lep ’
we know |Pf: dp| > "P‘l , then
(L)
|Pitap| St Pl
2 - 49(L)
L
B 89(L)
|P0pt|
2 : (6)
89(L)
where Pyq, = argmax{P};, ,Vk}. Therefore, “7755;1;“‘ <
8g(L). [
Theorem 3: For the SLS, executing ILDP repeatedly yields

an ©(Inn) approximation factor in the worst case.
Proof: Assume that v is the minimum number of slots
in the optimal solution, and then 3 = 7, . Combining with

result in Theorem 2, the maximum number of slots needed by
ILDP, denoted by 14y, satisfies 1;qp < 8g(L)7,ZJ
The size of scheduling set obtained by ILDP is at least -

Then, the number of remaining unscheduled hnks is at most

1)’ < ne~ 8/ Vi
'l/)ildp Vildp
after s slots. Thus, when s > 4;;4, Inn, all links have been
scheduled successfully, and < < 8¢(L)Inn. Moreover, % >
Inn since ;qp > 1, which gives an ©(Inn) approximation
factor. [ ]
So far, we have proposed one centralized algorithm for link
scheduling problem. Centralized scheduling algorithms require
a central coordinator to allocate the link schedules. For a large
IoT network, centralized algorithms are vulnerable to single
point failure, if the central controller is down, there is no one
else to coordinate the resource allocation, and distributed link
scheduling algorithms are urgently designed, which only needs
the coordination among the nodes in a local neighborhood.
Moreover, it is difficult to handle global interference defined
by the deterministic SINR model using local distributed algo-
rithms, since only considering local interference can lead to
incorrect conclusions. From the proof in Theorem 1, we can
see that if a link is successfully scheduled, those neighbouring
links need to be removed. In other words, whether a link
schedule is successful or not only depends on the localization
information, which is better for a distributed implementation.

n (1 — ) and is reduced to n (1 —

B. Interference Localization-Based Distributed Algorithm

In this subsection, to design distributed algorithm, we first
propose a centralized and localized link scheduling algorithm
for the MLS. In each traversal, the algorithm first greedily
selects the unselected sender with the shortest link length,
since the strength is stronger at close range. Define d,i, as
the minimum distance between a non-intended sender and the
receiver. And d,,;, satisfies

dmin = (5 - ]-)du (7)
for link ;. That is, the distance between link /; and successful

links scheduled before and after it is at least d;,. The
pseudo-code is given in Algorithm 2.
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Algorithm 2 Centralized and Localized Traversal (CLT)
1: Initialization: Scheduling set P.;; = )

2: Input: Sender set S = {s1,...,5,}

3: Output: P,
4
5

: while S is not empty do
Pick up the sender s; in S that has the shortest link
length and add it to P
Remove each sender s; from S, i.e. ds;r; < dmin
7: end while
8: Return P4

For link [;, we construct the disc centered at receiver 7;
with the radius of d,,;,. After executing CLT, all links whose
senders, apart from s;, are in the disc are removed. This
process is repeated until all links have been either scheduled
or deleted. The time complexity is O(nlogn).

In the following, we prove that the schedule P.;; is both
feasible (Theorem 4) and efficient, i.e., only a constant factor
away from the optimum (Theorem 5).

Theorem 4: CLT can output a feasible schedule.

Proof The distance between the senders in Py \ {sz}
and r; is at least dp,in, the interference factor of P, on r; is
at most

D

d
— ln <1 + da’bl ’Yth>
55 E€EPeie\{si} e

+o00 1
> e
2 (B 1)
ala —2)?
16(a—1)2 ¢
< Ve,
based on the following Formula [6], [36]

1 oo q
> <af
d 19

1> dinin

chltJ’i

which means that link /; can be successfully scheduled. H
Lemma 3: Let s; € P.y. The number of senders in set
Per\{s:} with distance kd;; away from s; is at most

