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Abstract

It is a challenging issue to improve the energy efficiency of neighbor discovery in WSNs. This
paper proposes an optimal discovery model (ODM) for the first time. Based on the model, we
investigate the influence of the relative size of two unequal active slots on the energy
efficiency. ODM provides the energy optimal value of the length of the larger active slot at a
given duty cycle. Other than existing methods, the worst-case latency bound of ODM is only
one period. This is a subversive conclusion, because almost all other related methods are based
on a wake-up schedule that contains several periods. We theoretically deduce that ODM can
reduce worst-case discovery latency by 43.89% compared to Searchlight-Trim when their
duty cycles are the same. The simulations verify the advantage of ODM.
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1. Introduction

Nowadays wireless sensor networks (WSNs) are more and more widely used in many fields

such as environmental monitoring [1], tactical military [2][3], disaster relief [4] and so on.
Besides, WSN is one of key enablers for the Internet of Things (l10T) paradigm. It brings loT
applications richer capabilities for both sensing and actuation [5]. WSN usually includes
thousands of sensor nodes which can obtain physical data such as temperature, humidity,
vibration data from their surroundings. Then, these data are transferred to sink nodes or
base station directly or via multi-hop communication. In most WSN applications, tiny sensor
devices are deployed randomly in inaccessible areas. These sensor devices have limited
energy budget, and they work continuously until their energy drains. They not only collect
sensing data but also send and receive data packets. An ultimate goal of WSN applications is
to increase the lifetime of sensor devices through minimizing energy consumption [6].

Discovering neighboring sensors is an essential and continuous task in WSNs. The neighbor
discovery is indispensable not only during the deployment phase of sensor networks but also at
any time when the network begins to work, since some new sensor devices may be deployed
anytime during the working process of the network. Energy efficiency of neighbor discovery
is directly related to the lifetime of sensor nodes which are powered by tiny batteries. In
addition, there is no synchronous clock for all sensors so that the difficulty of neighbor
discovery increases. Energy-efficient neighbor discovery is very challenging and almost all
related studies focus on addressing this issue. By the way, smaller energy consumption and
discovery latency mean that the method is more energy-efficient [7].

Current neighbor discovery algorithms fall into two categories, i.e. pair-wise algorithms and
group-based ones. Group-based method can be regarded as the middleware over pair-wise
method. The more energy-efficient the pair-wise protocols used is, the more energy- efficient
the neighbor discovery is when the same group-based middleware is employed [8][9][10]. As
a result, our main goal in the paper is to improve the energy-efficiency of pair-wise method.
Based on whether successful neighbor discovery can be achieved within a certain time (this
time is called worst-case latency bound or worst-case bound ), there are two categories of
pair-wise protocols as well, i.e. the probabilistic algorithms [11][12] and the deterministic
ones [13]-[21]. Since many application scenarios require that the worst-case bound is finite [7],
we focus on deterministic algorithms in the paper. Owing to restricted energy budget, many
deterministic algorithms are slotted-based and each node performs duty-cycled operations.
That is to say, time is divide into many slots and each node sleeps during most slots (which are
called sleep slots), while turning awake during a few remaining slots (which are called active
slots). Each node has a wake-up schedule which is a string of binary numbers where ‘1’ and “0’
represent an active slot and a sleep slot respectively. Suppose each wake-up schedule consists
of T slots. The wake-up schedule repeats every T slots. The duty cycle (for short DC) is
defined as the ratio of the total active slots length within one wake-up schedule to

