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Abstract. Efficient wireless access of a large number of nodes is one important
issue for large scale self-organizing wireless networks. In order to achieve this
goal, collision problem between nodes must be resolved. Bio-inspired algorithms
provide some significant characteristics such as stability, adaptability, and scala-
bility, and hence many researchers have attempted to apply bio-inspired algorithms
to solve some problems in networks. In this paper, we propose a smart access algo-
rithm for large scale self-organizing wireless networks, which is inspired by Stig-
mergy, which is able to make group members implement information interaction
symmetry in some ways, and members are able to influence and interact with each
other to avoid collision. Then we build an analysis model based on Markov chain
for the proposed algorithm. Simulation results show that the proposed algorithm
can maintain a low collision probability with the increasing number of competing
nodes even in a dynamically changing network topology. In addition, the results
show that compared with traditional algorithms, the proposed algorithm has better
performances on channel throughput and access delay.

Keywords: Bio-inspired - Stigmergy - Self-organizing - Large scale wireless
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1 Introduction

With the rapid development of the Internet of Things, it brings unprecedented opportu-
nities and challenges. For example, with the explosive growth of the number of nodes,
in order to implement efficient access without or with little collision between nodes,
the nodes need to have a high degree of self-organization in the current network. As is
known that self-organizing phenomenon is a very common phenomenon in nature. It is
caused by the cooperative interaction between individual organisms. The full openness
of self-organizing phenomena, autonomous interaction, decentralized control, complex-
ity, and emergence have promoted the development of various disciplines. For example,
Grasse studied nesting and foraging behavior of ant colonies in 1959 [1, 2]. He called
this phenomenon “Stigmergy”, which has been widely studied in aspect of social insects
[3] and applied in different scenes [4-6].

© ICST Institute for Computer Sciences, Social Informatics and Telecommunications Engineering 2021
Published by Springer Nature Switzerland AG 2021. All Rights Reserved

Q. Wu et al. (Eds.): WiSATS 2020, LNICST 358, pp. 611-623, 2021.
https://doi.org/10.1007/978-3-030-69072-4_50


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-69072-4_50&domain=pdf
https://doi.org/10.1007/978-3-030-69072-4_50

612 E. Jiaet al.

Stigmergy is an information coordination mechanism for biological individual auton-
omy. Itis an indirect coordination mechanism between agents or individual behaviors [7].
In the absence of central control and direct contact with communication, the group imple-
ments information interaction symmetry through some methods, such as co-oscillation.
Individuals act independently and influence and interact with each other on the basis of
perceiving changes in the external environment, which can generate more complex and
highly intelligent group structures through the adjustment and modification of members
within the group. Therefore, it can be considered to resolve the collision problem that is
easy to happen among the distributed multi nodes competing to access the same channel
in the future complex and changing network environment. To the best of our knowl-
edge, using Stigmergy for collision in wireless network has not been considered. The
contributions of this work are as follows:

e We propose a smart access algorithm for large scale self-organizing wireless networks,
which is inspired by Stigmergy, which is able to make group members implement
information interaction symmetry in some ways, and members are able to influence
and interact with each other to avoid collision.

e We build an analysis model based on Markov chain for the proposed algorithm, which
mainly analyzes collision probability, channel throughput and access delay.

e Simulations results including collision probability, channel throughput and access
delay are compared with the CSMA/CA mechanisms.

The rest of this article is organized as follows. In Sect. 2, a suitable system model
is built by analyzing the current network topology. Moreover, we propose a new access
algorithm. In Sect. 3, the proposed algorithm is divided into three phases, and each phase
is analyzed and described in detail. In Sect. 4, according to the proposed algorithm, the
system performance is analyzed. In Sect. 5, the proposed algorithm is compared with
the CSMA/CA mechanisms. In the simulations results, the efficiency and advantages of
the algorithm are verified. Finally, we summarize and prospect this paper.

2 System Model

As shown in Fig. 1, it is a self-organizing wireless network composed of multiple dis-
tributed nodes. Learning from the Stigmergy mechanism, a coordination mechanism
between a large-scale number of nodes in the wireless network is implemented, which
is based on the pheromone communication interaction. It provides an effective solution
to reduce collision that is prone to occur in the network.

