Bio-inspired Resource Allocation for Multi-hop Networks
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ABSTRACT

Recently, researches on resource allocation algorithms op-
erating in a distributed way are widely conducted because
of the increasing number of network nodes and the rapidly
changing the network environment. In this paper, we pro-
pose new biologically inspired TDMA-based resource alloca-
tion scheme operating in a distributed manner in multi-hop
networks. In this paper, we define a frame structure for the
proposed algorithm and firing message structure which is
a reference for resource allocation and propose the related
operating procedures. Through simulation evaluations, it
is shown that proposed algorithm works well in multi-hop
networks.

Categories and Subject Descriptors

C.2.1 [Computer Communication Networks|: Network
Architecture and Design-Distributed networks

General Terms

Algorithm, Design, Performance

Keywords

Bio-inspired, DESYNC, resource allocation, multi-hop net-
work, distributed

1. INTRODUCTION

There have been some proposals for bio-inspired algo-
rithms to solve the various problems of communication net-
works as shown in Fig. 1 [1][2][3]. Bio-inspired algorithms
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Figure 1: Example of bio-inspired algorithms

use mathematical modeling of natural phenomena in order
to apply the simple and distributed behavior of natural ob-
jects to various engineering fields. For these algorithms, con-
vergent behavior is observed while each autonomous agent
just obeys very simple rules repeatedly, based on local infor-
mation without the help of a central controller. From such a
feature of a bio-inspired algorithm, the necessity for the ap-
plication of bio-inspired algorithms to multi-hop networks in
which autonomous and distributed operations are required
can be justified. The firefly algorithm, which was inspired
by the flashing behavior of fireflies, is the foremost exam-
ple of a bio-inspired algorithm [3]. The firefly algorithm
has been applied to wireless networks with the purpose of
synchronizing the time of performing periodic tasks or the
time information of nodes in wireless networks. There has
also been research regarding de-synchronization (DESYNC),
which is the logical opposite of the synchronization shown
in the firefly model [4][5][6][7].

DESYNC is a simple algorithm for achieving desynchro-
nization among the nodes in networks. Rather than syn-
chronizing entities so that they perform periodic tasks at the
same time, DESYNC entities perform their tasks as far away
as possible from all of the other nodes. Suppose there are
n nodes in a fully-connected network. When node ¢ reaches
the end of its cycle, it fires to indicate the termination of its
cycle to the other nodes. In the DESYNC algorithm, node
i records the times of the two firing events: the event that
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Figure 2: Proposed a frame and firing message
structure

precedes its own firing (¢i+1(¢)), and the one that occurs
just afterwards (¢;—1(t)). Node i calculates the midpoint of
its reference phase, and once it is calculated node i jumps
toward it as follows:

¢; = (1 — a)¢i(t) + admia(t),
where dria(t) = 3 (6051 (t) + 6-1(0) 1)

Most DESYNC algorithms have been studied in single hop
networks [4][5], so each node is able to receive control mes-
sages for resource allocation from all nodes. In addition,
a specific scheme has not been discussed to obtain the re-
source allocation information of two-hop neighbor nodes in
order to solve the hidden node problem of DESYNC algo-
rithms in multi-hop networks [6][7]. In addition, collisions
of control messages for real world scenarios have not been
considered. In this paper, we propose a TDMA fair resource
allocation scheme that operates in a distributed manner in
multi-hop networks, called the Multi-Hop DESYNC (MH-
DESYNC) algorithm, based on DESYNC algorithms. The
MH-DESYNC algorithm defines a practical frame structure
and a firing message structure in order to solve the hidden-
node problem in real multi-hop networks.

2. PROPOSED ALGORITHM

2.1 Frame structure and firinmessage

We propose a new frame structure, as shown in Fig. 2.
Each frame consists of a control channel and a data chan-
nel. The numbers of control time slots and data time slots
are C' and D, respectively. Each node allocates a control
time slot and uses the same control time slot in every fol-
lowing frame. The node transmits its own firing information
and the neighbor node’s firing information to the neighbor
nodes through the allocated control time slot. In this way,
the neighboring nodes are able to completely update their
two-hop neighbors’ firing phase information. Through this
information, each node updates its firing phase and allocates
the data time slots.