the time of one wake-up schedule, i.e. T slots. Deterministic methods improve energy-
efficiency by studying how many the value of T is and whether each slot in the T slots is active
or not. For any two nodes using the same wake-up schedule, deterministic method guarantees
that the two nodes can discover each other within one wake-up schedule. The core idea of
deterministic methods is to reduce the T and the total length of active slots in T slots while
ensuring nodes discover each other within T slots for any two nodes using the same wake-up
schedule.
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The lengths of all slots in earlier algorithms are the same. Later researchers find there exists
redundancy in the overlap of two nodes’ active slots, which limits improvement of the energy
efficiency. They assign different sizes to active slots and sleep ones to eliminate the
redundancy partly or fully. As a result, their studies, including Searchlight-Striped [7] and
Non-integer [17] (Non-integer can amend a series of protocols such as Disco [15], U-connect
[16], Searchlight [7]. Searchlight-Trim is the best one in Non-integer), obtain a great
energy-efficiency improvement. Even so, almost all existing neighbor discovery algorithms,
including Disco [15], Searchlight family [7], Block-based algorithms [18] [19], are based on a
wake-up schedule that contains several periods. We find this way is still not very
energy-efficient.

In this paper, we propose an optimal discovery model (ODM) to comprehensively analyze
the performance of the algorithms. Based on the model, we investigate the influence of the
relative size of two unequal active slots, i.e. anchor slot (A slot) and probe slot (P slot) on the
energy efficiency. We fix the duty cycle (for short DC, which is equivalent to the energy
consumption [7]) and compare the discovery latency of almost related methods to measure
their energy-efficiency. When a value of DC is given, ODM can give the energy-optimal
length of A slot (L,). Besides, the theoretical analysis provides a subversive conclusion: the
worst-case bound of ODM is only one period (the length of the period is decided by the value
of DC and L,), which is very different from the existing studies. To the best of our knowledge,
there is no existing method whose wake-up schedule contains only one period. This subversive
conclusion may highlight new arenas for future researches about neighbor discovery.

2. Related Works

Neighbor discovery is the key of WSNs applications, because it is the first step of network
construction. Besides, neighbor discovery protocol must run continuously in each sensor node
until their energy drains, because the network topology may change at any time, i.e. many new
sensors may be deployed anytime during the work process of the network. However, there is
no synchronous clock for all sensors, which increase the difficulty of neighbor discovery at a
limited energy budget. To save energy, always remaining the the radio “on” is not practical
because most energy consumption is caused by RF model [7]. In general, each node performs
duty-cycled operations for the purpose of energy conservation. That is to say, time is divide
into many slots and each node sleeps during most slots (which are called sleep slots), while
turning awake during a few remaining slots (which are called active slots). The main goal of
neighbor discovery is to determine which slots need to be active to improve energy-efficiency
meanwhile successful neighbor discovery is guaranteed.

There are many studies related to neighbor discovery in WSNs. These neighbor discovery
algorithms fall into two categories, i.e. pair-wise neighbor discovery methods [11]-[21] and
group-based ones [8][9][10]. The pair-wise neighbor discovery protocols only focus on
whether any two nodes can find each other. Group-based methods are based on pair-wise ones.
The difference is that sensor node can carry neighbor table in its sending packets to
recommend the wake-up schedule of discovered neighbors to other nodes and accelerate the
process of neighbor discovery. Group-based method can be regarded as the middleware over
pair-wise method. The more energy-efficient the pair-wise protocols used, the more energy-
efficient the neighbor discovery is when the same group-based middleware is employed. So,
our main objective in the paper is to improve the energy-efficiency of pair-wise method.
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Based on whether successful neighbor discovery can be achieved within a certain time (this
time is called worst-case latency bound or worst-case bound ), existing pair-wise protocols
fall into two categories as well, i.e. the probabilistic algorithms [11][12] and the deterministic
ones [13]-[21]. The probabilistic algorithms includes Birthday [11] and Panda [12]. In
birthday protocols, sensor node probabilistically decides the state for each slot from
transmitting, receiving and sleep independently. A latest probabilistic protocol is Panda [12].
In Panda, sensors initialize in sleep state to conserve energy. To maximize the discovery rate,
Panda also follows a probabilistic approach in which sensors sleep for an exponential duration.
Following sleep step, sensors wake up and listen for discovery packets from their neighbors for
a fixed duration. If a packet is received, the sensor remains listening until it completes
reception of this message. If no transmission is heard in the listen state, the node transmits its
discovery message. The authors use the renewal theory to analyze the performance of Panda.