In this paper, a similar cooperation mechanism model is established between nodes
in a wireless network through the Stigmergy cooperation mechanism model, as shown in
Fig. 2. Each node is regarded as a different agent. As the agent’s behavior state changes
and if the state reaches a certain condition, it will send broadcast information in the
network. This process is regarded as the agent leaving pheromone in the environment.
The other agents adjust their current behavior state through receiving the information.

According to the established cooperative mechanism model, we propose a bio-
inspired smart access algorithm (BSAA). This algorithm is a kind of de-synchronization
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Fig. 1. A self-organizing wireless network composed of multiple distributed nodes.
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Fig. 2. Cooperative mechanism model between nodes in wireless network.

[8, 9] that is implemented in the paper by means of combining the cooperative mecha-
nism model and the phase oscillation model in synchronization theory. We make the
phase represent the state of node. Then node modifies its own behavior to achieve
desynchronization by means of interacting with other nodes.

3 Algorithm Introduction

The state of each node at time # is regarded as a phase value 6 (). The behavior of the node
includes phase change and phase update. Each node has an initial phase value, which
is determined by the service type of the data and the remaining energy of the current
node. The phase change of a node is similar to the oscillation of a phase oscillator. When
the phase value of the node reaches 2, the node can access the channel to transmit
data packets and inform the adjacent nodes of the current status by the way of sending
broadcast information. If a node receives the broadcast information from adjacent node
during the phase change, it will extract the information and immediately send broadcast
information to the adjacent node as well. At the same time, the node updates the phase
to avoid collision with the node that is transmitting data. According to the process, this
paper divides the algorithm into three stages, as shown in Fig. 3.
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I. phase initialization II. phase change III. phase update

Fig. 3. Phase diagram of nodes in three stages.

The three stages are described in detail.

1) Phase Initialization

Eachnoden(n = 1,2, 3, ..., N) sets up an initial phase value, which is represented
as follows:

On(1) = wn (D

We consider the service type and remaining energy as factors to calculate the initial
phase. The initial phase value of the node with the higher priority data and large remaining
energy is larger. Therefore, the Eq. (1) is further developed as follows:

[T] _ Erest /Emwc 2_7T
wy = { ((X ki1+IT] + (] 5 a)k2+Eresr/Emax) *]\;V ’]\1, > 1 (2)
T y =

where, [T] represents the proportion of the current data type of the node to all data types,
which satisfies 0 < [T] < 1. k; and k, are constants. E,.s represents the remaining
energy of the node. E,,, represents the total energy of the node. Ej,g /Ejqx r€presents
the remaining energy rate of the node, which satisfies 0 < E,.5/Ej;0x < 1. N represents
the number of nodes in the range of the node n. This formula indicates that when there
is only one node competing for the channel, the data is sent directly and when there is
more than one node, different initial phases values must be calculated.

2) Phase Change

The phase value of node n is a discrete and time-varying function, then the phase
change should satisfy as follows:

0,(t) = wyt 3)

When 6,(¢) reaches 27 at time ¢, the node n will send adjacent nodes broadcast
information including the phase value of the current node and the estimated time of the
occupied channel. Then it starts transmitting data packets, and resets its phase value to
0. If the node n receives broadcast information from an adjacent node during the phase
change, it will immediately carry out the phase update and send a broadcast information
including the phase value of the current node.
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In order to improve system performance, the phase value of a node is updated up to
x times after reaching 2. If the number of updates exceeds x, the node no longer carries
out the phase updates, and if a collision occurs, the data packet is discarded.

3). Phase Update

After receiving the broadcast information from adjacent node m, the node n extracts
the information to carry out the phase update. The phase of the updated node is expressed
as follows:

On (1) = 0,(t) + Fu(t) = wyt + F (1) (4)

where, 6, (t*) represents the phase value for the node 7 after updating and the # satisfies
li;n(tJr —t) = 0. F,,(¢) represents the value of phase update.