Ye
v;eh (14 k)~ (8)
t

Proof: From definition 1, we know that interference factor
of each sender s; € Py \ {s;} on receiver r; cannot be

greater than 'yé Accordingly, di < %1 Moreover,

In(1 +2z) > [0,675 —1], and d,,, <

ds;s; +dis = 6(1 + k)dii, fs;r, is lower bounded by

de
=In <1 + dgf; ’Yth)

< 1 d

n e’y d? T

s> b 1 1
e (14 k)
Since the interference factor of Pclt \ {s;} on r; cannot
exceed 7., and there are at most 7‘ (1 + k)® such senders.
Thus, the lemma holds. ]

ij,T’i

e Yt ©)
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Theorem 5: The cardinality of the difference between Pt

and P, is bounded by a constant, i.e., “Z"‘:"‘ < 575 (2 +
0)*+1, where 6 = 3 — 1.
Proof: By contradiction. Suppose that
T | Pael. (10)

|Popt \Pclt| > 5ee (2 + 5)(y
Vth

We label the set of senders in P,y \ Per by blue
(i.e., Np = Popt \ Peir) and those in Py by red (N, = Pee).
By Lemma 4.3 [36], if |[N,| > 5z|N;|, then there is a
2-blue-dominant point (sender) s; € N, where

Ve
=1 (244
VYth

We shall argue that the sender s; would have been picked
by CLT, leading to a contradiction.

According to Lemma 4.3 [36], for any red point s; € N,
there exists a subset of blue points G(s;) such that |G(s])| >z
(z = V%e i (2 + §)%). Next, we prove that s; can be selected
by CLT after sj, i.e., di; > dj;. We can derive that ds,s; >
(6 4+ 1) d;;. Otherwise the number of senders w1th1n distance
(64+1)d;; away from s; would be greater than V; (I+5+1)%,
which contradicts with the conclusion in Lemma 3. Using the
triangle inequality, we get

(1)

ds;r; > ds;s; — dii > 0dy;
and
ds;r; > ds;s; — djj > ds;s; — dig > 0di; > 0dj5,
which shows that s; should not have been deleted by CLT,
resulting in a contradiction. [ ]

Next, we achieve the distributed implementation of CLT
based on the random contention resolution. The main idea
is that each sender starts to transmit independently, and it
will join into the scheduling set, when there is no interferers
within d,j, starting to transmit or having been selected into
scheduling set. The pseudo-code is given in Algorithm 3.

To model the scenario where the senders with the shorter
link length have a priority to transmit, each sender whose
link belongs to link class Ly selects randomly a value from
range [2"% 2h+1] to transmit first. In this way, the shorter
link is, the faster its sender starts to transmit. On the one hand,
the senders in different link classes have different transmission

Algorithm 3 Random Contention Resolution Based Distrib-

uted CLT (RCRDCLT)

1: Initialization: Scheduling set P,.crqcir = ()

: Input: Sender set S = {s1,...,5,}

: Output: Prerdcert

. Select t; randomly in range [2"#, 2"+*+1] for sender s;

. if Sender s; starts to transmit at time ¢; then

if There is no senders starting to transmit or belonging
to Prerderr Within Gd;; then
S joins into Prerdeit

else

: Quit from current schedule

10:  end if

11: end if

12: Output: P,cracit

Qv oA W

0 e 2
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Fig. 2. A link [; scheduled by RCRDCLT, and those senders which are not
successful in RCRDCLT but successful in CLT locate in the gray area.

times. On the other hand, denote N}, = 2™ and the senders
whose corresponding links are in Ly as the set Sy. The
probability that at least two senders in Sy, select a same value
is at most —=

Based on the following Lemma, the approximation factor
of RCRDCLT will be given in Theorem 6.