Probabilistic protocols have satisfied mean case performance. However, because of the lack
of worst-case latency bound, these probabilistic protocols inevitably incur the problem of long
tail. That means that the discovery latency may be arbitrarily long. Since many application
scenarios requires that the worst-case bound is finite [7], we focus on deterministic algorithms
in the paper. If there is no ambiguity, neighbor discovery refers in particular to deterministic
algorithms in the remaining of this paper.

The earliest deterministic neighbor discovery protocols are quorum-based ones [13][14],
where time is divided into m® contiguous slots. These m” slots are arranged as a
two-dimensional m x m array and each sensor node can arbitrarily select one row and one
column of the slots as active slots. This pattern ensures that no matter which row and column
are chosen, one of the active slots of any sensor node can overlap one active slot of the other
node within m? slots. Another kind of earlier protocols is prime-based deterministic protocols,
including Disco [15] and U-connect [16]. In Disco, each node chooses a pair of prime numbers
The sensor nodes then awake when the sequence number of one slot can be divide exactly by
either of the two prime numbers. If one sensor chooses primes p;, p, and another sensor
chooses ps, p4, the worst-case latency between these two nodes will be min{(p; - pa), (p1 - Pa),

(p2 - P3), (P2 - p4)}, where p, # p,, p; # P,. U-Connect uses only one prime. Each node not

only wakes up one slot every p slots, but also wakes up (p+1)/2 slots every p® slots. The
worst-case latency for U-Connect is p>. Although quorum-based and prime-based protocols
have good worst-case performance, they are worse than the probabilistic protocols, i.e.
Birthday, in the average case.

In response to that, Searchlight [7] was proposed. Searchlight employ two active slots, i.e.
anchor slot (A slot) and probe slot (P slot) in one period. A slot is fixed in the first slot in each
period. Since the length of any period is the same, the offset between the A slot of any node
and the A slot of the other node is remain unchanged. Then, P slot is introduced to probe the A

. t .
slot the other sensor node. P slot is from 2-th to L—J -th slot, where t is the length of one

period. P slot is at 2-th slot in first period and move to next slot in next period if the position is

t i t . . .
not more than LEJ When P slot is at {EJ -th slot, it moves to 2-th slot again at next period.

. . t . o
The worst-case bound of Searchlight is t{—J . It outperforms previous deterministic

protocols much and is the best energy-efficient deterministic one which use same active slots.
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Researchers afterward find that assigning different sizes to active slots and sleep ones
brings a great energy-efficiency improvement. Those studies include Searchlight-Striped [7]
and Non-integer [17] protocols. Compared with Searchlight, for Striped-Searchlight each
active slot overflows by 8, where 6 is so small that only one packet can be sent, and it only

probes every even slot from 1 to L%J . Through this improvement, Searchlight- Striped

increases a small amount of DC but reduces the size of wake-up schedule to half [20].
Non-integer trims the active slots to 0.5+8. This improvement can be applied to quorum-based,
prime-based and Searchlight.

Although Striped-Searchlight and Non-integer obtain much promotion in energy efficiency,
they still employ equal-size active slots, thus is not very energy-efficiency. Another latest
studies is Lightning [20]. Unequal-size active slots is used and the energy- efficiency of
Lightning is much better than the methods stated above. The reason why the previous studies
employ equal-sized active slots is that the length of active slots is decided by RF module’s
shift time from sleep state to active state. But some recent studies indicate that some RF
modules include another state named as idle state besides sleep and active state. The shift time
from idle state to active state is very short. Employing active, sleep as well as idle state makes
they employ two kinds of active slots with different active lengths [20].

