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ABSTRACT
Although wireless camera sensor networks are useful and
powerful means of monitoring and surveillance, the high
volume of video data would cause serious network conges-
tion and degradation of perceived video quality for the lim-
ited capacity of wireless communication. In this paper, we
propose an autonomous control mechanism of video coding
rate, where each node autonomously determines its coding
rate based on information obtained through local commu-
nication. For this purpose, we applied a reaction-di�usion
model, which explains the emergence of variety of animal
coat patterns. A spot pattern of video coding rate, which is
centered at the target position and spreads towards the mov-
ing direction, is generated through local interactions among
neighboring nodes. Simulation results show the e�ectiveness
of our proposal.
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1. INTRODUCTION
Sensor network is one of the most promising and key tech-

nologies for safe, secure, and comfortable society. By dis-
tributing a large number of sensor nodes and organizing a
network through wired and/or wireless communication, one
can obtain detailed information about surroundings, remote
region, and objects. In particular, camera sensor networks,
which are composed of nodes equipped with a camera, are
useful in a variety of applications such as remote surveil-
lance, home security, and tracking applications [1].
Generally, control mechanisms for sensor networks must

be scalable, adaptive, and robust, because of a large num-
ber of sensor nodes, random or unplanned deployment, and
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dynamic topology changes due to addition, movement, and
removal of sensor nodes. In addition, due to di�culty in
managing a large number of nodes in a centralized manner,
mechanisms must be fully distributed and self-organizing
[2]. Moreover, a particular problem for camera sensor net-
works is transmission of high volume tra�c of video data
over a wireless network of limited capacity. Therefore, in
sending video data to data gathering centers in real-time,
nodes must adjust the video coding rate taking into account
the network capacity and the importance of video data. In
a case of surveillance or monitoring applications, video data
obtained at a camera, which detects and tracks a suspicious
or interesting object, should have the su�ciently high reso-
lution and high quality to have a better look at the target.
To accomplish the above mentioned goals, we adopt a

reaction-di�usion model in this paper. A reaction-di�usion
equation was �rst proposed by Alan Turing as a mathemat-
ical model for pattern generation on the surface of body
of �shes and mammals [6]. In a reaction-di�usion model,
through local interactions among molecules of neighboring
cells, a variety of patterns of morphogen concentrations emerge
in a self-organizing manner. Autonomously generated pat-
terns can be used for routing, clustering, scheduling, and
topology control on sensor networks [3, 4, 5, 7].
In this paper, we propose an autonomous mechanism based

on a reaction-di�usion model for coding rate control in cam-
era sensor networks for remote surveillance and tracking ap-
plications. Speci�cally, we generate spot patterns so that the
morphogen concentrations have a peak at a camera detect-
ing a target in its observation area. In addition, to prepare
cameras in the direction of a moving target for future de-
tection, their video coding rates, in other words, their mor-
phogen concentrations are made slightly higher than others.
As a result, we see a pattern of concentric circles for a sta-
tionary target and an elliptic pattern for a moving target.
Furthermore, we also propose a mechanism to keep the total
of coding rate low for closely located targets considering the
limited capacity of a wireless network.
The rest of the paper is organized as follows. In Section 2,

we describe our reaction-di�usion based control mechanism
for camera sensor networks. In Section 3, we then show
and discuss results of simulation experiments. Finally, we
conclude the paper in Section 4.



observation area of one camera

Figure 1: Camera sensor network

2. REACTION-DIFFUSION BASED CONTROL
OF CAMERA SENSOR NETWORKS

Figure 1 illustrates a surveillance or monitoring system
that we consider in this paper. Each square corresponds to
the observation area of a camera sensor node. The darker
the square is, the higher the video coding rate is. We assume
that nodes are arranged in a grid topology, considering town
or room monitoring as an application of the mechanism.
A node can communicate with four neighbors in up, right,
down, and left directions. The assumption on node layout
can be relaxed by adapting a numerical solution technique
for ∇2 (details are not shown for space limitation).
Each node has a camera and a wireless communication

device. A camera or a node has the capability of object
recognition and motion detection with which the existence,
speed, and direction of a target in its observation area.

