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Abstract.  High-precision autonomous localization technique is essential for future Mars rovers. This 
paper addresses an innovative integrated localization algorithm using a multiple information fusion 
approach. Firstly, the output of IMU is employed to construct the two-dimensional (2-D) dynamics equation 
of Mars rover. Secondly, radio beacon measurement and terrain image matching are considered as external 
measurements and included into the navigation filter to correct the inertial basis and drift. Then, extended 
Kalman filtering (EKF) algorithm is designed to estimate the position state of Mars rovers and suppress the 
measurement noise. Finally, the localization algorithm proposed in this paper is validated by computer 
simulation with different parameter sets. 
 

Keywords:  Mars rover; localization; multi-information fusion; radio measurement; terrain image 

matching; extended Kalman filter 

 
 
1. Introduction 

 

With the capabilities of autonomous surface roaming and exploration, Mars rover is a high-

precision autonomous robot, which can travel for several kilometers or even further on the 

complex and unstructured surface of Mars. Therefore, the surface environment and specific 

scientific objectives on Mars can be directly surveyed through the onboard scientific instruments 

of Mars rovers. Some basic functions are essential for Mars rover long-range roaming exploration, 

such as independent path planning, localization, obstacle avoidance, and motion control, etc. 

(Bajracharya et al. 2008). Key to the success of the Mars roaming exploration missions is the 

localization algorithm, which is required to determine the rover position information in a specified 

navigation reference coordinate system (Di et al. 2008). The position information is not only a 

prerequisite for path planning but also an important input for the sub-systems of obstacle 

avoidance and motion control. It also provides important support for creating the roaming terrain 

map, safe traveling and exploring the interested areas as much as possible within its lifetime. 

Furthermore, the capability of all-weather high-precision localization is required to accomplish the 
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future exploration missions on the surface of Mars, especially on complex dangerous terrain but 

with high scientific value, which presents some new challenges (Wang 2008, Karahayit 2010, 

Gong 2013). 

Currently, Mars rovers are usually operated by remote command and telemetry using the deep-

space network (DSN), which has two aspects of deficiencies. The one is that, Mars rovers may be 

unobservable for DSN because of the rotation and revolution of Earth and Mars. At the same time, 

there is a larger communication delay between Mars and Earth (Bajracharya et al. 2008, Di et al. 

2008). Therefore, NASA and European Space Agency (ESA) are fastening much attention on 

developing the innovative localization technologies for future Mars rover missions (Wang 2008, 

Karahayit 2010, Gong 2013).  

Generally, Mars rover autonomous localization approaches mainly include inertial navigation 

(dead reckoning), celestial navigation, radio measurement, visual navigation, terrain image 

matching localization. Inertial navigation has the advantage of high autonomy, but the 

performance degrades with time due to the inertial drift and constant basis (Ojeda et al. 2004). In 

the Mars Pathfinder (MPF) and the rover Sojourner missions, the localization error was found to 

be ~10% of walking range (Ali et al. 2005), and a large localization error is inevitable in the case 

of wheel slippage and long-term drift (Maimone et al. 2006). Celestial navigation (Ning et al. 

2011) can provide the information of attitude and position regardless of time and distance, whereas 

it is susceptible to the varied atmosphere of Mars and cannot output the velocity information. In 

the MER mission, a wheel odometry and an IMU were jointly utilized to estimate rover positions 

and attitudes with a designed accuracy of 10%, sun sensors were adopted to determine the rover 

azimuth with an error of ±3° (Trebi-Ollennu et al. 2001). As a global absolute positioning method, 

radio measurement neither drifts with time nor be affected by environment (Li et al. 2014). Both 

MER and MSL mission have verified the localization effect of radio measurements, and the 

localization errors are not larger than ~10 m (Li et al. 2004). Visual navigation, as an optical 

relative navigation, is more suitable for obstacle detection and path planning in short range (Se et 

al. 2004, Li et al. 2007, Souvannavong et al. 2010). There are some deuterogenic methods 

developed based on visual navigation, such as Visual Odometry (VO) (Cheng et al. 2005) and 

