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In order to monitor the gas leakage, the gas sensors are deployed conventionally in chemical industry park, with little considerations
given to the gas characteristics and weather conditions, which give rise to the problems of coverage hole and coverage repetition. To
solve the problems, this paper proposes a deterministic sensor deployment method with the gas diffusion models which takes into
account wind speed and direction and then studies the influence of wind speed and direction on the monitoring error of gas sensors.
Then, we research the deterministic deployment method of gas sensors in condition of the main wind speed and direction
somewhere. Firstly, we use the CFD theory to simulate the gas diffusion situation so as to obtain the concentration value of the
relevant points. Secondly, we put forward a new optimization criterion, namely, the more alarm concentration points covered by
gas sensors, the coverage performance is better, and the deployment method is better. Accordingly, a new objection function is
built. Thirdly, we obtain the weight values of the function using entropy estimation method. Finally, we deploy the gas sensors
determinately using particle swarm optimization (PSO) algorithm. The simulation results show that the proposed method can
improve the monitoring efficiency and the coverage performance of gas sensor network.

1. Introduction

In order to monitor the gas leakage, the gas sensors will be
installed in the chemical industrial park according to some
conventional industry standards, and the gas sensors act as
alarm to provide some guidance for the supervisors when
the leakage accidents happened. However, the health and
safety executive (HSE) pointed out in 1993 and 2003 [1] that
more than half gas leakage accidents happened in the chem-
ical industrial parks cannot be detected on the grounds that
the current deployment methods do not take the factors
affecting gas diffusion into account, and the factors include
the following: leakage source locations, the number of leak-
age sources, gas composition, weather conditions, design of
pipeline, process conditions, building structure, isolation sys-
tem, vacuum system, and monitoring frequency. Due to the
influence of the factors on the monitoring efficiency, the
deterministic deployment method should be considered.

The deployment of wireless sensor networks (WSN) can
be mainly divided into two types according to the type of

sensors, the application background, and the environment
condition: deterministic deployment method and stochastic
deployment method. We mainly adopt the deterministic
deployment method in the cases where locations of sensors
have a great impact on the operation of the WSN, such as
deployment of sensor nodes on the pipe [2, 3], deployment
of image/video sensors indoors [4–6], deployment of under-
water sensors [7], and deployment of seismic sensors for
volcano monitoring [8]. However, we adopt the stochastic
deployment method in some special occasions [9, 10],
especially when the gas leakage happened in the chemical
industrial parks. When the wind speed and direction influ-
ence the gas diffusion model, the sensor nodes deployed
may be invalid, and the research of the deterministic deploy-
ment method is very important.

Aimed at the problem of hazard gas diffusion in the
chemical industrial park, there are also many methods that
study the deployment of gas sensors considering the gas dif-
fusion model [11], including the heuristic analysis method
[12], which is only designed for the serious leakage scenario,
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without considering the uncertainty of the leakage scenario.
Besides, there is a method based on the theory of risk analysis
that is proposed by the US International Standard Commit-
tee, wherein risk is the objective function to be minimized,
and the disadvantage thereof is that the method can only
get local optimal solution. And there is also a mixed integer
linear programming by Legg and others according to the
sensor deployment scheme of water pollution, which con-
siders the impact of node failure on the network, but can-
not consider the time series and is not in conformity with
the actual situation, just like the assumption of node failure
probability. The methods above are based on the simple
diffusion model and with no consideration of environmen-
tal features such as wind speed and direction, so the node
deployment is not accurate.

The main purpose of theWSN is to meet such demand of
network performance as assuring integrity of the transmis-
sion data, reducing the delay time, reducing power consump-
tion, prolonging the network lifetime, and increasing the
coverage. Usually, we adopt the deterministic deployment
method to meet these demands, and the optimization targets
of the deterministic deployment mainly are coverage, con-
nectivity, lifetime, and so on. All the deployment methods
are desired to satisfy the demands with high efficiency, and
the deployment methods designed by scholars can improve
such performance of theWSN as better connectivity and lon-
ger lifetime [13–16]. Besides, there are some studies mainly
about the load balance and fault tolerance [17, 18].

The coverage of WSN directly influences the possibility
to monitor the target accurately and provide the high-
quality perceived service and also directly reflects the
working performance of the WSN. Usually, the coverage
ratio represents the performance of the coverage, and to
maximize the coverage of monitoring targets is a main goal
of the deployment of WSN. To solve the problem, there are
many researches at home and abroad, which are mainly
based on such perception model of the sensors such as
Boolean disc model [19], directed model [20], and three
dimensional sphere model [21], and there are also many
researches based on such characteristics of monitoring tar-
gets as fixed monitoring points, mobile monitoring points,
and monitoring areas that correspond to target coverage
problems [22–26], barrier coverage problems [9, 27, 28],
and area coverage problems [29, 30].