Each node allocates a control time slot on the control
channel when a node enters the existing network. Then,
they transmit firing messages through the allocated control
time slot. The firing message structure is partitioned into a
control slot information area and a firing phase information
area, as shown in Fig. 2. The control slot information is
set to C and the firing phase information area is set to D.
The control slot information includes the node I D and the
hop information. Each node records the control slot infor-
mation in the allocated control time slot. For example, if

node 5 allocates the third control time slot, it records its
own ID information (5) and the hop information (0) in the
third control slot information area. Also, each node records
the information of its neighboring nodes to the control time
slots allocated to those neighbors. For example, if nodes 1
and 2, which are node 5’s neighboring nodes, are allocated
to the second and fourth control time slots, respectively,
node 5 records its neighbor node ID information (1,2) and
hop information (1) in the second and fourth control slots
information area, respectively; this is shown in Fig. 2.

The firing phase information includes the node ID and
hop information, similar to the control slot information area.
Each node records the firing phase information of oneself
and its neighboring nodes in the allocated firing phase time
slots, similar to control time slot. Each node transmits a
firing message that consists of the allocation information
regarding the control time slot and firing phase for itself and
its one-hop neighbors so that each node can know the firing
message information of its two-hop neighbors. Therefore,
MH-DYSYNC can solve the hidden node problem in multi-
hop networks.

2.2 Operating procedure

In the MH-DESYNC algorithm, the operating procedure
for logical firing is as follows: 1) allocate a control time slot,
2) allocate and update the firing phase, and 3) allocate the
data time slots. This section explains each of these three
procedures.

2.2.1 Control time slot allocation

Each node listens for firing messages during one frame,
whenever a new node enters the existing network. Then
node can know within two-hop neighbor’s information about
control time-slots. Each node chooses with equal probability
a control time-slot which is not occupied within its two-
hop neighborhood. Each node transmits a firing message
through a control time-slot that they have selected. If a
node allocates a control time-slot, it uses the same control
time-slot in every next frame. However, if a conflict occurs
in the control time-slot is, it chooses a control time-slot again
in next frame.

This is an example that nodes may not be able to allo-
cate a control time slot due to collisions, when the frame
structure is C' = 4, D = 8, as shown in Fig. 3. Given
the arrangement of nodes shown in Fig. 3(a), suppose that
node n2 allocates the fourth control time-slot in the frame
and then nodes nl and n3 concurrently enter the network.
If nodes n1 and n3 choose the third and second control time
slots, they are successful because the control time slots do
not conflict as shown in Fig. 3(b). However, if nodes nl and
n3 choose the same control time slot, they are not able to
allocate a control time slot due to the collision, as shown in
Fig. 3(c).

Control time slot collision detection.

Each node detects the control time slot collision through
the firing messages received from its neighboring nodes. If
a node successfully allocates a control time slot, the neigh-
boring nodes record the control slot information (ID and
hop information) in the firing message of the control slot
information area, as shown in Fig. 3(b). However, if there
is a control time slot conflict, the neighboring nodes do not
record the control slot information in the firing message of
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Figure 3: Example of MH-DESYNC collisions

the control slot information area, as shown in Fig. 3(c). In
this way, the node detects the control time slot collision.

2.2.2 Firing phase allocation and update

After each node allocates the control time slots, it can
recognize the allocated firing phase time slot in its two-
hop neighborhood through the firing phase information area.
Each node chooses with equal probability one of the total
data time slots, and the phase of the selected data time slot
determines the virtual firing phase time slot.

If two or more nodes choose the same firing phase time
slot, the firing message collisions occurs in terms of the log-
ical mean. This is an example that a node may or may
not be able to allocate a firing phase time slot due to col-
lisions, as shown in Fig. 3(d). Given the arrangement of
nodes shown in Fig. 3(a), suppose that node n2 allocates
the fourth control time slot in the frame, and then nodes
nl and n3 concurrently enter the network. If nodes nl and
n3 allocate control time slots without a collision and choose
the fourth and second firing phase time slots, respectively,
they are both able to allocate a firing phase time slot be-
cause they do not conflict as shown in Fig. 3(b). However, if
nodes n1 and n3 choose the same firing phase time slot, they
do not allocate a firing phase time slot due to the collisions,
as shown in Fig. 3(d).

Firing phase time slot update.

The firing phase information of the node is transmitted
in the next frame. We define the firing phase of node 7 in
the n-th frame as ¢;(n), and N2(i) is the set of neighbors
within two hops of node i. Then, we can define the next
firing phase of node ¢ as n(i), and the previous firing phase
of node i as p(7). The equations are shown below

n(i) = argjen,mymin{(¢;(n) — ¢i(n)) mod D}~ (2)

p(i) = argjenyiymaz{(¢;(n) — ¢i(n)) mod D} (3)
Node 7 updates the firing phase time slot in the (n+ 1)-th
frame as shown in equation 4.