Bundle Adjustment (BA) (Li et al. 2005, Di et al. 2002), etc. The former reduced the localization 

error to ~3% of the range walked, and the latter achieved the localization accuracy of 0.2% of the 

distance traveled, but their massive computing must rely on the Earth station. Terrain matching 

localization can obtain the rover’s position on a satellite map, and it's accuracy heavily depends on 

the resolution of matching image. The resolution of orbital images obtained by Mars Global 

Surveyor (MGS), Mars Reconnaissance Orbiter (MRO) and Mars Express (MEX) are partially ~10 

m, and the High Resolution Imaging Science Experiment (HiRISE) camera even has acquired 

unprecedented high-precision image with the resolution of 0.25 m (Carle et al. 2010, Li et al. 

2011, Di et al. 2005, Hwangbo et al. 2009).  

The aim of this paper is to develop a multi-information fusion based autonomous high-

precision localization algorithm that can meet the requirements of future Mars rover mission. It is 

acknowledged that a variety of localization technologies mentioned above do contribute to rover 

localization, but many of them may not be applied directly to the future Mars rover mission which 

requires long-time and high-precision navigating independently. The roaming localization of Mars 

rover only relies on the on-board computer for calculation (Bajracharya et al. 2008, Di et al. 2008, 

Wang 2008, Karahayit 2010, Gong 2013). In this paper, the radio measurement between Mars 

rover and the orbiter(s), the results of terrain image matching, and the output of gyro are 

introduced as the external measurements to correct the accelerometer constant bias and drift.  
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Fig. 1 Multi-information fusion based localization scheme for Mars rover 

 

 

Multi-information fusion based localization scheme for Mars rover is shown in figure 1. First, the 

output of the accelerometer is included into the system equation to construct the dynamic model of 

Mars rover. Then, the output of gyro is considered to get the attitude angles, the radio 

measurement is introduced to obtain the relative distance between the rover and orbiter, and the 

line-of-sight of the rover relative to landmarks through the terrain image matching based on 

camera images and orbital images. Finally, the extended Kalman filter (EKF) is adopted to realize 

multiple information fusion and high-precision positioning for Mars rover. 

 

 

2. System modeling 
 

2.1 Coordinate systems 
 

In order to describe the relative geometrical relationship between Mars rover and landing site as 

well as define the proposed navigation scheme and Mars rover dynamic model, the following three 

coordinate systems are needed.  

 
2.1.1 Mars center inertial coordinate system (ƩI) 
The origin of the Mars center inertial coordinate system oI−xIyIzI is centered on Mars, and the zI 

axis is aligned with the rotation axis of Mars, the xI axis is defined to point toward the vernal 

equinox. The yI axis completes the right-handed orthogonal coordinate system. The orbiter’s 

position and velocity parameters used for the multi-information fusion based localization 

algorithm are described in the Mars center inertial coordinate system. 

 
2.1.2 Navigation coordinate system (ƩN) 
Given that Mars rover's range of motion is very limited, the issue of Mars rover localization can 

be described as a relative positional relationship with the landing site, and then the Mars rover’s 

global position can be inferred by the global position of landing site. To this end, the navigation 

coordinate system oN−xNyNzN is defined as a local inertial frame, whose origin is centered at the 

landing site. The xN,yN,zN axis of navigation coordinate system is defined to point toward the east, 
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north, and sky, respectively. The navigation coordinate system is also called East-North-Up (ENU) 

coordinate system. The Mars rover’s position and velocity parameters are described in the 

navigation coordinate system. 

 
2.1.3 Body-fixed coordinate system (ƩB) 
The origin of body coordinate system oB−xByBzB lies in the Mars rover’s mass center, three body 

axis of symmetry are defined as three coordinate axes xB,yB,zB respectively. For simplicity, both of 

the measurements from inertial measurement unit (IMU) and navigation camera are described in 

the body-fixed coordinate system. 

 

2.2 Coordinate transformation matrix 
 

According to coordinate systems defined aforementioned, the coordinate transformation matrix 
N

BT  from the Mars rover body coordinate system Ʃ
B
 to the navigation coordinate system Ʃ

N
 is 

obtained as follows (Ning et al. 2011) 

cos cos sin sin sin sin cos cos sin sin sin cos

cos sin sin cos sin cos cos sin sin cos sin cos

cos sin sin cos cos

N

B

           

           

    

   
 

  
 
  

T     (1) 

where , ,    are the triaxial attitude angle, that is Euler angle, and the rotation sequence 

3( ) 2( ) 1( )     is adopted here.  