The aim of target coverage is to cover some discrete
points whose locations are known, the classical Art Gallery
Guard Problem [24] is aimed at solving the problem above,
and in order to achieve the max coverage ratio, the paper
[31] proposed the minimum cost based on integer linear pro-
gramming, and the paper [22] provided a randomized algo-
rithm to solve the coverage problem. And the coverage
problem in the chemical industrial park is a critical problem
we need to consider. The deterministic deployment has been
little pursued in conventional deployment methods, and the
coverage ratio is quite low. Aimed at this problem, we see
the deployment problem as the Art Gallery Guard Problem;
the location of the alarm gas concentration points in the
chemical industrial park acts as the pictures in the art gallery,
the sensors deployed act as the video cameras, and the

locations of the cameras maximize the coverage ratio and
achieve the balanced coverage.

The innovative points of this paper are listed as follows:

(1) We obtain the deterministic deployment method
based on the gas diffusion model and research the
influence of the wind speed and direction on the
monitoring performance of the deployment method.

(2) We get the locations of the alarm gas concentration
points simulated through the simulation of gas diffu-
sion using the CFD theory.

(3) In order to solve the coverage hole problem, we pro-
pose a new optimization criterion, namely, the more
alarm concentration points are covered by gas sen-
sors and the more balanced the coverage is, the more
optimal the deployment scheme is.

(4) We put forward a new objective function based on
the new optimization criterion; meanwhile, we get
the weight values of the function using the entropy
estimation method.

(5) We provide a new deterministic deployment method
based on the PSO algorithm and compare the new
deterministic deployment method with the conven-
tional deployment method and find that the perfor-
mance of the method we proposed is better.

The next section of this paper is to first introduce the par-
ticle swarm optimization algorithm in Section 2. And we
introduce the gas diffusion model considering the wind speed
and direction in Section 3. In Section 4, we first put forward a
new deterministic deployment method based on the gas dif-
fusion model, then we research the influence of the wind
speed and direction on the monitoring performance of the
method proposed and conduct the simulated experiments
and analysis. Aimed at the special wind speed and direction
somewhere, we propose a deterministic deployment method
to solve the coverage hole and unbalanced coverage in
Section 5. In Section 6, we also compare the method we pro-
posed and the conventional deployment methods to see the
differences there between in terms of the performance of
the coverage ratio and coverage balance. At last, we conclude
the paper in Section 7.

2. Particle Swarm Optimization Algorithm

Particle swarm optimization algorithm (PSO) is developed
by an American social psychologist James Kennedy and an
electrical engineer Russell Beernaert [32, 33] in 1995; the
basic idea is inspired by the results of the simulation of their
early study and modeling of group behavior of many birds.
PSO algorithm is a new evolutionary computation technique
based on swarm intelligence, the optimization research is
instructed by swarm intelligence produced by cooperation
and competition among swarms in colony, and it has some
features such as fast convergence speed, implementation sim-
plicity, less parameter, and strong commonality. And now
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the PSO algorithm has attracted more attention and made
great progress so as to be widely applicable in recent years.

The basic ideas of PSO are that each particle represents a
feasible solution of the objective function, each particle has a
fitness value determined by the objective function, and each
particle has a speed within the scope of the solution. By
changing speed constantly to traverse the feasible region, all
the particles can search the best value in the current fitness
value. In each iteration, every particle corresponds to a fitness
value, also there is a global optimal fitness value, and the cor-
responding solutions of the global optimal fitness value are
the global optimal positions of the sensors. Every iteration
updates constantly based on their locations and global opti-
mal location until finding the required optimal solution, then
we can end the iteration.

We assume that the particles search optimal solution
in a D dimensional space, and the specific process of
PSO algorithm is as follows:

(1) Determine the objective function f x1,… , xD
(2) Initialize the positions of M particles P1 = x1,… ,

xD , P2 = x21,… , x2D ,… , PM = xM1,… , xMD

(3) Initialize each dimension velocity of every parti-
cle vP1 = v1,… , vD , vP2 = v21,… , v2D ,… , vPM =
vM1,… , vMD

(4) Calculate the fitness value of each particle P1, P2,… ,
PM

(5) Compare each particle’s own fitness and get the
global optimal value gbest.

(6) Update the speed according to the velocity update
formula vk+1id = vkid + c1ξ pkid − xkid + c2η gkid − xkid

(7) Update the particle’s position according to the loca-
tion updating formula xk+1id = xkid + rvk+1id

As for steps 6 and 7, we illustrate as follows:

(1) i means the ith particle, d means the dth element of
the particle, and k means the kth iteration.

(2) c1 means the cognition of the particle itself, which is
generally set to be 2.

(3) c2 means the overall recognition of the particle
swarm, which is usually set to be 2.

(4) ξ and η are random numbers in the range [0,1].

(5) r means a coefficient added in front of the speed
when updating the position, namely, a constraint fac-
tor, which is generally set to be 1.

(6) vid is the particle’s velocity, in the range vmin, vmax ,
when vid > vmax, vid = vmax, and when vid < vmin,
vid = vmin.