Although unequal-size active slots is employed in Lightning, it fails to analyze the
relative size of the different-size active slots. Our study indicates that the relative size of the
different-size active slots have much influence on the performance of neighbor discovery
protocols. In this paper, we propose an optimal discovery model (ODM) to comprehensively
analyze the performance of the algorithms. Based on the model, we investigate the influence
of the relative size of two unequal active slots, i.e. A slot and P slot on energy efficiency.
Besides, the theoretical analysis draws a subversive conclusion: the worst-case bound of ODM
is only one period (the length of the period is decided by the value of DC and L,), which is
very different from the existing studies. This subversive conclusion may highlight new arenas
for future researches about neighbor discovery.

There are other related methods, i.e. block-based methods [18][19] and Nihao [21]. In
block-based methods, block design concept can be applied to find a neighbor discovery
schedule. Nihao defines dedicated listen and transmitting slots. In each listen slot, the radio
listens to the channel during the whole slot length. In each transmitting slot, one beacon is sent
at the beginning of the slot, and the node goes back to the sleep mode afterwards.

3. Our Design

We design a more general model which is used to investigate the optimal value of L, and n
that make the worst-case bounds minimum. So, the model is called optimal discovery
model (ODM). As a prerequisite, the definition of L slot is given below.
Definitionl. Logical slot (L slot): Time is divided into contiguous L slots. The length of
each L slot is . We assume the value of 7 is md, where ¢ is a small amount time which is
sufficient to send or receive one packet. Note that the concept L slot is used to help us
understand that the number of L slots in each period is t whether L, changes or not.

3.1 A Simple Version
To help understand the essence of the method, a simple version is presented. Each node has
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two kinds of active slots in period t, i.e. A slot and P slot, whose lengths are different. There is
one A slot in each period whose location is in the first slot. For any two neighboring nodes x
and y, let ¢(X, y) be the phase offset from the A slot of x (denoted by A,) to the A slot of y

(denoted by A)), as shown in Fig. 1(a) and Fig. 1(b). @(X,Y) is a random value between one
period for different node-pairs because nodes are asynchronous. When ¢(x, y) is not more

than
|« t=9
imiy EEEEE S
:
Lp (x.y)

Bl Aslot | Pslot [ ] Lslot
+26 26 T

(@)

e
><h 1
Y
¢ (x,y)
Il Aslot | Pslot [ ] Lslot

T+208 26 T

(b)

Fig. 1. The offset between A slots of any two neighbors nodes

7, Acand A, will overlap, which is called A-A overlap. For all other offsets, A, and A, will never
overlap or the overlap length is less than 25. So, P slot is employed to search for the A slot of
the node’s neighbors. To help understand, all P slots can be assigned in one period. We use
M (c) to denote one node is in A slot, P slot or sleep state at c-#4 6 time in the period. The value
of ¢ is from 0 to mt - 1, because there are t L slots in one period. M (c) is:

A 0<c<m+2
M(c)=<P, (c%m=0or c%m=1) and 2m£c<EJm+2m 1)
sleep, otherwise

where “%” denotes the modulus operator. Fig. 2 helps you easily follow the expression (1). If

7<o(X,Y) <[%Jz-+r, Py (x’s P slot) will overlap A, in one period (see Fig. 1(a)). If

L%J T+7<@(X,y)<tr, P, (y’sPslot) will overlap A in one period (see Fig. 1(b)). Herein,

the term “overlap” means the overlap between two nodes’ active slots is not less than 24. In
short, there is at least one A-A or A-P overlap within one period. In Searchlight, the P slot is
one L slot. But this arrangement is not energy-efficient. So, we trim each P slot to 20 and
overflow 26 for each A slot (see Fig. 2). Are all P slots located in one period is

. . t . . .
energy-efficient? We can assign all the {EJ slots to several periods, i.e. n periods (these n
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periods is called one hyper-period) and the energy optimal value of n (ny) can be deduced.
Note that, each period always has one A slot no matter how many the value of n is. The essence
of our method is: when the condition below is met, it is sure that there is at least one A-A or
A-P overlap within n periods. The condition is:

1) If the n periods is considered as a matrix M and all rows of the matrix are projected to one

row, the range from 2z to L%J 7+ 7 in projected row will contain L%J P slots;

2) And the offset between the starts of each two continuous P slots is not less than the length
of La- 20.

o0 1 2 3 4 5 6 7 B8

-A slot IP slot |:|leat
T

T+28 28
Fig. 2. Each node wakes or sleeps according to same wake-up schedule. This is a simple schedule. Other

schedules including the optimal one are presented in the following subsections.