Lemma 4: [42] Given two disks Dy and D, of radii R,
and R, respectively, assume that R; > Ry, we define XRl’RZ
to be the smallest number of disks Dy needed to cover the
larger disk D;. It holds that

2 (Rl —+ 2R2)2

Ri,Ry . (12)
AN

Theorem 6: RCRDCLT  only losses a  constant

fraction of the optimum schedule, ie, |Prerdet| >

(5%@5 (2+0)*+ ) . ( Vel (3 + ) + 1) [Popt]-

Proof: For any link [;, let Ry = dyin+d;; and Ry = diin-
From line 6 in Algorithms 2 and 3, there are no interferers
within dp,i, around 7; and within dpi, + di; around s;,
as shown in Fig. 2. According to the conclusion in Lemma 4,

those links scheduled by CLT cannot be successfully scheduled
by RCRDCLT are at most

2
2T 1
R1 R2
X < — (34 ) .
3V3 (
That is, |Pclt\PTcrdclt| < XR17R2 |7)rcrdclt|-
Combining with conclusion in Theorem 5, we get

P el
Potl (57‘3 (2+5)<’+1) (e ).
|Prcrdclt| Yth

|
Theorem 7: Algorithm 3 ends after O(lnn) rounds.

Proof: RCRDCLT uses time selector to reduce collisions
among different senders and ensure that shorter links have
priority to transmit first. It can be clearly seen from the above
algorithm that the smaller hy is, the sooner senders start to
transmit. For sender s; in link class Ly, if all senders in Sy, \
{s;} are away from s, at least dyin + d;;, it transmits at ¢;
(selecting from [2"+ 27++1]) and joins into the schedule P.
Otherwise, s; should start to transmit first, when s; selects ¢; =
N, the probability that all the senders in Sy, start to transmit
after or along with s; is 1 since they can select any value from
[27 2k +1] Similarly, when s; determines ¢; = N}, +1, above

Sk |
probability is (N"—kl) . In this way, the probability that the
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sender s; starts to transmit before other senders in Sy, is

1 sl 1/ 10\
— 115k e — | =
PEN TN, (N,)
|V | N ISkl
1 7
% |2 (%)
i=1
1 [Nl 1 [Skl
> — — , J is natural number
N jz:; (])
¢(ISkl)

~

l

N 7

where ((-) is Riemann zeta function and it is a constant for
|Sk| > 1[43], which does not means that s; joins into Py.cdcit
once at least one sender in P,..,.q-+ Selects a time as same as
t;, they will quit the current schedule. Otherwise, s; joints into
Prerdeit- After consuming TTS’;D Inn rounds for a constant
T, §; either joins into Pycrqci¢ Or quits from current schedule
with the high probability, i.e.,

- (1o s

Ni
Therefore, the number of rounds for Algorithm 3
is O(Inn). |
Theorem 8: Executing RCRDCLT repeatedly yields an
O(Inn) approximation factor for the SLS.
Proof: From Theorem 6, we know

21

N
TEqs,n
nT’

1
|Prcrdclt| Z - |Popt|7
Te

2

o 1\2 Byeele

where 7. = <3\/§ (3+3) +1) : (%(2—1—5)“4—1 .

Define 9,.crqc1¢ as the number of rounds to solve the SLS
for RCRDCLT. Besides, similar to Theorem 3, ©,.crderr < Net).
Any subset of n links contains a scheduling set and its size is at
least ——-. After costing at most ¢n.7 Inn rounds, the number
of unsuccessful links is

1 ) YneTInn
<1,

n (1 — e

which shows that all the links are successfully scheduled.
Then approximation factor for the SLS can be bounded by

wrcrdclt < 7/”]67_ 11171

P P

= 77 lnn.

Similar to Theorem 3, % > lnn, resulting in ©(lnn).
| ]

V. EVALUATIONS

In this section, considering two network topologies with
500 x 500 m?: random and cluster topologies, as shown
in Fig. 3 and Fig. 4, the red nodes are senders and the
white ones are receivers. We validate the impacts of system
parameters on the scheduling performance of designed link
scheduling algorithms by MATLAB. In the random topology,
the senders and receivers are distributed randomly. In the
cluster topology, n. clusters are selected randomly on the
plane, and n/n. links are positioned inside disks of radius 7.
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Fig. 3. Random topology.
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Fig. 4. Cluster topology.

around each of them. The cluster topology aims to simulate
a scenario of heterogeneous density distribution. Define the
maximum length of a link as l,,,x. The simulation was done
over 100 different networks.