(7) As for the velocity update formula vk+1id = vkid +
c1ξ pkid − xkid + c2η gkid − xkid , we usually use the
improved formula which is vk+1id =wkv

k
id + c1ξ pkid

− xkid + c2η gk
id − xkid , and wk is inertia weighting

factor [34]. At the beginning of the iteration, the
inertia weighting factor is large, which has a good
convergence speed for global search. With the
increase of the number of iterations, the inertia
weighting factor decreases, which has a good con-
vergence speed for local search. The paper [35]
proposed a PSO algorithm with linear decreasing
inertia weight.

wk = 0 9 − k/max gen × 0 5, where max gen is the num-
ber of max iterations.

The paper [36] also proposed inertia weight nonlinear
dynamic adjustment method based on fuzzy system.

3. The Establishment of Gas Diffusion Model
considering Meteorological Conditions

The gas diffusion model can be set up based on certain diffu-
sion equations and some conditions, but due to such weather
conditions having impact on the gas diffusion model as wind
speed and direction, the previous diffusion model is not
applicable, which may have the influence on the gas sensor
deployment. The deployment of sensors cannot effectively
monitor a gas leak.

The papers [37, 38] researched the gas diffusion mecha-
nism sufficiently. The diffusion model without considering
meteorological conditions is as follows:

c r , t = μ

4 × π × κ r − r 0
erfc r − r 0

2 κ t − t0

+ μ

4 × π × κ r − r 1
erfc r − r 1

2 κ t − t0

1

c r , t is the concentration of gas source in space location
of r = x, y, z T at t time, r 0 = x0, t0, z0 T and r 1 =
x0, y0, −z0

T are the positions of the gas source and their
image positions relative to an interface, respectively, k is the
rate of diffusion of the gas source, the unit of the diffusion
rate is m2/s, the diffusion rate will vary with the change of
environmental temperature, μ is the quality release rate of
the gas source and the unit thereof is kg/s, and t0 is the start
time of gas source.

Taking wind speed and direction into consideration,
wind speed vector is changed to be parallel to axis x by coor-
dinate transformation, and vx denotes wind velocity; we
assume that the gas source and the sensor nodes are in the
same plane, namely, z = z0 = 0; when the gas reached the
steady state, concentration of gas diffusion can be simplified
as follows:

c r , t = μ × exp −Vx/2 × k d − x − x0
2πkd 2

vx is wind velocity paralleled to axis x after coordinate trans-
formation, x and x0 are abscissas of the sensor and the leak-
age source after coordinate transformation, x − x0 is the
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difference between the leakage source and sensor nodes after
the coordinate transformation, d is the distance between gas
source and sensor nodes, and the coordinate transformations
are as follows:

x = x′ × cos θ t + y′ × sin θ t ,
x0 = x0′ × cos θ t + y0′ × sin θ t ,

d = r′ − r0′ = x′ − x0′
2
+ y′ − y0′

2
3

x′, y′ and x0′, y0′ are the position coordinates of the sensor
nodes and the leakage source, respectively.

Prediction model is as follows:

c1 r , t =
μ × exp −Vx/2 × k d − x′ − x0′

2πkd 4

vx is the wind velocity parallel to axis x after coordinate
transformation.

Measurement model is as follows:

θ t is the wind direction which changes over time
anticlockwise.

4. The Simulation Experiments and Analysis of
the Influence of the Meteorological
Conditions on the Error Rate in the
Deterministic Optimization Deployment
Method of Gas Sensors

4.1. The Simulation Scenario and Parameter Setting of the
Deterministic Optimization Deployment Method. We simu-
late a propane gas leakage in a chemical industrial park,
wherein the simulation area is 100m× 100m. There is only
a leakage source, the number of sensors is changed according
to the purpose of the experiment, which is in the range of [20,
39], diffusion time is set from 10 s to 50 s, and the number of
particles is set from 20 to 50 according to the purpose of the
experiment. The wind velocity in the prediction model is set
to be 2m/s, and the wind is blown to the x negative axis. The
wind velocity of the measurement model is set to be vx = 2
m/s + a × t; a varies with the purpose of the experiment
which is within the range of [0.2,1] m/s2. The wind direction
is set to be θ t = π/n × t, the wind is blown to x negative
axis and varies anticlockwise, n varies with the purpose
of the experiment which is within the range of [18,90],
and both of the two parameters above vary over time. Gas
source diffusion rate is k = 50 m2/s, and the leaking source
has an intensity of 20 kg/s, namely, μ = 20 kg/s; the value of
inertia weight factor w is 0.729, and the constant c1 and c2
are both set to be 1.496. And the number of iterations in
every experiment is 500. All of the simulation experiments
are completed by MATLAB software.

(1) Establish the objective function: Based on PSO opti-
mization algorithm, the most important thing is to
establish the objective function. This paper makes
the average error of the prediction model and the
measurement model as the objective function. There
are N sensor nodes, the deployed locations of the
nodes are used as the solution vector, and the

average concentration error rate of the N sensors
during the diffusion time is the objective function,
which is made to be a minimum. The expression
of prediction model is C1, and the expression of
measurement model is C2.

