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Abstract—Neighbor discovery is the key to achieve network
connectivity in ad hoc networks. Wireless nodes usually work
in low duty cycle state to prolong the node life cycle, but it will
increase the latency of the neighbor discovery. The discovery
latency of nodes with low duty cycle is the focus of this study.
This paper analyzes four typical asynchronous neighbor
discovery algorithms: Birthday, Disco, U-Connect, and
SearchLight, and compare the discovery latency of four
algorithms in simulation platform.
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I. INTRODUCTION

With the rapid development of portable computing
platforms and wireless nodes, ad hoc network [1], [2] have
received more and more attention. The nodes of ad hoc
network usually rely on batteries to provide power, but due
to the slow advancement of battery technology, power
consumption in wireless networks remains a bottleneck to
limit wide applications of ad hoc networks. The nodes work
in low duty cycle is a method to reduce power consumption
in ad hoc networks. This requires the nodes can still achieve
neighbor discovery in low duty cycle. The neighbor
discovery is divided into synchronous neighbor discovery
and asynchronous neighbor discovery that synchronous
neighbor discovery requires complex clock synchronization,
so asynchronous neighbor discovery algorithm has become
the focus of research.

Asynchronous neighbor discovery algorithm refers to
awaken and sleep period to each node in the network is not
unified. This kind of algorithm in practical application is
bigger, the value of application of lower cost, need not to
consider the problem of clock synchronization. At present,
the classical asynchronous neighbor discovery algorithm is
probabilistic algorithm Birthday, deterministic algorithm
Disco, U-Connect and SearchLight. All of them support
both symmetric and asymmetric networks. Discovery
latency as a performance indicator for the neighbor
discovery, we simulate four algorithms and analyze the
results of CDF of discovery latency, duty cycle and the
average discovery latency.
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Il.  ASYNCHRONOUS NEIGHBOR DISCOVERY ALGORITHM

A. Birthday

The mathematical principle of Birthday algorithm [3] is
Birthday Paradox [4]. It is a probabilistic algorithm that
supports both symmetric and asymmetric networks. Over a
period of n slots, the two wireless nodes are independent and
randomly select k slots to transmit messages to another node,
and the another node uses only the k slots to receive
messages. At the rest of the n-k slots, these two nodes are in
a sleep state. The probability of one node monitor another
node is

P k) =1— (Z,E)) (1)

When the ratio of k/n is very small, the value of P is close
to 1, such as P (1000, 70) = 0.995, According to these two
parameters, we can see that each node has a very high
probability of discovery when the sleep time is 93% of the
total time.

When the probability of nodes in the active state is p, the
probability of the node first discovery another node
is(1 — p?)™* 1p2, from this we can get the average discovery
latency for the nodes is

EQD) =p*Xp-in(1—p*)"t )
Because of
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So the average discovery latency of Birthday algorithm is
1
F.

B. Disco

Disco algorithm [5] derived from the Chinese remainder
theorem [6]. The algorithm requires nodes to choose a pair
of prime numbers p, g, and makes the p*q as a node of the
working cycle, it can guarantee two nodes find each other in
p*q slots, the sum of the reciprocal of the prime equal to the
duty cycle of the node.

Let node c; select m; = 3, then the duty cycle of the
node c; is DC = 33% and start counting at the slot x=1,
another node c; choice m; =5, duty cycle is DC = 20%
and start counting at the slot x=2. Through the observation
in the Fig. 1 that the nodes in the x=7 and x=22 to achieve
neighbor discovery.

Choosing only one prime number is not perfect of one
node, because when the prime number of two nodes is the
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same, it is possible to cause the situation that two nodes DCp~—+—=~2=4g @)
can't find each other, we select two different prime numbers Piy  Pip P
pi,and p;, for a node, the duty cycle is DCp = pi'+pi.. Its max discovery latency is
11 12
When the duty cycle of the Disco algorithm is d, DL, =p* = % (5)
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Fig. 1. Disco node working process.
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C. U-Connect the next cycle will add 1 until added to lEJ As shown in Fig.

U-Connect algorithm [7] uses the Chinese Remainder
Theorem and optimizes it. U-Connect selects a p < p square
matrix as its working cycle, where p is prime. It make sure
that each node wake up is no more than (p+1) /2 slots.
U-Connect algorithm neighbor discovery process can be
expressed as
1, if[t], = 0 0r 0 < [t],» <Z=

0, otherwise

¥y, (m,t) = { (6)

When we consider the period T =p?, T is the max

discovery latency, so U-Connect is a deterministic algorithm.

For Fig. 2, the yellow block represents the wake up.
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Fig. 2. U-Connect discovery process.

From the Fig. 2, when the duty cycle of the U-Connect
algorithm is d.
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The max discovery latency of U-Connect is
9
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D. SearchLight

Although the probability algorithm (such as Birthday
algorithm) in the average performance is good, but they
have a long tail problem cause the larger the max discovery
latency. Deterministic algorithms (such as Disco,
U-Connect), while improving the worst boundary of the
discovery delay, have lost the average performance. In order
to solve these two problems, SearchLight algorithm [8] is
proposed.

SearchLight is divided into S (sequential) and R
(randomized), which combines the characteristics of
deterministic and probability algorithms, and applies to
symmetric and asymmetric networks.