2.1 Basic behavior
Basically, at regular control intervals of T seconds, each

node calculates the reaction-di�usion equation by using the
information it received in the preceding control interval, ad-
justs its video coding rate in accordance with morphogen
concentrations, and then broadcasts a message containing
information about its morphogen concentrations, stimulus
E, stimulus direction, attenuation coe�cient A, and NIP
(Noti�cation of Inhibitor Peak) noti�cation to its neighbors.
We call the duration between the t-th control timing and
the t + 1-th control timing as the t-th control interval. We
should note here that timing of reaction-di�usion calculation
and message emission is di�erent among nodes, although the
control interval is identical among nodes.
The reaction-di�usion equation is identical among nodes.
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∂u

∂t
= F (u, v) + Du∇2u + E(t)

∂v

∂t
= G(u, v) + Dv∇2v,

(1)

where u and v are concentrations of activator and inhibitor,
respectively. Du and Dv are the di�usion rate of activator
and inhibitor, respectively. E(t) is the amount of stimulus.
The �rst term of the right-hand side is a reaction team and
the second term is a di�usion term. F and G are nonlinear
functions for reactions and are described as follows,

(

F (u, v) = max
˘

0, min
˘

au − bv − c, M
¯¯

− du

G(u, v) = max
˘

0, min
˘

eu − hv − f, N
¯¯

− gv.
(2)

Since nodes are arranged in a grid layout and messages are
exchanged at regular intervals, we spatially and temporally

discretize Eqs. (1) and (2) as follows.
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ut = ut−1 + ∆t

ȷ

F (ut−1, vt−1) + E(t − 1)

+Du
(uu

t−1 + ud
t−1 + ul

t−1 + ur
t−1 − 4ut−1)

∆h2

ff

vt = vt−1 + ∆t

ȷ

G(ut−1, vt−1)

+Dv
(vu

t−1 + vd
t−1 + vl

t−1 + vr
t−1 − 4vt−1)

∆h2

ff

,

(3)

(

F (ut−1,vt−1)=max
˘

0,min
˘

aut−1-bvt−1-c,M
¯¯

-dut−1

G(ut−1,vt−1)=max
˘

0,min
˘

eut−1-hvt−1-f ,N
¯¯

-gvt−1.
(4)

At the t-th control timing, a node calculates the above equa-
tion to derive its morphogen concentrations ut and vt. A set
of uu

t−1, ud
t−1, ul

t−1, and ur
t−1 and a set of vu

t−1, vd
t−1, vl

t−1,
and vr

t−1 correspond to concentrations of activator and in-
hibitor of neighboring nodes in up, down, left, and right di-
rections. These values are obtained from messages received
in the t − 1-th control interval. If a node did not receive a
message from a neighboring node in the t − 1-th control in-
terval, the latest value obtained in the preceding intervals is
used instead. ∆h and ∆t correspond to the distance between
nodes and the discrete step interval of time, respectively.

E(t − 1) in Eq. (3) is the amount of stimulus which is
determined at the t-th control timing, based on messages it
received in the t − 1-th control interval and the condition
of a target if exists. The stimulus controls the distribution
of morphogen concentrations, that is, a pattern. Usually,
the amount of stimulus is zero. A node which detects a tar-
get in the t − 1-th control interval appropriately sets E, A,
and stimulus direction in accordance with the velocity of the
target, so that a spot pattern centered at the node is gener-
ated. The stimulus di�uses to nodes in the stimulus direc-
tion, which is the same direction of target movement. The
attenuation coe�cient A is used for this purpose. Details
of stimulus determination and di�usion will be explained
in subsection 2.2. NIP noti�cation is used to regulate the
amount of stimulus when two or more targets are closely
located. Details of NIP will be given in subsection 2.3.
Once morphogen concentrations are derived, a node trans-

lates the concentrations to the video coding rate that it
uses during the t-th control interval. A spatial pattern of a
reaction-di�usion model comes from the spatial heterogene-
ity in concentration of activator. Since the region between
two closely-located peaks of the concentration of activator
has the high concentration of activator, in our mechanism,
by focusing on a phenomenon that the concentration of in-
hibitor is also high in the region, a node determines the
video coding rate based on u/

√
v. If v < 0.001, then we set

u/
√

v = 0, in order to avoid the divergence of u/
√

v. In the
paper, we use the value u/

√
v as the video coding rate.