The objective function is as follows:

Minimize  J =
〠N

i=1〠
M
j=1〠

time
t=1 C1 i, j, t − C2 i, j, t

N × c2 i, j × time ,

6

where N is the number of gas sensors,M is the num-
ber of the gas leakage sources, and time is denotes the
gas diffusion time.

(2) M particles are initialized to D-dimension matrixes
randomly, which include the initial coordinates, the
current coordinates, and the speed of each coordi-
nate, as well as the individual fitness value and global
best fitness value. The form is as follows:

P1 = x1, y1 ,… , xN , yN , x1′, y1′ ,… ,

xN′ , yN′ , v1,… , vN , Pbest, gbest ,
7

where x1, y1 ,… , xN , yN is the initial coordinates,
x1′, y1′ ,… , xN′ , yN′ is the current coordinates, v1,
… , vN is the speed of each coordinate, Pbest is
an individual fitness value, and gbest is the global
best fitness value.

(3) Calculate the fitness value of each particle
Pbest1, Pbest2,… , PbestM ′

(4) Compare each particle’s own fitness value and get the
global best fitness value gbest

(5) Update the velocity according to the velocity
update formula: vk+1id =wk × vkid + c1ξ pkid − xkid + c2η
gkid − xkid

c2 r , t =
μ × exp −Vx/2 × k d − x′ × cos θ t + y′ × sin θ t − x0′ × cos θ t + y0′ × sin θ t

2πkd 5
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(6) Update the particle’s position according to the loca-
tion update formula: xk+1id = xkid + rvk+1id

(7) Keep iterating until reaching the global optimal value
and obtaining the corresponding coordinates.

4.2. The Influence of the Wind Speed on Error Rate of
Concentration in Deterministic Deployment Method. Under
the condition that the number of the particles and the sensors
are invariable and under different acceleration, first, we
investigate the variation between the error rate of concentra-
tion in the deterministic deployment method and the time.
The number of sensors is 20, the number of particles is 20,
the diffusion time is in range of [10 s, 50 s], the wind direction
is constant, the wind speed varies according to the equation
vx = 2m/s + a × t, where a is the acceleration in the range of
[0m/s2, 1m/2], and the variation curve is shown in Figure 1.

As shown in Figure 1, we can know that the error rate of
concentration increases with the increase of the acceleration.
The maximum error rate is below 10%. According to the
alarm time, we can choose the corresponding deployment
method under the different wind speeds.

Then we research the variation between the number of
particles and the error rate of concentration under different
wind speeds when there are 20 sensors and the diffusion time
is 30 s; meanwhile, we research the variation between the
number of sensors and the error rate of concentration under
different wind speeds when there are 20 particles and the dif-
fusion time is 30 s. The variations are shown in Figure 2.

As shown in Figure 2(a), we can know that the error
rate of concentration increases with the increase of the
acceleration. The maximum error rate is below 10%. And
the error rate of concentration increases with the increase
of the number of sensors. Therefore, we can choose the cor-
responding deployment method according to the required
error rate of concentration.

As shown in Figure 2(b), we can know that the error rate
of concentration increases with the increase of the accelera-
tion. The maximum error rate is below 10%. And the error
rate of concentration decreases with the increase of the num-
ber of particles. Therefore, we can set the corresponding
parameters of the algorithm according to the required error
rate of concentration.

4.3. The Influence of the Wind Direction on the Error Rate of
Concentration in Deterministic Deployment Method. Under
the condition that the number of the particles and the sensors
are invariable and under different wind directions, first, we
investigate the variation between the error rate of concentra-
tion in the deterministic deployment method and the time.
The number of sensors is 20, the number of particles is 20,
the diffusion time is within the range of [10 s, 50 s], the wind
direction varies according to the equation θ t = π/n × t, n
varies within the range of [18, 90], and the variation of the
error rate is shown in Figure 3.

As shown in Figure 3, we can know that the error rate of
concentration increases with the increase of the wind direc-
tion. The maximum error rate is below 6%. According to

the alarm time, we can choose the corresponding deployment
method under the different wind directions.

Then we research the variation between the number of
sensors and the error rate of concentration under different
wind directions when there are 20 particles and the diffu-
sion time is 30 s; meanwhile, we research the variation
between the number of particles and the error rate of con-
centration under different wind directions when there are
20 sensors and the diffusion time is 30 s. The variations
are shown in Figure 4.

As shown in Figure 4(a), we can know that the error rate
of concentration increases with the increase of the wind
direction. The maximum error rate is below 6%. And the
error rate of concentration increases with the increase of
the number of sensors. Therefore, we can choose the corre-
sponding deployment method according to the required
error rate of concentration.

As shown in Figure 4(b), we can know that the error rate
of concentration increases with the increase of the wind
direction. The maximum error rate is below 5%. And the
error rate of concentration decreases with the increase of
the number of particles. Therefore, we can set the corre-
sponding parameter of the algorithm according to the
required error rate of concentration.

