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Abstract: From the perspective of the optimal route and minimum capacitance, this paper 
establishes a mathematical model based on the simulated annealing algorithm, multivariate 
inhomogeneous linear equations and multi-objective optimization, which provides the 
optimal route for the mobile vehicle and establishes the minimum capacitance [1]. Solve the 
model to maximize the total charging efficiency, and use the optimization model to obtain 
the optimal path for 4 mobile vehicles. The optimal route of a single/multiple mobile vehicles 
is visualized through multiple models. On the basis of the optimal route, the minimum 
capacitance required by each sensor is solved by using multivariate inhomogeneous linear 
equations. 

1. Model preparation 

Quote the idea of transformation in Global Mappe, and convert GPS latitude and longitude to UTM 
coordinates. UTM coordinates are a projected coordinate system that divides the earth into 60 areas. 
In programming, set k_0 as the projection ratio coefficient, and calculate through UTM sub-zones, 
and finally convert the latitude and longitude into plane X, Y coordinates [2]. 
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2. Model establishment and solution 

2.1 Problem one model establishment 

Energy consumption = energy consumption of sensor node charging + energy consumption of 
mobile charger charging sensor:  

𝑍𝑍 = 𝑋𝑋 + 𝑉𝑉 × 𝑆𝑆(𝑉𝑉 ≥ 0)                            (3) 
The problem is to find the shortest distance through n sensors. The simulated annealing algorithm 
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has asymptotic convergence and is a global optimization algorithm that converges to the global 
optimal solution [3]. 

Step 1: data initialization 
Step 2: Randomly generate a solution curRoad, and calculate the objective function value currL 

corresponding to the solution curRoad. 
Step 3: select the shortest route through iteration: a new route is generated after passing through 

the neighborhood structure. If the new route is better than the current route, the current route newRoad 
is updated. By calculating the percentage difference between the total distance between the new route 
and the current route, a random number in the range of [0,1] is generated. If the random number is 
less than P, the new route is accepted. 

delta=(newL-currL)/currL                           (4) 

  P=exp(-delta/T)                                (5) 
Step 4: When the maximum outer loop is reached, the iteration is terminated, and the most optimal 

solution and route length are returned. 

2.2 Problem one model solving 

 

Figure 1: Results of the final iteration of 10000 

After many iterations, it is finally determined that the path of 10,000 iterations is the final path.And 
S总 =11.4429km. 

2.3 Problem two model establishment 

The optimal charging path should consume the least energy and ensure the continuous and stable 
operation of the entire sensor network. The minimum battery capacity of each sensor battery:  

𝑄𝑄𝑖𝑖 = 𝑋𝑋𝑖𝑖 + 𝑓𝑓                                 (6) 
Only need to calculate the minimum amount of electricity that each sensor needs to be charged; it 

can be obtained according to a simple physical relationship: 

𝑋𝑋𝑖𝑖 = 𝑡𝑡𝑧𝑧 × 𝑀𝑀𝑖𝑖                                (7) 
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  𝑡𝑡𝑧𝑧 = 𝑠𝑠
𝑉𝑉

+ 1
𝑟𝑟

× ∑ 𝑋𝑋𝑖𝑖29
𝑖𝑖=1                              (8) 

Starting from the data center, the mobile charger will charge all the sensors and the shortest 
distance back to the starting point is 1.1429×10^4 m. Substituting the sensor values and formula 6 
into formula 7 can obtain the 29-dimensional equations: 

    𝑋𝑋𝑖𝑖 = 11429×𝑀𝑀𝑖𝑖
𝑉𝑉

+ 𝑀𝑀𝑖𝑖
𝑟𝑟

+ 𝑀𝑀𝑖𝑖
𝑟𝑟

× ∑ 𝑋𝑋𝑛𝑛29
𝑛𝑛=1                        (9) 

Solving equation 8 can get 𝑋𝑋1,𝑋𝑋2,𝑋𝑋3⋯⋯𝑋𝑋𝑖𝑖 ⋯⋯𝑋𝑋𝑛𝑛 which is the amount of electricity each 
sensor needs to charge.  

2.4 Problem two model solving 

Assuming V=10m/s, r=0.1mA/s, substituting it into the model can solve the minimum capacity of 
each sensor battery. 