1) Sequential probing
This model is referred to as SearchLight-S, changes in the
position of the Probe slot is regular, starts with 1 and each of

132

3, A represents Anchor slots, P represents Probe slots, P will
be probe in every t cycle, and the position of each cycle is
different from the previous position.

] 4 6
Fig. 3. SearchLight-S node working process.

2 3 5

2) Randomized probing

This model is called SearchLight-R, where the Probe slots
position change randomly. At the random placement of
Probe slots, SearchLight-R learned the idea of the birthday
paradox, makes the Probe slots overlap probability greatly
improved. Faster discovery rates are obtained using the
Randomized Probing model instead of the Sequential

Probing model. When the duty cycle of SearchLight is set to
d:
DCs==2=d ©)
z
The max discovery latency for SearchLight is
tZ
DLs=—= = (10)

I11. DISCOVERY LATENCY ANALYSIS OF SYMMETRIC

NETWORK

Firstly, we compare the performance of different
algorithms with the same duty cycle in the nodes. As shown
in Fig. 4, it shows the discovery latency CDF (cumulative
distribution function) in the 5% duty cycle. Before
Slots=500 Birthday algorithm is the fastest of these

algorithms, but to the latter part, it encountered
unpredictable large latency, appear the long tail
phenomenon.

After Slots=500, SearchLight-R is the fastest in several
algorithms, and the first to complete the task with
SearchLight-S at the same time. The effect of the Disco
algorithm is not very well, whether it is the average
discovery latency or the max discovery latency. U-Connect
overall performance is straight and narrow, the worst
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performance in early, later performance is better than
Birthday and Disco, its max discovery latency only behind
of SearchLight. At the same time, we can see that the max
latency of the four kinds of deterministic algorithm is
basically consistent with the theoretical value.
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Fig. 4. CDF of discovery latency at 5% duty cycle.
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Next, we analyze the average latency of each algorithm in
different duty cycle conditions. The performance of Disco is
not very well, so it is not included. Statistical results are
shown in Fig. 5.
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Fig. 5. Average latency in different duty cycle.

According to Fig. 5, The Searchlight-R algorithm can
obtain the smallest average discovery latency in the same
duty cycle. All the algorithms show that the latency
decreases with the increase of duty cycle.

In summary, in the case of symmetric networks,
SearchLight algorithm provides the lowest max discovery
latency bounds. The results show that the average
performance of the SearchLight-R algorithm is also the best.
While the performance of Disco algorithm is the worst, the
other two algorithms have their own advantages and
disadvantages in different situations.

IV. DISCOVERY LATENCY ANALYSIS OF ASYMMETRIC
NETWORK

In practical application nodes often adjust their own duty
cycle according to the different environment, the
performance of this part is more in line with the daily
application, has more reference value.

First, we adjust duty cycle of the two nodes to 1% and
10%, get the results of Fig. 6.

When the nodes are working at 1% and 10% duty cycle,
the SearchLight-R is the faster in the initial discovery rate,
but because of the long tail phenomenon, the max latency is
poor. Birthday algorithm performance is more mediocre,

and the emergence of a more serious phenomenon of the
long tail. From this result, we can see that the probability of
the algorithm will appear the long tail phenomenon Disco in
the asymmetric environment performance is excellent, the
early discovery rate is relatively fast. The performance of
SearchLight-S is worse, early discovery performance is the
worst. When we adjust the duty cycle to 1% and 5%, get the
Fig. 7.
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Fig. 6. CDF of discovery latency at 1% and 10% duty cycle.
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Fig. 7. CDF of discovery latency at 1% and 5% duty cycle.

For the asymmetric environment of 1% and 5% duty
cycle, the Disco algorithm is still the best in many
algorithms and first completed the task of discovery.
U-Connect performance is also very good, although in the
early discovery rate not compare with the SearchLight-R
and Birthday algorithm, there is no long tail phenomenon.
One must note that the SearchLight-S performance is the
worst, and performance with other algorithms are not at the
same level. Birthday performance doctrine of the mean, the
long tail phenomenon is an important factor affecting its
performance.

Next, we analyze the average discovery latency of each
algorithm in the above two kinds of asymmetric
environments, when duty cycle is in 1%~5% and 1%~10%,
we can see the results in Fig. 8.
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Fig. 8. Average latency for the 1%~5% and 1%~10% duty cycles.
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It is not difficult to see that the average latency in the case
of 1%~5% is more than 1%~10%, because the duty cycle is
lower, the shorter the working time, the average latency is
longer. In the case of the two duty cycle SearchLight-S, the
average discovery latency is the highest, the worst
performance. In contrast, the performance of the Disco
algorithm in these two duty cycle is better than the
performance of the algorithm. SearchLight-R because of its
poor long tail phenomenon in asymmetric networks, the
average latency is large.

V. CONCLUSION

In this article, we simply introduce four kinds of
asynchronous neighbor discovery algorithms, then we
analyze four algorithms from relationship between duty
cycle and discovery latency in simulation platform. The
results show that the probability of the algorithm in the
initial stage of the discovery generally have a faster rate of
discovery. And when the duty cycle is increased, the
neighbor discovery delay will be significantly smaller, but
there is no one algorithm is applicable in both symmetric
and asymmetric network.
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