5. The Deterministic Optimization Deployment
Method of Gas Sensors Based on the
Coverage Performance

5.1. The Optimization Criterion and the Establishment of
Objective Function. Due to the wind speed and direction,
the leakage velocity, and the diffusion time factors, the haz-
ardous gas diffusion models are different. Therefore, the gas
concentrations in the same site are different, and the alarm
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Figure 1: The variation curve between the error rate of
concentration and time under different acceleration.
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concentration should be perceived by the gas sensors. The
optimization criterion in this paper is as follows: (1) The
more the number of the sensors monitored alarm concentra-
tion point, the better the deployment scheme. (2) The more
balanced the coverage, the better the deployment scheme.

Based on the content above, there are M alarm con-
centration points in the chemical industrial park expressed
by ei, i ∈ 1, 2,… ,M , the position coordinates of points are
x1, y1 , x2, y2 ,… , xM , yM , respectively. And the num-

ber of the gas sensors is N expressed by sj, j ∈ 1, 2,… ,N
The perception radius of the sensors is r, and the posi-
tion coordinates of the sensors are xs1, ys1 , xs2, ys2 ,… ,
xsN , ysN , respectively.

The alarm concentration point is covered by the gas
sensor if the distance between the gas sensor and the point

is less than r, namely, d ei, sj < r, wherein d ei, sj denotes
the distance between the ith point and jth sensors. Con-
versely, if the distance between the alarm concentration
point and every gas sensors is more than r, the alarm
concentration point is not covered by any gas sensors,
and the deployment method is optimal if the number of
the points is minimal.

The balanced coverage of gas sensors needs to meet the

following condition: minimize   ∑N
j=1 c sj − E s 2/N ,

wherein c sj denotes the number of the alarm concentration
points covered by the jth gas sensor, and E s denotes the
average value of the number of the alarm concentration
points covered by all the gas sensors.

According to the content above, we can obtain the objec-
tive function as follows:

where A denotes the coverage balance degree, B denotes the
degree of coverage, and α and β denote the weight values of
A and B in the objective function. I d ei, s1 > r ∩ d ei, s2 >

r,… , ∩ d ei, sN > r = 1 denote the alarm concentration
point, ei is not covered by any gas sensors, and the value is
as follows:

Minimize  F = α ×
〠N

j=1 c sj − E s 2

N
+ β × 〠M

i=1I d ei, s1 > ∩ d ei, s2 > r,… , ∩ d ei, sN > r
M

8

Let A =
〠N

j=1 c sj − E s 2

N
, 9

B = 〠M
i=1I d ei, s1 > r ∩ d ei, s2 > r,… , ∩ d ei, sN > r

M
, 10
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Figure 2: (a) The variation curve between the number of particles and the error rate of concentration under different wind speeds; (b) the
variation curve between the number of particles and the error rate of concentration under different wind speeds.
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I d ei, si > r ∩ d ei, s2 > r,… , ∩ d ei, sN > r

=
1 d ei, s1 > r ∩ d ei, s2 > r,… , ∩ d ei, sN > r = 1,

0 d ei, s1 > r ∩ d ei, s2 > r,… , ∩ d ei, sN > r = 0,
11

where N denotes the number of gas sensors, and M denotes
the number of alarm concentration points.

5.2. Determining the Weight Values of the Objective Function

5.2.1. Simulation of Gas Leakage Scenario. We use the the-
ory of computational fluid dynamics (CFD) to simulate the
diffused propane in a park. The simulation zone size is

50m× 50m× 10m, and the leaking source has an intensity
of 14.28 kg/s with the height of 2m, namely, H=2m, the
wind speed is 1.5m/s, when the gas diffusion time is 30 s,
and the gas diffusion condition is shown in Figure 5.

We set z=0.6m as the observation surface in the sim-
ulation and select lots of points on the surface to get the
corresponding concentrations, as the measured gas concen-
tration is the molar concentration having a unit of kmol/
m3. According to the Chinese GB50493-2009, when the
lower explosive limit (LEL) of propane gas is 2.1% (volume
ratio mixed with air) the upper explosive limit (UEL) of pro-
pane gas is 9.5%, we can obtain the alarm concentration
according to the formula V = C × 22 4 L/mol,where C is the
measured gas concentration. Let 2 1% = Cmin × 22 4 L/mol,
9 5% = Cmax × 22 4 L/mol,Cmin = 9 375 × 10−4 kmol/m3, and
Cmax = 4 24 × 10−3 kmol/m3 ; after calculation, the number
of alarm concentration points is 39, and the coordinates
and the concentration are shown in Table 1.

5.2.2. Determining the Weight Values of the Objective
Function Based on Entropy Estimation Method. We adopt
the entropy estimation method [39] to calculate the weight
values α and β of the objective function, and the specific steps
are as follows:

(1) Calculate the value of A and B under the condition
that the numbers of sensors are 5, 8, 11, and 13 using
the PSO algorithm.

