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Abstract – This paper describes an efficient guidance method for a space rover in an unknown and GPS-denied environment. In an 

unknown planet, it is effective for an exploration to use a method called FastSLAM that performs simultaneously localization and 

mapping using combination of a particle filter and extended Kalman filter. On the other hand, a guidance low based on the potential 

function method has been used because it does not require path planning in advance and is enable to respond to the sudden topographic 

change. However, using these methods, local minima problem in the potential field is frequently occurred when designing repulsive 

potential functions so as to avoid landmarks. The great advantage of the proposed method is that it is simple to escape local minima by 

using a repulsive particle, which is designed by using particles in a particle filter.  Experiments are performed to confirm the 

effectiveness of the proposed method.  
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1. Introduction 
It is practical and effective to perform an exploration by using a space rover in a planet where manned exploration 

is impossible. Conventional space rover identifies its position and designs a path to a destination based on terrain 

images from a satellite orbiting a planet. However, a space rover is impossible to identify its position and design a path 

to a destination in case a space rover explores a planet on which an artificial satellite does not exist, or mutual 

communication with an orbiting satellite is interrupted on account of an unexpected accident. Furthermore, the 

conventional method does not respond quickly to a sudden change in terrain because a space rover normally designs a 

path in advance. 

For such a situation, the method using SLAM and potential function method is considered as one of the effective 

methods. SLAM is the method by which a space rover performs localization and mapping simultaneously with sensors 

mounted on a space rover, and the potential function method is the way of steering to a destination and avoiding 

obstacles without a designed path in advance by generating an artificial potential field, i.e., a space rover can perform 

autonomous exploration in an unknown and GPS-denied environment with these ways. However, a space rover 

sometimes falls into local minima generated by a dense area of obstacles. In such a case, an exploration of a space 

rover will be interrupted, and continuation of a mission will be impossible. Adaptive Temperature Parallel Simulated 

Annealing (ATPSA), which is one of the global optimum solution search method, has been applied to a space rover to 

solve this problem [1, 6, 7]. This method requires iterative calculation in order to search the solution. As a result, it is 

difficult to implement ATPSA in actual equipment because it needs a great deal of time to escape local minima. In 

addition, there is also method combining genetic algorithm and the potential function method [8]. The method has also 

the problem with respect to the calculation time to solve the problem. Moreover, it is also important that a space rover 

detects accurately local minima to escape the position effectively. Gradient of velocity of a space rover was utilized to 

detect local minima in the method. However, there is a possibility to misrecognize a local minimum by using the 

decision method. 

We propose the method that combines the detecting local minima with use of particles in FastSLAM and the 

escaping local minima with potential function method. The number of resampling, which is one of processes in 

FastSLAM, varies with topography when a space rover maps an area. This variation is applied to the detection of local 

minima, and a space rover escapes local minima without iterative calculation by generating a repulsive potential on 
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particles in FastSLAM. The proposed method has advantage in terms of reduction of calculation load in comparison with 

ATPSA. Moreover, the number of times of resampling is possible to detect local minima more accurately than the 

conventional method. We confirm the effectiveness of the proposed method through the experiments. 

 

2. Guidance of Space Rover 
2.1. Equation of Motion 

Fig.1 shows definition of variable and a coordinate system related to the kinematics of a space rover. Then, the 

observation equation and the discrete-time state equation of a space rover are expressed by the following equation. It is 

assumed that the motion of a space rover is restricted in  plane. 

 

+  (1) 

 

(2) 

 
(3) 

 

(4) 

 

where  denotes the nonlinear function with state variables of a space rover,   the 

nonlinear function of observation,  the state vector of a space rover,  the variable along  axis,  the 

variable along  axis,  the attitude angle,  the state vector of the -th landmark,  the translational velocity, 

 the angular velocity,  the relative position vector between a space rover and -th landmark,  

 ,  the relative distance calculated from position of a space rover and -th 

landmark in  and  direction,  the relative distance between a space rover and -th landmark,  the relative angle 

between a space rover and -th landmark,  the sampling period,  the process noise with covariance matrix , 

 the observation noise with covariance matrix . The equation of motion considers a slip of wheels of the space 

rover sensor noise.  