For comparison, we use the centralized one-slot schedul-
ing algorithms proposed by Goussevskaia, Halldérsson and
Wattenhofer (GHW) [36], LDP [3], RLE [3], Syn_DLS [5],
DLS [6] and DDLS [6] to solve the MLS and SLS. GHW
is a simple greedy algorithm, where the links are processed
in a non-decreasing order of length, and each link can be
scheduled successfully if the affectance of the link, caused
by all successful links is less than or equals to the following
parameter

1
2+ max(2, (2% 9+ Lyn

CcC =

==1)%)

a—2

Related parameters in RLE are set to co = 0.5 and

1
) o
respectively.
Moreover, although GHW is an O(1)-approximation algo-
rithm and the time complexity is O(nlogn), a small schedul-
ing set can be obtained due to a lower c.

12¢(a — 1)yin
’76(1 - 62)

q:va(
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Fig. 5. Impact of n with e = 0.1.

TABLE II
SIMULATED PARAMETERS AND VALUES

Symbol  Meanings Value
n the number of links 200
lmin the minimum link length 1
lmax the maximum link length 20

« the path-loss exponent 5

Yh the decoding threshold 1

€ the acceptable failure probability 0.1

A. MLS Validation in Random Networks

First, in Fig. 5, we evaluate the influence of the number
of links on performances of CLT, RCRDCLT and centralized
and distributed algorithms in [3], [5], [6], [36]. The simulated
parameters were set according to Table II. On the one hand,
CLT gives a larger enhancement when n increases, which
indicates the parameter dp,i, in Eq. (7) is in effect: compared
with LDP, GHW and DLS, the numbers of successful links
in a single slot (i.e., single slot scheduling performance) are
improved about 174.2%, 90.5%, and 18.4%, respectively.

As expected, GHW is not able to schedule more links for
a larger n due to the constraint of the parameter c. Even in
sparse topology (100 links), CLT and RCRDCLT still compute
1.93 and 1.21 times the number of successful links obtained
by GHW. The performance of LDP is poor since the size of
each square is relatively larger and more links can located
in a same square, i.e., fewer links are scheduled successfully.
Setting co = 0.5 in RLE, DDLS achieves a better performance
than that of RLE due to low efficiency of the parameter ¢z in
RLE. Among all the seven algorithms, CLT schedules the most
number of successful links in a single slot for different n in
random topology.

On the other hand, from Fig. 6 we can see that com-
pared with CLT, the single-slot scheduling performance of
RCRDCLT decreases about 39.5%, this is because that the
distance between the interferer and the receiver in CLT is at
least dpin, while RCRDCLT will reject a fraction of successful
senders, scheduled by CLT, where the distance between them
and the receiver changes from dpin to dyin + 2d;;, as shown
in Fig. 2. But the performance difference between CLT and
RCRDCLT can be upper-bounded, as shown in Theorem 6
and Table III. Although, compared with Syn_DLS and DDLS,
the performance decrements of RCRDCLT are about 27.9%
and 18.9%, the time complexity of RCRDCLT decreases from
O(nlnn) (Syn_DLS and DDLS needed) to O(Inn). Note that
if we design distributed CLT based on the idea of DDLS in [6],
achieved scheduling performance will be better than those of
Syn_DLS and DDLS, resulting in O(nInn) time complexity.
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Fig. 6. Impact of n with e = 0.1.
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Fig. 7. Impact of o with € = 0.1.
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Fig. 8. Impact of o with € = 0.1.