The node n makes different update rules based on the broadcast information of
different adjacent nodes. We divide them into two cases.

e When 6,(t) > 6,,(¢), it indicates that when the phase value of node » is larger than
the phase values of other nodes except the node that is transmitting the data packet.
Due to the phase update is only related to the node that is transmitting the data packet,
the updated phase value of node 7 is calculated based on the estimated time 7},(the
channel occupied by the broadcast information sent by the node m). Hence, the value
of phase update satisfies as follows:

£y _ d0(1)
O (1) — O (17) = —

e When 6,(t) < 6,(t), it indicates that there are M(M = 1,2,3, ..., N — 1) nodes
whose phase value is larger than node n. In this paper, we only consider the influence
of two nodes with the smallest phase difference from node n. Therefore, the value of
phase update function is expressed as follows:

T )

2
Fu(t) =K Y Gun(t) sin(0n(t) — 04(t) — 00) (6)

m=1

where, K is a coupling coefficient. In order to make the value of the phase difference
between the two nodes in [0, 277), the Mod function is applied to the phase difference
of the nodes, that is,

Bimn () = mod (O (1) — 6,(1), 277) (M

When the node’s phase difference @, ,(#) = 0, in order to avoid the value of the
phase update function being 0, a phase delay 6, is introduced into the phase difference
function, which is used to solve the problem between adjacent nodes.

Gnin(2) represents the weight function of the phase difference, which is defined as
follows:

e—@m,n(t)’ 0 < @m,n(t) <7
e~ 2 a7 < O (1) < 27

Gun(t) = { (8)
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4 System Performance Analysis

4.1 Research Model

This paper analyzes packet transmission probability, channel throughput and access
delay. Assuming that there are a fixed number of nodes and an ideal single channel.
According to the BSAA, the scenario where multiple nodes access the same channel
is modeled as a two-dimensional Markov model with the number of updates and time
slice as state variables, as shown in Fig. 4. Let s(¢) represent the number of node updates
at time ¢, which satisfies s(t) € [0, m]. m is the maximum number of updates. Let
b(t) represent process of reducing the node’s time slice (TS). The TS is a value of
size L. t and r + 1 represent the starting time of two adjacent slot time. And at the
beginning of each slot time, L is reduced by one unit of time. Therefore, {s(¢), b(¢)} can
be regarded as a two-dimensional Markov model in discrete time. Let p represent the
probability of the channel busy, and (1 — p) be the probability that a node can transmit
a data packet. Moreover, each node corresponds to an L value on each update, that is,
L= V]’”"+;F"m, i € (0, N — 1], and the value of L; will change accordingly after each
update.
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Fig. 4. Two-dimensional Markov model.

From the Markov model shown in Fig. 4, one step state transition probability can be
obtained as follows:

Pli,kli,k+1}=1,ie (0,N —1+x),k €[0,L; —2]

Plikli—1,0)=£,ie (O0.N —1+x),ke[0,L—1] ©)

where, the first formula indicates that at the beginning of each slot time, the value of L;
will decrease by one unit, and it is inevitable that k41 will become k. The second formula
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indicates that after the i — 1th update, if a node receives broadcast information from an
adjacent node at a certain time k, it will update its own phase again and recalculate the
phase value.

4.2 Packet Transmission Probability

In order to calculate the channel throughput, it is necessary to obtain the packet transmis-
sion probability. Let 7 represent the probability that the phase value of the node reaches
27 in a slot time. According to the BSAA, the node is able to transmit data packets only
when the phase value reaches 277, and there should be only one node in the channel for
data packet transmission. Let b; = tlim P{s(t) =i,b(t) =k},i € [O,N —1+x],k €
—00

[0, L; — 1] represent the steady-state distribution of the two-dimensional Markov model.
From Eq. (9), the steady state distribution for any state is obtained as follows:
_Li—k Li—k

bio = p'boo, i€[0,N—1+xlkel0,L—1] (10)

b.
ok L L;

From the nature of the Markov model, the probability sum of the states is 1, that is,

N71+)CL,‘71

1= Y Yy (1n

i=0 k=0

According to the definition of t, the phase value of the node reaches 2t when L; decreases
to 0, and its probability is calculated as follows:

N—1+x

=Y b (12)
i=0

The probability that a node transmits a packet but the channel is busy is equivalent to
the probability that at least one node has a phase value of 27 in the same slot time.
Therefore, p can be expressed as follows:

p=1—-(1-7)V! (13)

4.3 Channel Throughput

According to the definition of throughput, the channel throughput is expressed as the
ratio of the payload to the time of successful transmission in the channel. Let P, represent
the probability that the phase value of at least one node reaches 2, which is equivalent to
the probability of a node carrying out the phase update. P, can be expressed as follows:

P,=1—-(1-7V (14)

Let P, represent the probability of successfully transmitting a data packet when the
phase value of a node reaches 27, which can be expressed as follows:

_ Nt - )Nl _ Nt - N1

P =
s P, 11— =10V

15)
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Let S represent the channel throughput, which can be expressed as follows:

_E[P]

Ez] (10

where, E[P;] represents the expectation of the size of a successfully transmitted data
packet in a slot time, and E[f,] represents the expectation of the length of a slot time.
Assuming that the expectation of a data packet size is E[P], the amount of data
successfully transmitted in a slot time is P, P;E[P]. A slot time consists of a slot time
with no nodes with a phase value of 27, a slot time with no phase update when the phase
value of a node reaches 2, and a slot time with the phase update when the phase value
of a node reaches 2. Therefore, the throughput S can be further expressed as follows:

PyPsE[P]

S =
(1 —-Pyo + P,P;Ts + P,(1 — P;)T,

a7)

where, o represents a complete length of slot time. 7 represents the time required for a

node to transmit a data packet without the phase update. 7, represents the time required
for a node to carry out the phase update. The expressions for T and 7, are as follows:

Ty = H + E[P] + Tpp

. (18)

Ty =H 4+ E[P*] + 8 4 Tpro

where, H = PHY}; + MAC}4, represents the sum of the physical layer header length
and the MAC layer header length. § represents the propagation delay. 7, represents
the time required to send broadcast information. £ [P*] represents the expectation of the
data packet size of the node that finally sends data packet in the channel when the phase
update occurs. In order to facilitate calculation, the length of all transmitted packets is
the same.

4.4 Access Delay

In the BSAA, the access delay mainly includes the phase change delay and the phase
update delay of the node. It can be known that the phase update delay exists with a
certain probability. Therefore, the access delay is analyzed based on whether there is the
phase update during the phase change.

Assuming that T} represents the delay of successfully transmitting a data packet
when there is no phase update during the phase change. Then,

TF = —m(fv—” +n) 19)

n

Assuming that 7, represents the delay of successfully transmitting a data packet
when there is the phase update during the phase change. Then,

'N—1+x 0. —0.
T; = Pu< > (— — +Li> + Tu> (20)

i=1 n
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where, 9”’3& represents the time that it takes for a node to change the phase value
before the next phase update, and 6,0 = 0. i represents the update times.

In summary, the access delay 7' can be expressed as follows:

9 N—1+4+x 0. —6. .
T:TS*—i—T;:(l—Pu)<w—n+Ts>+Pu< > (’“W—’“”+L,-)+Tu>
n i=1 n

21

5 Experimental Simulation

According to the analysis in the previous section, this paper uses MATLAB to verify
them and compare with the CSMA/CA mechanisms meanwhile. The number of nodes
in the simulation experiment starts from 5. There are at most 50 competing nodes at the
same time, and each time it increases by 5 nodes. The service types of data are divided
into three categories: emergency services, streaming media services, and ordinary data
services. Nodes are randomly selected among the three service types. Other simulation
parameters are shown in Table 1.

Table 1. Simulation parameters.