(i) (1) + dp(s) (n))

(4)

In other words, node i updates the firing phase time slot
at the midpoint between the next firing phase ¢,(;)(n) and
the previous firing phase ¢p;y(n).

¢i(n+ 1) = ceil < 5

Firing phase time slot collision detection.

Each node can detect a collision of the firing phase time
slot through the received firing message from its own neigh-
boring nodes. If a node successfully allocates a firing phase
time slot, the neighboring nodes record the firing phase in-
formation in the firing message of the firing phase infor-
mation area, as shown in Fig. 3(b). However, if there is a
firing phase time-slot collision, the neighboring nodes do not
record the firing phase information to the firing message of
the firing phase information area, as shown in Fig. 3(d). In
this way, a node detects the collision of the firing phase time
slot.

2.2.3 Data time slot allocation

Each node independently determines the amount of data
time slots in each frame through this procedure. Each node
calculates the midpoint between the previous firing phase
¢p(iy(n) and its own firing phase time slot ¢;(d). This is
calculated as shown below

bp(i)(n) + @i (n)) 5)

@i, (n) = ceil ( 5

Each node also calculates the midpoint between its own
firing phase time slot ¢;(d) and the next firing phase ¢, ¢;)(n).
This is calculated as shown below

i (n) = ceil (_(fh‘(”fl) +2¢"“>(n)> (6)

Node i allocates the data time slots between ¢;, (d) and
@i, (d) in the n-th frame.

3. SIMULATION

In this Section, we perform a simulation to verify that the
MH-DESYNC algorithm works well in multi-hop networks.
Every node in the cycle graph has a degree of 2. Our simula-
tions used 6 nodes in a ring topology. The number of control
time slots is set to 5, and the number of data slots is set to
20. Suppose all of the nodes enter the network at the same
time. Then we analyze the simulation results regarding the
change in the firing phases.

In multi-hop networks, the simulation results show that
there are four desynchronized configurations for the cycle
graph, as shown in Figs. 4, 5, 6, and 7.
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Figure 4: Simulation result 1

In the first configuration shown in Fig. 4, the firing phase
time slot converges to three phase clusters of two nodes each.
This configuration represents the best case in terms of the
data time slot reuse factor. This case is a result of having a
three phase cluster with two nodes because of consecutively
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Figure 6: Simulation result 3

allocated initial firing phase time slots, as shown in Fig. 4.
Then, each firing phase cluster of the two nodes ultimately
updates the same firing phase. The second configuration is
shown in Fig. 5. Here the firing phase time slot converges
to four phase clusters, each of which has either two nodes
or a single node. Therefore, each node has allocated five
data time-slots in every frame. The third configuration is
shown in Fig. 6. Here the firing phase time slot converges
to five phase clusters of either two nodes or a single node.
Therefore, each node has allocated four data time slots in
every frame. The fourth configuration is shown in Fig. 7.
Here the firing phase time slot has converged to six phase
single nodes. This configuration represents the worst case
scenario in terms of the data time slot reuse factor.
Through this simulation, we have confirmed that the pro-
posed MH-DESYNC works well in a multi-hop network. We
also observe that there are different desynchronized configu-
rations from different initial firing phase time slots in multi-
hop networks. In the cycle graph, when six nodes enter the
network at the same time, all nodes require at least 3 frames,
with an average of 6.57 frames, to allocate the control time
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Figure 7: Simulation result 4

slots without a collision. Similarly, all nodes require at least
three frames and an average of 7.29 frames to allocate the
firing phase time slots without a collision.

4. CONCLUSION

In this paper, we proposed a MH-DESYNC algorithm that
is a bio-inspired TDMA resource allocation scheme oper-
ating in a distributed manner in multi-hop networks. In
MH-DESYNC, we proposed a frame structure that includes
a control channel and data channel, and an operating pro-
cedure to solve the hidden node problem. The proposed
MH-DESYNC does not transmit to a physical firing signal
through actual data time slots, unlike the previous DESYNC
algorithm; instead, we defined a control channel and a prac-
tical firing message. Our simulation shows that MH-DSYNC
can resolve the hidden node problem effectively and can find
different results according to the initial firing phase.
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