 

 
Fig. 1: Definition of state variables of space. 

 

2.2. Potential Function Method 
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The potential function method is the way of steering a space rover to the destination and avoiding landmarks by 

generating an artificial potential field in an exploration area. In this method, the steering potential field is applied to 

guide a space rover to the destination, and the repulsive potential field is designed to avoid the observed landmarks. 

The potential function  consists of the sum of the steering potential function  and the repulsive 

potential function  as shown in the following equation. Figs.2 and 3 show an integrated potential field and its 

velocity field [1,5]. 

 

 
(5) 

 
(6) 

where  expresses the magnitude of the gradient of the steering potential field,  the gradient variation in the vicinity of 

the equilibrium point,  the magnitude of the gradient of the repulsive potential, the influence area of the repulsive 

potential. represents the relative position vector between a space rover and the destination. The 

command to steer a space rover is calculated from the velocity field in  and  direction. They are obtained as follows: 

 

 
 

(7) 
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By using these equations, the velocity command  and the heading angle command  are derived as the following 

equation. 

 

 
 

(9) 

 

 
(10) 

 

 
Fig. 2:  Integrated potential function. 
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Fig. 3:  Integrated velocity field. 

 

3. Method of Escaping Local Minima 
3.1. FastSLAM 

SLAM is the way by which a space rover enables to map an unknown area and to localize on the basis of observation 

obtained from sensors mounted on a space rover. [1-4] 

In this study, we apply FastSLAM to the space rover, and carry out an exploration mission. FastSLAM uses the 

particle filter for localization of a space rover and the extended Kalman filter for mapping of an unknown environment.  

FastSLAM separates the mapping from the localization to calculate the probability as the following equation [2-4]. 

 

 

(11) 

 

where   denotes the state variable of a space rover,  the map of an environment,  the observation obtained from its 

sensors,  the input,  the feature quantity of observed landmarks,  the -th  landmark,  the number of 

landmarks. A space rover is able to use the particle filter to estimate its trajectory and the low dimensional extended 

Kalman filter to construct a map with the property of (11). 

The state variable of -th  particle is defined as the following equation in FastSLAM. 

 

 (12) 

 

Here  expresses -th particle set at time ,  the state variable of a space rover to estimate its trajectory, 

 and  the mean and the covariance matrix of estimated -th landmark, respectively. The posterior probability in 

FastSLAM is expressed by a total of  particles. The new particle set  is generated from a particle set    at 

time  when the posterior probability at time  is filtered from the one at time . The generated particle set 

 reflects the input  and the observation . The update is performed in the following steps. 

 

3.1.1. Prediction 
In FastSLAM, the input  is employed to sample the state variable  of a space rover from the particle set 

, i.e., the attitude of -th particle at time  is sampled based on the following equation. 

 

 (13) 

 

Here,  shows the estimated attitude of a space rover at time , and the obtained  is added to 

the assumed particle set with the previous trajectory .  

 

3.1.2. Measurement Update 
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The posterior probability of landmark expressed the mean  and covariance  is updated 

in FastSLAM. The new mean  and covariance  at time  is calculated with EKF measurement update. 

 
 

(14) 

 

 (15) 

 

In which,  is the Kalman gain that is given by 

 

 (16) 

           

Moreover,  is the covariance matrix of the observation noise,  is the Jacobian of the observation model, 

and is defined as follows: 

 

(17) 

 

3.1.3. Important Weight 
The new particles calculated by the prediction step are weighted to reflect the observation , and the particles 

are normalized. The important weight for each particle is defined by the following equation. 

 

 

(18) 

 

with the covariance matrix 

 

 (19) 

 

3.1.4. Resampling 
The resampling step has the objectives of restraining the estimation error that occurs when a particle variance 

increases. In this study, we apply low variance resampling method for the resampling step to restrain an estimation 

error. The standard resampling step selects independently some particles from temporally particle set by using some 

random numbers. Meanwhile, the low variance resampling method selects a particle in accordance with probability 

proportional to the important weight with a single random number. In this way, the low variance resampling method is 

enable to selects properly a particle than the standard one because it uses a single random number. This random 

number  is decided from the interval . Therefore, the index  is defined as follows: 

 

 (20) 

 

The particle  is selected by the following conditional expression. 