Finally, two questions are raised: 1) Can the energy efficiency be improved by changing La
atagiven DC. 2) Can we obtain no,? To answer the questions, the optimal version is presented
next. Then, the theoretical analysis about n,, and L, is detailed.

3.2 The Optimal Version

Compared to the simple version above, the difference of the optimal version is that L, is
changeable. Suppose La is (k + 2)o, where k is an integer and no less than 1. There is only one
Aslot in one row and the location of A slot is at the beginning of each row. When all rows are
projected into one row, to ensure the P slots are uniformly distributed in the first half of the
projected row except A slot, the two conditions below should be satisfied:

1) The offset between the starts of each two continuous P slots are L - 26 = ko,

t t

Ylms H m
2) The number of P slots in the projected row, i.e. N, is LZJ _|L2 , where md = 1.
L, —26 k

The two conditions guarantee successful neighbor discovery within one matrix (or say one
hyper-period). For simplicity, we evenly assign all the P slots in one matrix to all n rows. So,

remaining P slot(s) are added to the final period. The general expression of M (c) in (1) is:

there are / n P slots in one row. Sometimes can’t be divisible by n. The

A 0<c<k+2
M(c)=< P, (c%k =0o0r c%k =1) and 2k£c<BJm+2k )

sleep, otherwise
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Fig. 3(a) and Fig. 3(b) are two examples. In Fig. 3(a), n =2, Lo = 126. In Fig. 3(b), L, = 76.
There are 4 and 8 P slots in T respectively. The optimal values of k and n will be obtained in
next section.

=
T=nt 1. I
P2 |

I
|
F | [ ]
The Projected Row
012 3 4567 8

Bl Aslot [Pslot [ ] Lslot
+28 25 T
(@)

Pk

T=nt 1IN [ [ ]

po2ml | RNNNl ol
|

| | o ——|
=
Il
%]

________

[Il__llll_l | [T ]
he Projected Row
012 3 4567 8
W Aslot JPslot [ ] Lslot
057428 26 T
(b)

Fig. 3. Two examples of ODM

Lemma 1 There is at least one A-A or A-P overlap whose length is not less than 26 within
one hyper-period (the proof of the lemma is omitted since it is similar to Searchlight and is
stated above).

In ODM, A slot employs the same beaconing strategy as Disco [3] to ensure bidirectional
discovery in A-A overlap. One beaconing packet is sent both at the beginning and the end of A
slot. P slot is required to send one beaconing packet at the first o and switch to receiving mode
in the second 8. When one node receives one beaconing packet, it is required to send one
beaconing packet to make its receivers discover it. So, bi-direction discovery in A-P overlap is
achieved.

4. Theoretical Analysis

We fix the DC and see the variation of the worst-case bound when the parameters n and k
changes for ODM. The minimum value of worst-case bound is deduced in the analysis below.
The worst-case bounds of other methods are also given. DC (whose value is d) is defined as
the total active slots length within a certain time divided by this total time. In one hyper-period
T = nt, there are two kinds of active slots, A slot and P slot. As stated in the subsection above,

t
—|mo
there are n A slots whose length are (k + 2)9, LZJ P slots whose length are 24. So, the
ko

DC of ODM is:
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ZBJ mo
n(k+2)o + e
d- N k+2 +i @)
ntmo mt  kn
1 k+2
where d >—. Then, t = —————— . The worst-case bound
kn 1
m(d —>)
kn
w(n, k) = nt =—K*2)_ (4)
m(d—-2)
kn

We take partial derivative of w(n, k) with respect to n. When ;ﬂ =0, we find the
n

. - . .2 .
worst-case bound obtains the minimum value. The corresponding Ny is d_k When ngy is

4
md?

taken into equation (4), w(k) =

2

-
o

Worst-case bound (L slots)

0 20 30
n (DC: 1%)
(@)

b —— k=10—k=2

Worst-case bound (L slots)
=

102 c e k=100 k=400 k=5
0 10 20 30 40
n (DC: 5%)
(b)

Fig. 4. Worst-case bounds in theory
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Then, the optimal value of k is 2/d. It is because n = 2/(kd) > 1. So, k must be not less than 2/d.