2.2 Stimuli arrangement
If a node has a target in its observation area at the control

timing, it sets the amount of stimulus E, the attenuation co-
e�cient A, and the stimulus direction. The node calculates
the morphogen concentrations, set the video coding rate,
and broadcasts a message containing this information. A
node receiving a message �rst sees whether it is in the stim-
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0

200

400

600

800

1000

1200

0 1 2 3 4 5 6 7 8 9

u 
/ √

v

x

A=0.0 (S=0 km/h)
A=0.2 (0<S≤2 km/h)
A=0.4 (2<S≤4 km/h)
A=0.6 (4<S≤6 km/h)

A=0.8 (6<S km/h)

Figure 3: Distribution of u/
√

v

Table 1: Mapping from S to A and
range of E

S (km/h) A Emax Emin

S = 0 0.0 1960 830
0 < S ≤ 2 0.2 1370 700
2 < S ≤ 4 0.4 1010 440
4 < S ≤ 6 0.6 620 390

6 < S 0.8 360 260

ulus direction. If not, it ignores the information. If it is,
it �rst calculates the amount of stimulus E′ from the in-
formed E and A as E′ = A × E. This stimulus is used as
E(t − 1). After the calculation, the information about the
stimulus, including E′, A, and the direction is further dif-
fused to neighbor nodes by being embedded in a broadcast
message. When a node receives multiple messages contain-
ing stimuli from neighbor nodes, it uses the maximum E′ as
E(t − 1).
The amount of stimulus E and the attenuation coe�cient

A are determined in accordance with the speed of target and
the capacity of wireless channel. In Fig. 2, the relationship
among E, A, and the volume of a generated pattern is shown
for the case with a single target. The volume of a pattern is
de�ned as,

V (E, A) =
X

(i,j)

u(i, j)/
p

v(i, j). (5)

u(i, j) and v(i, j) are the concentrations of activator and in-
hibitor at node (i, j) on a converged stable pattern, respec-
tively. Since a node chooses the video coding rate depending
on u(t)/

p

v(t), the volume corresponds to the total amount
of tra�c generated by nodes in a spot. Since the attenua-
tion coe�cient A determines the range of stimulus di�usion,
a node detecting a target �rst sets the attenuation coe�cient
A in accordance with the speed S of target. Then, the node
determines the stimulus E from V (E, A) in order to keep
the total tra�c at a certain volume. For example, when the
capacity of local wireless network is 2000 in volume and A
is 0.4, E is set at 1010. The mapping from the network ca-
pacity to the volume and from the speed to the attenuation
coe�cient depends on the system conditions and application
requirements.

2.3 Stimuli adjustment
When two or more targets are located close together, they

activate each other and the total amount of video tra�c
would exceed the network capacity in that area. To tackle
the problem, we additionally propose the stimuli adjustment
mechanism. A basic idea is as follows. When two or more
targets are close together, both of concentrations of acti-
vator and inhibitor become high at the inbetween region.
Especially, the concentration of inhibitor has a peak at the
center. By using this phenomena, a node at the overlapping
point detects the overlap.
At the control timing, a node compares the concentration

of inhibitor of itself with those of neighboring nodes. If its
concentration is the highest and it does not have a target in
its observation area, it sets the NIP noti�cation in a message

it broadcasts. Now, a node receives a message. If u/
√

v of
the node is higher than that of a node from which it received
NIP, the node has the stimulus, or any neighboring node of
the node has a target, it sets NIP in a broadcast message.
As a consequence, NIP follows the gradient of u/

√
v and

di�used stimuli toward nodes having a target.
When a node having a target receives a message with NIP,

it reduces the stimulus E as E×α (0<α<1). When the tar-
gets move apart from each other and the overlap disappears,
the stimulus has to be increased. Therefore, a node having
a target increases the stimulus as E = E + ∆e, if it does
not receive any NIP in the preceding control interval. The
stimulus must be large enough to generate a pattern and
smaller than the maximum to keep the volume. The range
Emin ≤ E ≤ Emax is determined from V (E, A). For exam-
ple, with A = 0.4, the range is from 440 to 1010.