 

 

(21) 

 

The new particle set is decided with repeating this process  times.  
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3.2. Detection Method 

The resampling step should not be performed in every step because the variance of the particles is reduced and the 

estimation error increases. It is necessary that the resampling condition is innovated to reduce the estimation error. 

Therefore, we apply the variable of the important weight to the resampling condition. A space rover can perform the 

resampling if the variance of important weight is large. i.e., we propose the effective sample size (ESS) that expresses the 

variance of important weight. The sample size is defined as the following equation. 

 

 

(22) 

 

If this is the resampling condition, ESS satisfies the following inequality.  

 

 
(23) 

 

The particles retain the map information of the landmark as shown in (11). In this way, FastSLAM promises the 

possibility of the robust mapping for a change in terrain because the many particles keep the different map information. 

However, the different map information that each particle retains converges if a space rover observes the same landmark at 

same position for a long time. This means that the important weight of each particle occurs the bias notably, and ESS 

decreases. As a result, the resampling number of times increases by the resampling condition expressed in (23). This 

characteristics is used to detect local minima in this paper.   

 

3.3. Escape Method  
The mean  of the particles used for estimating the state of a space rover is shifted by  toward the front of a space 

rover when the rover is steered to the destination to detect local minima. The covariance is varied by  according to 

average relative distance between the landmarks and a space rover. The distribution of the particles, which is represented 

by the following equation, is spread in the vicinity of the local minima. 
 

 
(24) 

 

Here  denotes the mean of the position spread the particles,  the covariance of the position, and 

the subscript  the spread particles. A repulsive potential is generated by using the spread particles that is regarded as 

repulsive particles. By spreading these repulsive particles towards the front of a space rover, it can escape local minima 

more smoothly than conventional method. 

 

4. Experiments  
Fig.4 shows the block diagram of proposed control system. denotes the destination of a space rover,  and  the 

velocity command and the heading angle command calculated by the potential function. respectively.  and  

express the position of the coordinate, the coordinate, and the attitude angle found by dead reckoning that estimates the 

state from the angular velocity of wheels in accordance with kinematics, respectively. is the translational velocity of a 

space rover. and  are the relative distance and the relative angle between a space rover and landmark observed with 

sensors mounted on a space rover.   and are the state estimated with FastSLAM. We carry out the control of a 

space rover based on these data. 

We conduct an experiment to verify the validity of the proposed repulsive particles. Figs.5 to 7 show the overview of 

the experimental environment, the system constitution, and the developed space rover, respectively. The infrared sensor is 



 

 

132-7 

used to measure the position of the landmark, and the stepping motor is used as motor. The true trajectory of a space rover 

is acquired by using a web camera. Fig.8 represents the experimental results when using the proposed repulsive particles.  

It can be seen from Figs. 8(a) to (d) that a space rover escapes the local minimum and reach the destination smoothly. 

 

6.  Conclusion 
We proposed the novel methods of escaping local minima with the repulsive particles and detecting local minima 

by the number of times of resampling in FastSLAM. Results of experiment showed that the proposed method was 

useful for guidance and control of a space rover in unknown environment. We will consider path optimization in 

future work. 

 

 
 

 
Fig. 5:  Overview of experimental environment. 

 

Fig. 4: Block diagram of proposed control system. 
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Fig. 6: System constitution. 

 
Fig. 7: Overview of space rover.   

 
Table 1. Parameters of FastSLAM 

 

Number of particles,  100 

Covariance matrix of predict,  
 

Covariance matrix of observation,  

 

Threshold of resampling,  2 

Mean of repulsive particles,  [2.7,3.0] 

Variance of repulsive particles,  0.1 

 
Table 2. Parameters of potential function. 

 
 
 
 
 
 
 
 

(attractive gradient) 0.09 

(repulsive gradient) 0.06 

(sharpness) 0.3 

(area of influence) 0.4 
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Fig. 8:  Experimental results of space rover using proposed repulsive particles.   
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