 

2.3 Mars rover dynamic equations 
   

For the multiple information fusion based on localization scheme proposed in this paper, we 

suppose that the high-precision 3-dimensional (3D) map of Mars rover mission area has been 

obtained by Mars orbiter lengthy precision survey in advance. Hence, the issue of Mars rover 

localization is simplified to determine its two-dimensional latitude and longitude coordinates. For 

the sake of simplicity, the Mars is assumed to be a uniform sphere. As the outputs of acceleration 

is utilized to directly construct the Mars rover’s state, both east and north components of 

acceleration are included into Mars rover state equations. The dynamic equations of Mars rover 

can be represented in the navigation coordinate system as follows (Ning et al. 2011, Xie et al. 

2012) 

3 2
( )N

B a a 




      

p Dv

v T a b ζ
                        (2) 

where p=[L, λ]
T
 is the Mars rover position vector, L is the latitude and λ is the longitude, v=[vL, vλ]

T
  

is the Mars rover velocity vector, vL, vλ are the north velocity and east velocity on the Mars surface 

respectively, Ξ[∙]3→2 denotes the operator of extracting the first two elements of a vector with three 

elements, 
 

1 0

0 1 cos

M

M

R

R L

 
  
 

D , MR  is radius of Mars. a  is the linear accelerometer output 

along body axes, ba is the acceleration bias, ζa is the output noise of white Gaussian acceleration. 
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3. Navigation measurement model 
 

3.1 Gyro measurement model 
 
A gyro is designed to measure rotation rates around three orthogonal axes, the angular rate 

measured by a gyro is represented as 

   ω ω b ζ                               (3) 

where ω  is the gyro output angular rate around body axes, ω is true angular rate, bω is the 

angular rate bias, and ζω is the white Gaussian angular rate output noise.  

To solve the issue of Mars rover 2-D localization, we only needs yaw rate ~  measured by 

gyro as measurement, so the gyro measurement model is defined as follows 

1y b                                  (4) 

where ω is true yaw rate, bω is the yaw rate bias, and ζω is the white Gaussian yaw rate 

measurement noise. 

 
3.2 Radio measurement model 
 
The parameters of orbiting radio beacons measured by the deep-space network (DSN) are 

uploaded to Mars entry vehicle and rover in advance. Generally, the period of radio measurement 

is very short compared to the period of orbiting radio beacons. Therefore, the impact of 

perturbation can be neglected here. Then, the position and velocity of an orbiting radio beacon can 

be obtained in the Mars center inertial coordinate system according to the simple two-body model 

o
o

d

dt


r
v                                  (5) 

3

o M
o

o

d

dt


 

v
r

r
                              (6) 

where ro is the position vector of the orbiting radio beacon, vo is the velocity vector of the orbiting 

radio beacon, both vectors mentioned above are defined in the Mars center inertial coordinate 

system, μM is Mars gravitational constant. 

The range measurement between the Mars rover and an observable orbiting radio beacon can 

be constructed as follows (Li et al. 2014) 

RR R                                  (7) 

where ζR 
is the range measurement noise, R is the true distance between the Mars rover and an 

observable orbiting radio beacon, it can be obtained 

   
T

o oR   r r r r                           (8) 

where r(r=f(p)) is the position vector of Mars rover, which is a function of p. 

Then, radio measurement model can be rewritten as follows 
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2 Ry R R                                  (9) 

 

3.3 Navigation camera measurement model 
 
The terrain image information around Mars rover obtained by navigation camera cannot be 

directly applied to integrated navigation and localization unless being matched with the remote-

sensing image, which is obtained by Mars orbiters and stored in on-board computer in advance. A 

perspective projection model, usually known as the pinhole camera model, is adopted here to 

simulate navigation camera measurement process. It is assumed that the two effective feature 

points extracted from the matched image are not in the same line-of-sight have been extracted 

from the matched image. The coordinates of two object points are obtained from the terrain image 

matching algorithm, which can be found from many classical textbooks and is not described here.  