In Fig. 7 and Fig. 8, we analyze the influence of the
path-loss exponent on the schedule performance for above
algorithms. The simulation is done with n = 200, other
settings keep the same as before. The single slot scheduling
performances increase as « increasing. For LDP, the size of
each square decreases with « increasing, as shown in Table IV,
the probability that only one link exists in a square gets larger,
resulting in more successful links. For CLT and RCRDCLT,
distance constraint between the interferers and the receiver get
smaller over « increasing, more links can join the scheduling
set, as shown in Table V. In other words, the impact of a on
interfering signal outperforms that of intended signal, a link
can be successfully scheduled easily for larger «. Similarly,
the performances of RLE and Syn_DLS are also increased
with the increment of «, since ¢1d;; used in RLE and d;,
used in DLS (or DDLS) decrease as « increases, more links
can be scheduled. For GHW, the impact of a on interfering
signal is larger than that of intended signal. Specifically,
scheduling performance of Syn_DLS is not influenced by «.
This is because that message dissemination among nodes is
executed if the distance between nodes is less than 2/, .,
changing a cannot change the scheduling performance.

Among all the algorithms, CLT presents the best single
slot scheduling performance, and the gap between CLT and
RCRDCLT is upper-bounded, as shown in Table III. Compared
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TABLE III

THE APPROXIMATION FACTOR IN THEOREM 6

a and € a=3 a=4 a=5 a=06
Yeh e=01|€e=005]€e=01]€e=005]€e=01]€e=005]¢e=01]¢€=0.05
v¢n = 1, theoretical 3.2226 3.0664 3.5547 3.3674 3.7858 3.5983 3.9500 3.7719
Y¢n, = 1, simulated 1.1331 1.1149 1.2606 1.2212 1.3949 1.3477 1.4364 1.3805
Yt = 3, theoretical 3.0053 29178 3.2871 3.1618 3.5140 3.3763 3.6894 3.5510
Ytn = 3, simulated 1.0976 1.0848 1.2234 1.1983 1.3112 1.3084 1.3732 1.3662
Yen = D, theoretical 2.9399 2.8728 3.1949 3.0906 3.4135 3.2940 3.5889 3.4655
Y¢n = 5, simulated 1.0744 1.0586 1.1722 1.1628 1.3035 1.2607 1.3628 1.3355
TABLE IV
THE PARAMETER NEEDED (3 IN EQUATION (5)
a and € a=3 a=4 a=5 a=06
B €e=01]e=005]e=01]]€e=005]€e=01]|]€e=005]€e=0.11] e=0.05
Yen =1 7.7219 9.5447 4.8849 5.6509 3.8925 4.3404 3.3973 3.7029
Yeh =3 10.6946 13.3236 6.1129 7.1209 4.6033 5.1613 3.8790 4.2460
Yth =5 12.4943 15.6112 6.8093 7.9547 4.9909 5.6089 4.1349 4.5345
TABLE V
THE MINIMUM DISTANCE dnin WITH Imax = 8 IN EQ. (7)
a and € a=3 a=4 a=5 a=06
dmin e=01]€e=005]€e=01]€e=005]e=01]€e=0.05] =011 €e=0.05
Yen = 1 146.38 209.79 63.93 81.26 42.81 51.25 33.82 39.05
Yeh =3 253.53 363.37 92.20 117.20 56.34 67.45 42.13 48.65
Yth =5 327.31 469.10 109.31 138.95 64.02 76.64 46.66 53.88
o performances decrease when [,y increases. This is because

‘The number of successful links

5 10 15 20 25 30 35 10
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Fig. 9. Impact of l;nax with € = 0.1.
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Fig. 10. Impact of lmax with € = 0.1.

with LDP, GHW, and DLS, the single slot scheduling perfor-
mances of CLT are improved about 151.6%, 84.2% and 18.8%,
respectively, while performance losses of RCRDCLT are sep-
arately about 28.8% and 17.4% for o« > 4 when compared
with Sys_DLS and DDLS. Moreover, the performance gaps
between Syn_DLS and RCRDCLT gets smaller (for instance,
RCRDCLT losses 10 links when a = 6 while losses 30 for
« = 4), which further validates the effectiveness of dy,i, in
Eq. (7), and RCRDCLT costs more less rounds.