The perceived radius of the gas sensors is 5m,
namely, r=5m. The number of alarm concentration
points is 39 in Section 5.1, namely,M=39. The num-
ber of particles is 20 in PSO algorithm, and the num-
ber of iterations is 5000. The global optimal value of
the algorithm is obtained by repeating the experi-
ment for 30 times. The steps are as follows.

(i) Establish the objective function: The objective
function is as follows:

The objective function is expressed as the cover-
age balance degree and the coverage ability of
each gas sensor.

(ii) The 20 particles are randomly initialized to D-
dimensional matrixes which include initial pa-
rameters as follows: P1 = x1, y1 ,… , xN , yN ,
x1′, y1′ , … , xN′ , yN′ , v1, … , vN , Pbest, gbest ,
where x1, y1 ,… , xN , yN are the initial coor-
dinates, x1′, y1′ ,… , xN′ , yN′ denote the current

coordinates, v1,… , vN are the speeds of each
coordinate, Pbest is the individual fitness value,
and gbest is the global fitness value.N is the num-
ber of the gas sensors. Because z=0.6m, the x and
y coordinates should be enough.

Please refer to Section 4.1 for the remaining steps.

After calculation, the values of A and B are
shown in Table 2 under the different number
of gas sensors.

minimize  F =
〠N

j=1 c sj − E s

N
+ 〠M

i=1I d ei, s1 > r ∩ d ei, s2 > r,… , ∩ d ei, sN > r
M
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Figure 3: Diagram of error rate of concentration under different
directions.
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(2) Standardize the data: Standardize the values of A and
B in step 1 using the following:

Xij′ =
Xij

〠2
j=1Xij

, 13

where i denotes the case in which the number of gas
sensors is different. It represents A when j =1, and
it represents B when j =2. The standardized values
are shown in Table 3.

(3) Calculate the ratio of A and B according to the num-
ber of gas sensors.

Calculate the ratio of A and B using the following:

Yij =
Xij′

〠m
i=1Xij′

, 14

wherem denotes the case in which the number of gas
sensors is different, which is 5 in this paper.

(4) Calculate the information entropy of each section.

Calculate the information entropy of the jth section
using the following:

ej = −k〠
m

i=1
Yij × ln Yij 15

(5) Calculate the redundancy of the information entropy.

Calculate the redundancy of the information entropy
using the following:

dj = 1 − ej 16

(6) Calculate the weight value of each section.

Calculate the weight value of the jth section using the
following:

Wi =
dj

〠2
j=1dj

17

After these steps above, we can obtain the weight
values of A and B in objective function, which are
shown in Table 4.

5.3. Deterministic Optimization Deployment Method. The
steps of the optimization deployment method are follows:

(1) Establish the experiment objective function: Accord-
ing to the weight values obtained in Section 5.2, the
objective function based on the PSO algorithm is
as follows:

The objective function is expressed as the cover-
age balance degree and the coverage ability of each
gas sensor.

(2) The 20 particles are randomly initialized toD-dimen-
sional matrixes which include initial parameters as
follows: P1 = x1, y1 ,… , xN , yN , x1′, y1′ ,… , xN′ ,
yN′ , v1,… , vN , Pbest, gbest , where x1, y1 ,… ,
xN , yN are the initial coordinates, x1′, y1′ ,… , xN′ ,
yN′ denote the current coordinates, v1,… , vN
are the speeds of each coordinate, Pbest is the indi-
vidual fitness value, and gbest is the global fitness
value. N is the number of the gas sensors.

Please refer to Section 4.1 for the remaining steps.

6. The Simulation and Analysis

6.1. The Simulation Scene and Parameter Setting. We sim-
ulate the propane gas leakage. The simulation zone is

50m× 50m× 10m, the leaking source has an intensity of
14.28 kg/s, the wind speed is 1.5m/s, the wind is blown to
the x positive axis, and the gas diffusion time is 30 s. The
number of particles is 20 in the PSO algorithm, the number
of sensors is 8, and the number of iterations is 5000 in every
experiment. Because z=0.6m, the x and y coordinates
should be enough.

6.2. The Comparison of Different Deployment Method. The
optimal deployment method proposed in this paper based
on the PSO algorithm is shown in Figure 6(a), and according
to the Chinese GB50493-2009 and the Application Data
Sheet ADS-001 Gas Sensor Placement Guidelines, multiple
gas sensor monitoring networks are deployed usually in the
form of the rectangle or sector, which are shown in
Figures 6(b) and 6(c).

As shown in Figure 6(a), the red spots represent the
alarm concentration points, and the blue spots represent
the gas sensors deployed in the park. And the position coor-
dinates of the eight gas sensors are shown in Table 5.

Minimize  F = 0 4886 ×
〠N

j=1 c sj − E s 2

N
+ 0 5114 × 〠M

i=1I d ei, s1 > r ∩ d ei, s2 > r,… , ∩ d ei, sN > r
M

18
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According to Figures 5(b) and 5(d), the space between
each row and each column is 5 meters, so the coordinates
of the sensors are shown in Table 6.