Table 1: The minimum capacity of each sensor battery 

Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 
3.3094 4.7802 2.7578 3.3707 2.2063 2.7578 3.9222 2.8191 2.7578 3.3707 

Q11 Q12 Q13 Q14 Q15 Q16 Q17 Q18 Q19 Q20 
2.7578 4.5351 3.9835 2.7858 2.3288 2.7578 3.3707 4.5964 3.3707 2.7578 

Q21 Q22 Q23 Q24 Q25 Q26 Q27 Q28 Q29 
2.145 3.3707 4.5964 2.145 3.3707 2.6353 2.2063 3.9222 3.3094 

 

2.5 Problem three model establishment 

Convert the relationship between the sensors into a graph theory problem, set the number of 
sensors as n, and d_ij represents the distance between the two sensors. The distance between any two 
points can be obtained by using the distance matrix. The mathematical model of the path problem[4]: 

𝑚𝑚𝑚𝑚𝑡𝑡∑ 𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖≠𝑖𝑖 𝑥𝑥𝑖𝑖𝑖𝑖                              (10) 

It is assumed that each mobile vehicle is charged with at least one sensor. Build a road map through 
genetic algorithm: 

Step1: Individual coding, using path notation. 
Step2: The genetic algorithm uses the fitness function as the basis in the evolutionary search, and 

uses the fitness value of each individual in the population to search. 
Step3: Genetic operation, through iteration, to ensure that the search is progressing in the direction 

of optimization. 
Step4: Perform crossover and mutation operations on the path to generate a new solution to further 

ensure the optimal solution. 
Step5: Record the optimal individual in the iteration, that is, record the optimal line segment. 
Step6: Iterative update, repeat step3~step5. 
Step7: The evolution is terminated and the optimal solution is obtained. 
Using the RWS method, suppose the number of distances is N and the fitness value fi of an 

individual z in the distance, then the probability Pi of this individual i is selected as:  

𝑃𝑃𝑖𝑖 = 𝑓𝑓𝑖𝑖
∑ 𝑓𝑓𝑖𝑖𝑁𝑁
𝑖𝑖=1

(𝑚𝑚 = 1,2. . . . . ,𝑁𝑁)                         (11) 
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2.6 Problem three model solving 

 

Figure 2: General map of the optimal route 

According to the analysis in the figure, the optimal path length is 12.7658km, there are two mobile 
vehicles with a longer route, and the other two vehicles have only taken one sensor station. 

2.7 Capacity problem model 

For the shortest path of four moving vehicles, it is solved by establishing multiple linear equations. 
Take the mobile car 4 as the model construction, find the total time required for the mobile car to 
complete this distance: 

𝑡𝑡𝑧𝑧4 = 𝑠𝑠4
𝑣𝑣

+ 1
𝑟𝑟

× ∑ 𝑋𝑋𝑖𝑖𝑖𝑖 (𝑚𝑚 = 3,4,17,⋯ ,26,28,29)                  (12) 

Minimum power of each sensor: 

 Xi = Mi × tz4(i = 3,4,17,⋯ ,26,28,29)                    (13) 

𝑋𝑋𝑖𝑖 = 𝑀𝑀𝑖𝑖 × (𝑠𝑠4
𝑣𝑣

+ 1
𝑟𝑟

× ∑ 𝑋𝑋𝑖𝑖𝑖𝑖 )(𝑚𝑚 = 3,4,17,⋯ ,26,28,29)               (14) 

Get the minimum capacitance of each sensor involved in mobile car 1, mobile car 2 and mobile 
car 3: 
car1:  

𝑋𝑋𝑖𝑖 = 𝑀𝑀𝑖𝑖 × (𝑠𝑠1
𝑣𝑣

+ 1
𝑟𝑟

× 𝑋𝑋𝑖𝑖)(𝑚𝑚 = 1)                       (15) 

car2:  

𝑋𝑋𝑖𝑖 = 𝑀𝑀𝑖𝑖 × (𝑠𝑠2
𝑣𝑣

+ 1
𝑟𝑟

× ∑ 𝑋𝑋𝑖𝑖𝑖𝑖 )(𝑚𝑚 = 5,6,⋯16,27)                  (16) 

car3:  

𝑋𝑋𝑖𝑖 = 𝑀𝑀𝑖𝑖 × (𝑠𝑠3
𝑣𝑣

+ 1
𝑟𝑟

× 𝑋𝑋𝑖𝑖)(𝑚𝑚 = 2)                       (17) 

Due to the existence of parameters v and r, the solution of the solution model will become 
extremely complicated, so the parameters are limited, and their values are respectively set, v=10m/s, 
r=0.1m/s, through the solution, the location of each sensor can be obtained. The minimum capacity 
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required, the capacity Q1 of line 1 is 0.0736mA, and the capacity Q2 of line 3 is 0.1123mA. 

3. Model evaluation 

3.1 Advantage 

1. Simulated annealing will accept a solution that is worse than the current solution with a certain 
probability when iteratively update the feasible solution when solving the route problem, so it may 
jump out of this local optimal solution and reach the global optimal solution.  

2. Multivariate linear equations can accurately solve this problem, combined with reality, the result 
is correct. 

3.2 Disadvantage 

1. It is necessary to continuously increase the number of iterations to obtain the optimal path. 
2. The dimension of the equation is too large, and the program runs slowly. 
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