The pinhole camera model projects object point ( , , )c c c

i i ix y z  to pixel point ( , )i iu v  on the  

mageplane according to the following relations (Wang 2008, Li et al. 2007) 

c

i
i c

i

c

i
i c

i

x
u f

z

y
v f

z






 



     1 2i ,                          (10) 

where f is the focal length of the navigation camera. Then, navigation camera measurement model 

can be constructed as follows 

       

3

c

c  y m m ζ
                           (11) 

where 
1

2

c

c

c

 
  
 

m
m

m
, 

c
ic i

i c c
i i i

u xf

v z y

  
    
   

m , 1 2i , ; cζ  is the navigation camera measurement 

noise. Essentially, the coordinates of object points are used to obtain the relative position of Mars 

rover. 

 

 

4. Navigation filter design 
 

In order to comprehensively utilize the output information of gyro, radio measurement, and 

results of terrain image matching to estimate Mars rover state variables and suppress navigation 

measurement noise, and then to realize multiple information fusion based high-precision 

localization for Mars rovers, the navigation filter is designed by use of the extended Kalman filter. 

 

4.1 System equations 
 

We select X=[p
T
,v

T
]

T
 as state variables, where the Mars rover’s relative position vector p and 

relative velocity vector v are all defined in the navigation coordinate system. 

Then, the Mars rover dynamic equations (Eq. (2)) can be rewritten as follows 
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    
3 2

,
( )N

B a a

t t t



 
   

      

Dv
X f X w

T a b ζ
               (12) 

Similarly, navigation observation equations defined in Eqs. (4), (9) and (11) can also be written 

as follows 

   
1

2

3

( ),

y

t y R t t

   
   

   
   
      

Y h X υ

y m

                    (13) 

The system equations utilized in the subsequent navigation filter can accordingly be defined as 

follows 

 1 1k k k  X f X w                            (14) 

 k k k Y h X υ                              (15) 

where wk and υk represent the system process noise and measurement noise respectively, they are 

assumed to be independent of each other, white and with normal probability distributions  

   ~ 0,p Nw Q                              (16) 

   ~ 0,p Nυ R                              (17) 

   TCov , =E 0k j k j w υ w υ                         (18) 

Define state transfer matrix
 
Фk+1/k 

/ 1 / 1k k k k t   Φ I F                            (19) 

     , ,t t t Φ F Φ                           (20) 

 ,t t Φ I                                (21) 

where F is the Jacobian matrix of partial derivatives of f with respect to state variable X, that is 

 

1

/ 1

,

k

k k

k











X X

f X
F

X
                           (22) 

Define sensitivity matrix Hk 

 

/ 1
ˆ

k k

k







X X

h X
H

X
                            (23) 
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4.2 Extended kalman filter 
 
Initialization: for k=0, set 

 0 0
ˆ EX X                               (24) 

  
T

0 0 0 0 0[ ] [ ]E E E   
 

P X X X X                    (25) 

EKF time update equations 

  / 1 1
ˆ ˆ,k k kk X f X                            (26) 

T

/ 1 / 1 1 / 1 1k k k k k k k k     P Φ P Φ Q                       (27) 

EKF measurement update equations 

1
T T

/ 1 / 1k k k k k k k k k



 
   K P H H P H R                    (28) 

   / / 1 / 1
ˆ ˆ ˆ

k k k k k k k kt 
   
 

X X K y h X                   (29) 

   
T T

/ 1k k k k k k k k k k   P I K H P I K H K R K                (30) 

 
 
5. Numerical simulation and analysis 
 

As the focus of this study is not including the motion trajectory planning of Mars rovers, we 

suppose the rover walk along a randomly generated two-dimensional trajectory on the surface of 

Mars, which is defined in the navigation coordinate system. The planned simulation time span is 

assumed to be 1000 seconds, and the sample step is set to 1 second. A four-order Runge-Kutta 

algorithm is selected as the numerical solver of the integral Mars rover dynamic equations. Other 

relative parameters used in the simulation are set as follows: Mars gravitational constant 