The impact of maximum link length on algorithmic per-
formance is shown in Fig. 9 and Fig. 10, all algorithm

that when a link is selected into scheduling set, it will reject
more links since d,;, becomes larger over [,y increasing
for LDP, RLE, DLS (DDLS), and CLT (RCRDCLT). For
GHW and Syn_DLS, the strength of received signal weakens
as lmax increasing, resulting in less successful links. From
Fig. 9 and Fig. 10, we can see that in all the algorithms,
CLT shows the best average scheduling performance, and
RCRDCLT cannot deal with the scenarios where communica-
tion distance between nodes are larger, it shows relatively good
scheduling performance in shorter communication distance
(such as 5 and 10). Compared with Syn_DLS and DDLS,
performance losses of RCRDCLT are about 26% and 16.2%
on the average, but it saves a lot of running time.

Fig. 11 and Fig. 12 validate the influence of ¢ with settings
of n = 200. Note that, on the one hand, increasing ¢ improves
scheduling performances of LDP, RLE, DLS (or DDLS),
CLT and RCRDCLT, the reason is that the size of each
square (for LDP), c¢id;; (for RLE), and dpi, (for DLS or
DDLS and CLT or RCRDCLT) decrease with € increasing,
as shown in Tables IV and V, respectively, resulting in more
successful links. On the other hand, scheduling performances
of Syn_DLS and GHW are not influenced by ¢, the reasons
are similar to ones in Fig. 8.

B. MLS Validation in Cluster Networks

In this subsection, using the simulated parameters
in Table VI, we validate the scheduling performance for above
algorithms in the cluster networks, as shown in Fig. 13-Fig. 20.

In Fig. 13 and 14, the scheduling performances of LDP,
GHW, DLS (DDLS), CLT and RCRDCLT increase with the
increment of N.. Generally, the more the number of links
in a cluster is, the more interference each link will suffer,
which makes it harder to schedule links in same clusters
concurrently. Different from all link scheduling algorithms
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TABLE VI
SIMULATED PARAMETERS AND VALUES

Symbol ~ Meanings Value
Ne the number of clusters 10
Te the radius of clusters 20
N the number of links in each cluster 20
lmin the minimum link length 5
lmax the maximum link length 30

« the path-loss exponent 5

Yth the decoding threshold 1

€ the acceptable failure probability 0.1

cited in this paper, CLT can find at least two successful
links in the same cluster on the average when N. > 30,
which shows that it can deal with dense cluster networks.
Although RCRDCLT presents a relatively poor performance
compared with DDLS, it costs more less time complexity
and still schedules at least one successful link in each cluster
averagely, since cluster radius of r. = 20 separates clusters,
RCRDCLT and DDLS can be able to take advantage of this
property well, while Sys_DLS cannot, since Syn_DLS will
reject those links within 2[,,x = 60, the radius of cluster is
20. That is, the more links are in the cluster, the more links are
rejected. Moreover, compared with DDLS, RCRDCLT only
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losses about 6 successful links at most in each schedule, while
Syn_DLS cannot present a better scheduling performance in
cluster networks.

In Fig. 21 and Fig. 22, we analyze the influence of the
cluster radius with n = 200 and l,,,x = 10, other parameters
keep the same as before. In topologies with larger clusters,
scheduling performance of CLT increases significantly than
other algorithms. Generally, larger cluster radius separates
links in the same cluster more easily, which makes it easier
to schedule links in the same cluster concurrently. However,
LDP, RLE, GHW and DLS cannot be able to take advantage
of this property well. Additionally, in the dense networks (for
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example r. = 20), three algorithms in Fig. 22 present similar
performance, Syn_DLS outperforms than other two ones over
r. increasing. The reason is as the same as described as above,
i.e., larger cluster radius makes the distance among links in
the same cluster larger.

C. SLS Validation in Random Networks

In Fig. 23-Fig. 30, simulated parameters are set according
to Table II, we consider the impact of network parameters on
the schedule length in random networks.

In Fig. 23 and Fig. 24, over n increasing, the needed
schedule length increases for all algorithms. As could be
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expected, LDP, RLE, GHW and DLS cannot compare with
CLT, while the average performance of RCRDCLT is still
better than that of Syn_DLS, and only increases 7% than that
of DDLS. On the average, LDP, GHW and DLS compute 2.8,
2.1 and 1.7 times longer schedule lengths than CLT, since it
can compute a larger scheduling set, as shown in Fig. 5 and
Fig. 6.