According to Figures 5(c) and 5(e), the angle between
the edge of the sector and horizontal direction is 30 degrees.
The average space of the sector edge is 5 meters, where the
sensors are deployed. So the coordinates of the sensors are
shown in Table 7.

6.3. The Optimization Deployment Criterion. The optimiza-
tion deployment criterion in this paper is that the more
the number of alarm concentration points covered by

the gas sensors, the better the deployment method, and
meanwhile, the more balanced the coverage, the better the
deployment method.

6.4. The Performance Analysis of Different Deployment
Schemes. According to Tables 1, 5, 6, and 7 and the per-
ceived radius r = 5m, we can obtain the coverage diagrams
of different deployment methods, which are shown in
Figures 7(a)–7(c).

As shown in Figure 7, the red spots represent the
alarm concentration points, the black spots represent the
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Figure 4: (a) The variation curve between the number of sensors and the monitored error rate under different wind directions; (b) the
variation curve between the number of sensors and the error rate of concentration under different wind directions.
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Figure 5: Diagram of gas diffusion situation.
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Table 1: The coordinates and the concentration of the alarm concentration points.

X (m) Y (m) Z (m) C (kmol/m3)

4.000000000E+ 001 2.500000000E + 001 6.000000238E − 001 1.120437286E − 003
3.999999619E+ 001 3.000000000E + 001 5.999999642E − 001 1.264600200E − 003
4.000000000E+ 001 3.500000000E+ 001 6.000000238E − 001 1.713989070E − 003
4.000000000E+ 001 4.000000000E + 001 6.000000238E − 001 1.921520452E − 003
4.500000000E+ 001 1.000000000E + 001 6.000000834E − 001 1.497431425E − 003
4.500000000E+ 001 1.500000000E + 001 6.000000238E − 001 1.519756159E − 003
4.500000000E+ 001 1.999999809E + 001 6.000000238E − 001 1.212779200E − 003
4.500000000E+ 001 2.499999809E + 001 6.000000238E − 001 9.467600612E − 004
4.500000000E+ 001 3.000000191E + 001 6.000000834E − 001 1.051027328E − 003
4.500000381E+001 3.500000000E + 001 6.000000238E − 001 1.397613552E − 003
4.500000000E+ 001 4.000000000E + 001 5.999999642E − 001 1.543087885E − 003
5.000000000E+ 001 1.000000000E + 001 6.000000238E − 001 1.001699828E − 003
5.000000000E+ 001 1.500000095E + 001 6.000000238E − 001 1.173341647E − 003
5.000000000E+ 001 2.000000000E + 001 6.000000238E − 001 9.443978197E − 004
5.000000000E+ 001 3.500000000E + 001 5.999999642E − 001 1.086011529E − 003
5.000000000E+ 001 4.000000000E + 001 6.000000238E − 001 1.094645238E – 003

1.499999905E+ 001 2.500000000E + 001 6.000000238E − 001 1.173134544E − 003
2.000000000E+ 001 2.000000000E + 001 6.000000238E − 001 2.732974943E − 003
2.000000000E+ 001 3.000000000E +001 6.000000238E − 001 3.228770103E − 003
2.500000000E+ 001 1.500000000E + 001 6.000000238E − 001 1.646986115E − 003
2.499999809E+ 001 2.000000000E + 001 6.000000238E − 001 3.807903500E − 003
2.500000000E+ 001 2.499999809E + 001 6.000000238E − 001 3.564156126E − 003
2.500000000E+ 001 3.000000000E + 001 6.000000238E − 001 3.712610109E − 003
2.499999809E+ 001 3.500000000E + 001 6.000000238E − 001 2.364006825E − 003
3.000000000E+ 001 1.499999905E + 001 6.000000238E − 001 3.009808948E − 003
3.000000191E+ 001 2.000000000E + 001 6.000000834E − 001 2.742161509E − 003
3.000000000E+ 001 2.500000000E + 001 6.000000238E − 001 2.092821756E − 003
3.000000191E+ 001 3.000000000E + 001 6.000000238E − 001 2.553357044E − 003
3.000000000E+ 001 3.500000000E + 001 6.000000238E − 001 2.947377041E − 003
3.500000000E+ 001 1.000000000E + 001 6.000000238E − 001 1.484081615E − 003
3.500000000E+ 001 1.500000000E + 001 6.000000238E − 001 2.452870132E − 003
3.500000381E+ 001 2.000000191E + 001 6.000001431E − 001 1.859367127E − 003
3.500000000E+ 001 2.500000000E + 001 6.000000834E − 001 1.524172141E − 003
3.500000000E+ 001 3.000000000E + 001 6.000000238E − 001 1.704695402E − 003
3.500000000E+ 001 3.500000000E + 001 6.000000238E − 001 2.313728910E − 003
3.500000000E+ 001 4.000000000E + 001 6.000000238E − 001 1.883703284E − 003
4.000000000E+ 001 1.000000000E + 001 6.000000238E − 001 1.793242875E − 003
4.000000000E+001 1.500000000E + 001 6.000000238E − 001 1.869315282E − 003
4.000000000E+ 001 1.999999809E + 001 6.000000238E − 001 1.410081866E − 003

Table 2: The values of A and B calculated according to the number
of gas sensors.