4
md?
of worst-case bounds are given by Fig. 4(a) and Fig. 4(b) when the DC is fixed to 1% and 5%
respectively. We can see nqy is always 1. When d, n and k are known, t can be calculated. Then,
according to expression (2), the locations of A slot and all P slots in one period is obtained. For
comparison, the theoretical worst-case bounds for different protocols at same DC are given by
Table 1. Since Searchlight-Trim is the best protocol in Non-integer [17], we only care
Searchlight-Trim. We can see our method reduce the worst-case bound up to 43.89% in theory
compared with Searchlight-Trim.

When k = 2/d, noy is 1. Accordingly, the minimum value of w(n, k) is (1+d). Thecurves

Table 1. Worst-case bounds for different protocols at same DC

Protocol Worst bounds Worst bounds denoted by d
. ) 4
Disco t F
tJ
t2 2
Searchlight-Striped L2] tr— (1+9)
2 4 d 2
2 2
Searchlight-Trim l t= t— 2(0'5': 5)
2 2 d
ODM nt,n =1 4 1+d
1 Hlopt md 2 ( + )

5. Evaluation

The primary goal of our evaluations is to show that whether our algorithm performs better than
the other algorithms. The evaluation environment is described as follows: there is a 200m x
200m square region which is divided into 40 x 40 same size grids. We put 200 nodes on the
vertexes of the grids randomly. The communication range of any two nodes is within 50m to
100m at random. Firstly, in order to evaluate the worst-case bounds in the static case, we keep
all nodes static and evaluate how long discovery neighbor will take with different protocols.
Secondly, for evaluating the performance of all protocols in dynamic environment, we let
nodes move along the grid side according to a certain speed in the process of the simulation.
Their moving directions are reset randomly when they move to the vertexes of the grids but
remain unchanged at other time. The start time of each node for all simulations is randomized
within the first period.

When the worst-case bounds are evaluated, we log all times of every node discovering its
neighbors. If all nodes discover all their neighbors, we end the simulation. We draw the
cumulative distribution function (CDF) of discovery latency for all protocols operating at a
given DC, such as 2%. Fig. 5 indicates that ODM achieves smaller latency all along, compared
with the others. In particular, ODM reduces the time of discovery latency more than 43.64%
compared with Searchlight-Trim.
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We employ average discovery latency(ADL) to evaluate all algorithms in dynamic case. Fig.
6(a) indicates that the ADLs all go smaller and smaller for these four algorithms with the value
of DCs changing from 1% to %5. When the DC is 1%, ODM lowers ADL approximately
48.29% compared to Searchlight-Trim. Fig. 6(b) shows the impact of speed on ADL. It
indicates that ODM is so robust that nearly avoiding the influence of speed.

12000,
10000
8000
6000
4000

ADL (L slots)

—+—Disco
—=—Birthday
—4—Searchlight—Trim
——ODM

0
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(@)
3000 S
2000} > Disco
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g 1000 ——ODM
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4 6 8
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Fig. 6. The curves of ADL in dynamic scenarios
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6. Conclusion

With the challenge that the energy of nodes is usually restricted, the problem of asynchronous
neighbors discovery about how to make energy more efficient is a primary concern for WSNs
applications. In our research, aiming at energy saving, ODM is proposed. We theoretically
deduce that ODM can reduce worst-case bound by approximately 43.89% in comparison to
Searchlight-Trim. The simulation results verified the advantages of ODM.
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