As shown in Fig. 25 and Fig. 26, over « increasing, all
algorithms present more better performance besides Syn_DLS.
The reasons are similar to those in Fig. 7 and Fig. 8, namely
a larger « results in a smaller distance between the interferers
and the receiver, more links can be scheduled in a time slot
and then scheduling all given links needs less slots. When
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a > 4, on the average, there’s hardly no difference between
RCRDCLT and DDLS (differ by 1%), and they need a shorter
schedule length than Syn_DLS.

The impacts of the maximum link length on schedule
length are given in Fig. 27 and Fig. 28. Compared with CLT,
averages of 2.5, 2.1 and 1.6 times schedule length are given
by LDP, GHW and DLS for different /,,,x, respectively, since
they have lower scheduling performance, as shown in Fig. 9
and Fig. 10. Moreover, Syn_DLS, DDLS and RCRDCLT are
particularly affected by /,,,x compared with other parameters,
and RCRDCLT presents the best scheduling performance from
the perspective of the average.

In Fig. 30, RCRDCLT and Syn_DLS show a similar aver-
aged performance in the schedule length (differ by 8%), and
obtain a shorter schedule times than DDLS. In addition, CLT
is the fastest algorithm to schedule all given links, as shown
in Fig. 29.

D. SLS in Cluster Networks

In this subsection, simulated parameters are set to those
in Table VI, from Fig. 22, Fig. 31 and Fig. 32, we can
see that CLT obtains the shortest schedule length among all
algorithms, and Syn_DLS cannot deal with cluster networks
well, since it schedules more successful links in a time slot
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Fig. 32. Impact of r. with e = 0.1.

than DDLS and RCRDCLT, but it needs more time slots
to schedule all links. Additionally, performance difference in
schedule length between RCRDCLT and DDLS gets smaller
as r. increases. On the average, RCRDCLT computes only
1.27 times schedule length than DDLS. The impacts of other
parameters on the SLS in cluster networks are similar to those
in random networks.

E. Comparison of LDP and ILDP

In the end of this section, we compared LDP and ILDP
in cluster networks for different N. and «, respectively,
as shown in Fig. 33 and Fig. 34. We can see that scheduling
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performances of LDP and ILDP increase as N, (or «) increas-
ing, and ILDP can obtain 35.4% and 43.4% enhancements
for N, and a, respectively. The reasons are similar to those
in Fig. 13 and Fig. 15.

To sum up, the simulations demonstrate that CLT is the best
scheduling performance for the MLS and SLS in the random
and cluster networks. RCRDCLT, besides having lowest time
complexity than Syn_DLS and DDLS, only losses a constant
approximation factor compared with the optimal schedule.
Moreover, compared with Syn_DLS and DDLS from the
perspective of the average, RCRDCLT presents advantages
in some specific scenarios, such as high path-loss and longer
communication distance. If we apply the idea of DDLS to
design distributed CLT, the scheduling performance obtained
will be better than Syn_DLS and DDLS, but the time com-
plexity is also increased from O(Inn) to O(nlnn).

VI. CONCLUSION

In this paper, we proposed two efficient algorithms for
the problems of MLS and SLS. To begin with, by constructing
the relationships between the acceptable failure probability
and the needed SINR constraint in the Rayleigh fading
model, we can design link scheduling algorithms under the
deterministic SINR model rather than in the Rayleigh fading
model directly. Then, we utilized the idea of interference
localization to design centralized and distributed algorithms
for the MLS, and the proposed algorithms not only localize
the global interference, but also costs a logarithmic time
complexity. Executing them repeatedly obtained a logarithmic
approximation guarantee for the SLS with rigorous analysis.
Finally, compared with current popular link scheduling algo-
rithms, simulations validated the efficiency of our algorithms.
Only uniform power assignment was considered, hence one
future direction is to consider other methods of power control.
Another promising research direction is the dynamic network
scenarios where nodes move randomly to broadcast or collect
data.
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