μM=4.282829×10
13

 km
3
/s

2
, Mars rotating angular rate ωM=7.0882×10

-5
 rad/s; According to the 

parameters of IMU used in the Mars Exploration Rover (MER) mission, the accelerometer bias ba 

and gyro bias bω adopted in the simulation are assumed to be [3×10
-3

, 3×10
-3

, 3×10
-3

] m/s
2
 and 

[5×10
-6

, 5×10
-6

, 5×10
-6

] rad/s respectively, the covariance matrix of white Gaussian noise ζa 
and ζω 

are set to [5×10
-8

, 5×10
-8

, 5×10
-8

] (m/s
2
)

2
 and [9×10

-8
, 9×10

-8
, 9×10

-8
] (rad/s)

2
 respectively. 

Initial state X0 is assumed as 

 
T

0 0, 0, 0.1, 0.1X  

Initial state error covariance matrix P0 is assumed as: 

2

2 2

0

2 2 4 4

10 

 

 
  
 

I
P

I

 

System process noise variance matrix Q is assumed as: 
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2 2

2 2 4 4

25

4



 

 
  

 

I
Q

I

 

Measurement noise covariance matrix Rk is assumed as: 

8

6

2 2 4 4

9 10

10

10

k





 

 
 

  
 
 

R

I

 

To comprehensively validate the effectiveness of the localization scheme proposed in this paper 

and explore the impact of satellite image resolution and accuracy of radio measurement on 

localization results, four simulation cases are implemented with different parameter setting. 

According to the scientific data from MGS, MRO, HiRISE, MER and MSL missions, the four 

cases of simulation parameters are given out in Table 1, and the corresponding simulation results 

are shown in Figs. 2-9. Since there is no drift in both the image and radio measurements, the multi-

information fusion based localization scheme for Mars rovers can effectively correct the inertial 

constant bias and drift, thus the accuracy of localization is improved. 

Computer simulation is firstly performed under the condition of case 1. As shown in Fig. 2 and 

 

 
Table 1 Four cases of simulation parameters 

Simulation case \ Parameters Resolution of satellite image (m) Accuracy of radio measurement (m) 

Simulation case 1 10 10 

Simulation case 2 10 1 

Simulation case 3 0.25 10 

Simulation case 4 0.25 1 
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Fig. 2 East and north position errors of simulation case 1 
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Fig. 3 Total localization errors of simulation case 1 
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Fig. 4 East and north position errors of simulation case 2 

 
 
Fig. 3, the accuracy of the localization scheme developed in this paper is about 20 m and 

approximately equivalent to that of inertial navigation under the conditions of lower resolution of 

satellite image and lower accuracy of radio measurement. Because there are not drift and errors 

accumulation in both the terrain image matching and radio measurement, these two external 

measurements are primarily utilized to suppress the divergent of inertial navigation errors. 

Therefore, it is unnecessary to add external sensors to IMU in this case, which is an important 

reason for integrated navigation and localization scheme was not used in early Mars rover 

missions. Obviously, it is not able to meet the localization accuracy requirement of future Mars 

rover missions. 
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Fig. 5 Total localization errors of simulation case 2 

 

 

Secondly, we improved the accuracy of radio measurement up to 1 m and adopted the same 

lower resolution satellite image used in case 1. The east and north position errors, and total error 

are shown in Fig. 4 and Fig. 5 respectively. In this case, the radio measurement becomes the 

primary external measurement to correct the inertial constant basis and drift, while the lower 

resolution of satellite image leads to large measurement noise. It can be seen from Fig. 4 and Fig. 5 

that the application of the extended Kalman filter not only suppresses the inertial drift and error 

accumulation, but also improves the localization accuracy significantly. The localization error is 

reduced within 5 m in the simulation case 2, which can basically meet the localization accuracy 

requirement for roaming exploration of recent Mars rover missions. 