3. SIMULATION EXPERIMENTS
In this section, we show results of simulation experiments

to verify the e�ectiveness of our mechanism. One hundred
nodes are arranged in a 10 × 10 grid with separation of 100
meters. Parameter setting for the reaction-di�usion equa-
tion is, a = 0.08, b = 0.2, c = 0.2, d = 0.03, e = 0.1,
f = 0.05, g = 0.14, h = 0.06, Du = 0.004, Dv = 0.1,
M = 0.2, N = 0.5, ∆t = 0.1, and ∆h = 1. For the stimuli
adjustment, α = 0.999 and ∆e = 1 are used. Assuming that
the local capacity of wireless network is 2000 in volume, the
mapping from the speed S to the attenuation coe�cient A
and the range of the stimulus E are summarized in Table 1.
Initially, the morphogen concentrations are set at zero.
First, we set the speed of a stationary node at (2,5) as 1,

3, 5, and 7 km/h. Figure 3 shows the distribution of u/
√

v
for the di�erent attenuation coe�cient on y = 5. As can
be seen, as A, i.e., the speed of moving target, increases,
the resultant pattern spreads wider and the height of peak
becomes lower. The total volume is kept constant at lower
than 2000 in Fig. 3.
Now, we consider a scenario with multiple moving targets.

Initially, targets which move to the random direction at the
random speed from 0 to 8 km/h are located at randomly
chosen nodes. At every control timing, a target changes
the speed and direction with the probability of 0.005. The
control interval is set at 2 seconds. At every 180/V control
intervals, a moving target migrates to an observation area
of neighboring node in the moving direction. The discrete
step ∆t is set at 2.0.
Figure 4(a) depicts the transition of volume with three

moving targets. Depending on the distance among targets
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Figure 4: Simulation results of multiple moving targets

and their speed and direction, the total volume dynamically
changes. One reason that the total volume exceeds 6000,
i.e., the triple of the volume of a single target, is that the
high concentration of activator sometimes remains behind
a fast moving target. The other reason is that suppression
of stimulus E is too slow for closely located targets moving
at the speed of more than 6 km/h. We need to accelerate
pattern adaptation, but it is one of future works.
Figure 4(b) show the relationship among the number of

targets and the maximum volume of generated patterns.
The solid line stand for the normal method, which set the
video coding rate as 1000 at the node that detects a tar-
get, 250 at the neighboring nodes. As shown in the �gures,
our mechanism suppresses the tra�c volume much lower by
reaction-di�usion based control.
Figure 4(c) show the local volume against number of mov-

ing targets. The local volume is the total of coding rate of
�ve nodes at the center of area. From this �gure, we can
see that the proposed method keeps the local volume un-
der the local network capacity independently of the number
of targets. From Fig. 4(b) and Fig. 4(c), we can see that
the proposed method suppresses the total coding rate in the
whole area, while keeping the high coding rate in local area.
Although results are not shown, we also conducted simula-

tion experiments on a large-size network, where 2500 nodes
are arranged in a 50×50 grid with separation of 100 meters.
We veri�ed that every node appropriately adjusts the video
coding rate to monitor moving targets.

4. CONCLUSIONS
In this paper, we proposed a reaction-di�usion based au-

tonomous control mechanism for camera sensor networks.
In our mechanism, nodes periodically exchange information
about the morphogen concentrations, calculate the reaction-
di�usion equation, and adjust the video coding rate. By set-
ting the stimulus at a node detecting a target and di�using
the stimulus, the video coding rate becomes high at a node
with a target and nodes in the moving direction.
Although the e�ectiveness of the mechanism is veri�ed

through simulation experiments, we require further improve-
ment. Since the video tra�c is concentrated in the proxim-
ity of a target, there is the possibility of severe congestion in
the local wireless network even with the coding rate control.
We are going to incorporate control mechanisms of multi-

ple layers with coding rate adjustment. We now consider a
reaction-di�usion based mechanism to mitigate congestion
caused by video tra�c.
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