Number of gas sensors 5 8 11 14 17

A 0.3200 0.2188 0.3306 0.2653 0.1107

B 0.7692 0.6667 0.4872 0.3590 0.5385

Table 3: The standardized values of A and B calculated according to
the number of gas sensors.

Number of gas sensors 5 8 11 14 17

A 0.2938 0.2471 0.4043 0.4250 0.1705

B 0.7062 0.7529 0.5957 0.5750 0.8295
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gas sensors deployed, and the black circles represent the
perceived radius.

According to (9) and (10), we can calculate the number of
the alarm concentration points covered by the gas sensors in
different deployment methods and the coverage balance
degree, which are shown in Table 8.

According to (10), A =∑N
j=1 c sj − E s 2/N , we can

know that the smaller A is, the better the coverage balance
degree is, as shown in Table 8. The number of the alarm con-
centration points covered by the gas sensors in the optimiza-
tion deployment method based on the PSO algorithm is 28,
and it is larger than the number of the alarm concentration
points covered by the gas sensors in other two deployment
methods. And the coverage balance degree A is 0.6562, and
it is less than the values of A in other two deployment
methods. Thus, the deployment method we proposed is the
best; therefore, we improve the monitor efficiency of the gas
sensor networks.

7. Conclusions

In the chemical industrial park, the gas sensors installed in
accordance with the traditional standards may not detect
gas leakage efficiently due to the nondeterministic deploy-
ment. And the problems of coverage hole and repeated cov-
erage will happen. Aimed at these problems, this paper
proposes a deterministic deployment method taking the
wind speed and direction into consideration based on the
gas diffusion model, then we research the influence of the
wind speed and direction on the error rate of concentration
in the deployment method. The results are as follows: the var-
iation of the wind speed is larger, the error rate of concentra-
tion is larger, and the variation of wind direction is larger,
and the error rate of concentration is smaller. After that,
under the main wind speed and direction somewhere condi-
tion, we firstly put forward a new deterministic deployment
method of gas sensors, use the theory of CFD to simulate
the gas diffusion situation, and propose a new optimization
deployment criterion, namely, the more alarm concentration
points are covered by gas sensors, the more balance the

Table 4: The weight values of the A and B.

α β

Weight value 0.4886 0.5114
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Figure 6: (a) The gas sensor deployment diagram based on the PSO
algorithm. (b) The rectangular gas sensor deployment diagram
according to the standard. (c) The sector gas sensor deployment
diagram according to the standard.

Table 5: The coordinates of gas sensors in the optimal deployment
scheme based on the PSO algorithm.

S1 S2 S3 S4 S5 S6 S7 S8

X (m) 43.84 44.67 26.95 34.05 44.03 25.34 35.04 18.34

Y (m) 36.45 13.57 29.01 35.10 26.37 18.96 19.68 23.74

Z (m) 0.60 0.60 0.60 0.60 0.60 0.60 0.60 0.60

Table 6: The coordinates of the sensors and the corresponding
concentration according to the standard rectangular deployment
method.

R1 R2 R3 R4 R5 R6 R7 R8

X (m) 15 15 35 35 35 40 40 40

Y (m) 20 30 20 25 30 20 25 30

Z (m) 0.60 0.60 0.60 0.60 0.60 0.60 0.60 0.60

Table 7: The coordinates of the sensors and the corresponding
concentration according to the standard sector deployment method.

D1 D2 D3 D4 D5 D6 D7 D8

X (m) 15 15 20 20 25 25 30 30

Y (m) 22.11 27.88 19.23 30.77 16.34 33.66 20 30

Z (m) 0.60 0.60 0.60 0.60 0.60 0.60 0.60 0.60
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coverage is, and the deployment method is more optimal,
and then a new objective function is built based on the cri-
teria. Secondly, we obtain the weight values of the function
using entropy estimation method. Finally, we deploy the
gas sensors determinately using the particle swarm optimiza-
tion (PSO) algorithm. The simulation results show that the

coverage degree of the proposed deployment method is
71.79%, the coverage balance degree is 0.625, the coverage
degree of the rectangular deployment method is 48.72%,
the coverage balance degree is 0.8125, the coverage degree
of the sector deployment method is 35.80%, and the coverage
balance degree is 1.2813. We know that the less the value of
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Figure 7: (a) The coverage diagram of the optimization deployment method based on the PSO algorithm. (b) The coverage diagram of
rectangular gas sensor deployment method according to the standard. (c) The coverage diagram of sector gas sensor deployment method
according to the standard.
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coverage balance degree is, the better the performance of the
deployment method is. Therefore, the deployment method
we proposed in this paper can improve the coverage perfor-
mance and meanwhile improve the coverage balance degree.
In other words, it can enhance the monitor efficiency. And
the deployment method we proposed is of great relevance
and guidance to the current deployment methods.
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