Next, we tried to improve the resolution of satellite image up to 0.25 m and adopt the radio 

measurement used in case 1 with the same lower accuracy. The east and north position errors, and 

total error are given out in Fig. 6 and Fig 7 respectively. It is easily concluded from the Fig 6 and 7 

that the localization error is reduced compared to simulation case 1 and kept within 2 m, which can 

basically meet the localization accuracy requirement for future roaming exploration. In this 

simulation case, the terrain image matching navigation measurement is considered as the primary 

external measurement and fed into extended Kalman filter in order to correct the basis and drift 

and improve the accuracy of navigation and localization. It should be noticed from Figs 5 and 7 

that the localization accuracy of simulation case 3 is improved from 5m to 2m when compared to 

that of simulation case 2. Therefore, we can safely conclude that the resolution of satellite image 

has the greater impact to the total localization accuracy when compared with the accuracy of radio 

measurement. 

Finally, we tested the performance of the localization algorithm proposed in this paper under 

the simulation case 4. As before, the east and north position errors, and total error are depicted in 

Fig. 8 and Fig. 9 respectively. Because the satellite image and radio measurement with high 

accuracy are utilized and considered as external measurements included into the navigation filter, 

the inertial drift and error accumulation can be effectively suppressed and corrected, therefore, the  
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Fig. 6 East and north position errors of simulation case 3 
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Fig. 7 Total localization errors of simulation case 3 

 

 

Mars rover localization accuracy has been greatly improved. It can be found from Figs. 8 and 9 

that the localization error is reduced within 35 cm under the simulation case 4, which can 

completely meet the localization accuracy requirement for both roaming exploration and settling 

investigation. 

It should be noticed from Fig. 9 that the localization error is inferior to the resolution of satellite 

image in the simulation case 4. The same phenomenon can also be found in the simulation case 3. 

The reason why the multi-information fusion based localization errors are inferior to the resolution 

of satellite image maybe lies in the following aspects. Firstly, the performance of EKF usually 

degrades due to the serious nonlinearity in the dynamic equations and navigation measurement 

model. Secondly, the drift and noise from system model and external measurements are a bit  
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Fig. 8 East and north position errors of simulation case 4 
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Fig. 9 Total localization errors of simulation case 4 

 

 

difficult to be effectively suppressed by the navigation filter. Last not least, both the external 

measurements and position of Mars rover are defined in the different coordinate systems, which 

must be transferred into the same coordinate system in order to perform the navigation filter. Many 

factors, such as the rotation of Mars, non-ideal sphere, complex terrain, will affect the 

computational accuracy of the coordinate transform and result in a considerable deviation. For 

these reasons, the localization accuracy is close to but a bit lower than the resolution of satellite 

image in the simulation case 3 and 4. 

Di et al. discussed the Mars rover positioning problem utilizing the high-resolution satellite 

images. A lot of match points are required in order to achieve a higher localization accuracy (Di et 

al. 2011). Due to the limited computing capability onboard, the localization algorithm based on 
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multiple feature points matching and tracking is difficult to apply in the engineering practice. To 

accommodate the limited capabilities of on-board computer, only two feature points are utilized in 

the localization algorithm developed in this paper. 

 

 

6. Conclusions 
 

The capability of autonomous roaming exploration is the cornerstone for future Mars rover 

missions. High-precision localization is considered as one of the required key technologies to 

achieve autonomous roaming exploration. This paper addresses an innovative high-precision Mars 

rover localization algorithm based on radio measurements, terrain image matching, and inertial 

measurement using a multi-information fusion approach. The radio measurement and the terrain 

image matching are introduced as the navigation observables to correct the inertial constant bias 

and drift and then improve the localization accuracy of Mars rovers. Simulation results show that 

the resolution of satellite image and accuracy of radio measurement will directly affect the 

localization accuracy of the scheme. In the case of the high-precision terrain image matching and 

the radio measurement, the total localization error is less than 35 cm, which can meet localization 

accuracy requirement of the future Mars roaming exploration. 

The localization algorithm developed in this paper is a two-dimensional localization scheme. In 

order to obtain the rover’s three-dimensional position, the high-resolution three-dimensional 

terrain image of the Mars rover mission area must be pre-stored into the on-board computer. At the 

same time, the localization algorithm developed in this paper requires at least one orbiter to 

provide radio measurement during the Mars rover mission. In engineering practice, the unforeseen 

circumstances, such as the blackout of radio measurement or failure of image matching, may 

appear during the localization operation process of Mars rovers, which inevitably disable the 

navigation and localization of Mars rovers. Both the issues mentioned above should be carefully 

addressed in the further study. 
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