Parameter name

Parameter value

Packet payload 3808 bits

MAC header 240 bits

PHY header 192 bits

ACK 112 bits + PHY header
RTS 160 bits + PHY header
CTS 112 bits + PHY header
Propagation delay | 1 s

Slot time (o) 20 us

SIFS 10 s

DIFS 50 us

Channel bit rate | 2 Mbit/s

Enax 50000 J

X 6

In the experiment, we determine whether a collision has occurred by calculating the
phase difference between each node and the remaining nodes. As shown in Fig. 5 and
Fig. 6, they show the time series data of the phase difference between this node and the
other nodes when the number of competing nodes is N = 20 and N = 40. It can be seen
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from Fig. 5 that the phase difference is O at about # = 650, but at this time the number
of updates x is 1. Therefore, no collision will occur, and the node will continue to carry
out the phase update. While in Fig. 6, there are two moments that the phase difference
is 0, where the number of node updates x is 3 when ¢ = 750, and x is 5 when ¢ = 1350.
Compared to Fig. 5, the number of node updates x is bigger. The reason is the number
of competing nodes increases, which causes the probability that the phase value of the
node reaches 27 at the same time to increase. However, the phase difference between
the two nodes is randomly distributed between (0, 277) at most of time, which indicates
that the probability of packet collision between nodes is very small.
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Fig. 5. Time series data of phase difference with adjacent nodes when N = 20.
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Fig. 6. Time series data of phase difference with adjacent nodes when N = 40.

Figure 7 shows the comparison graph of the collision probability between the BSAA
and the CSMA/CA mechanisms. It can be seen from the Fig. 7 that as the number of



A Bio-inspired Smart Access Algorithm for Large Scale 621

competing nodes increases, the curves of the collision probability of all three show an
upward trend.

In the BSAA, nodes are able to adjust their behaviors to avoid sending data packets
at the same time, therefore, the probability of collision is relatively smaller than the
CSMA/CA mechanism. In addition, the larger the number of competing nodes, the
greater the gap between the two, which indicates that our proposed algorithm is able to
avoid collisions better in the case of a large number of nodes.
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Fig. 7. Comparison of the collision probability between BSAA and CSMA/CA.

Figure 8 is a comparison graph of the channel throughput performance. It can be
seen from the Fig. 8 that the channel throughput performance of the BSAA is overall
improved by about 12%—15% compared to the CSMA/CA mechanisms. The throughput
here refers to the average time of the payload successfully transmitted in a time slot to
the length of the entire time slot. For the BSAA, the node is more likely to get access
to the channel, and the length of the entire time slot is smaller than the CSMA/CA
mechanisms, therefore, the BSAA is able to get better performance.

Figure 9 is a comparison graph of the access delay performance. It can be seen from
the Fig. 9 that when the number of competing nodes is small, the access delay of the
BSAA is slightly longer than the CSMA/CA (m = 6, W = 32) mechanisms. This is
because when there are fewer nodes, the backoff waiting time of the nodes will not be long
in the CSMA/CA mechanisms. While each node needs to go through the phase change
and the phase update in the BSAA, and its time may be slightly longer than the backoff
waiting time. Therefore, when the number of nodes is small, the delay performance of
the BSAA is not as good as the CSMA/CA mechanisms. However, with the increase in
the number of competing nodes, the time for backoff retransmission and backoff waiting
is increasing, and the delay is also increasing in the CSMA/CA mechanisms. While in
the BSAA, the increase in the time spent by the nodes on the phase change and the phase
update is not very large. Therefore, in the case of a large number of competing nodes,
the delay performance of the BSAA is better than the CSMA/CA mechanisms.
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Fig. 8. Comparison of channel throughput between BSAA and CSMA/CA.
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Fig. 9. Comparison of access delay between BSAA and CSMA/CA.

6 Conclusion

Inspired by Stigmergy, this paper proposes an algorithm to resolve access collisions
between massive nodes in wireless networks. The algorithm makes each node completely
self-organize. In addition, by means of analyzing the initialization status and update status
of the nodes in different situations, adjacent nodes are able to self-adjust the current
behavior to avoid collisions when one node is transmitting data packets. Simulation
results show that the proposed algorithm is able to maintain a low collision probability
with the increasing number of competing nodes even in a dynamically changing network
topology. Moreover, comparing the proposed algorithm with CSMA/CA mechanisms
in terms of collision probability, channel throughput and access delay. The results show
that the collision probability and access delay of our proposed algorithm performs better
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in the case of the large number of competing nodes, and the performance of channel
throughput is overall improved by about 12%—-15%.
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