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Abstract- In this paper hazard avoidance for the soft-landing of a lunar lander is proposed. It is done in two phases - Hazard 
detection and Guidance of the lander. The hazard detection is done by using shape from shading technique to obtain the 
digital terrain model. The lander is allowed soft-land at the selected new landing site by means of a guidance law, so as to 
minimize the rate of change of commanded acceleration of the lunar lander. Accurate soft-landing at the desired landing site 
is validated by extensive simulations for the proposed method. 
 
Keywords- Hazard avoidance, Lunar Lander, SFS, Guid-ance law. 
 

 
I. INTRODUTION 
 
Soft-Landing is a type of landing that does not result 
in damage/destruction of the vehicle or anything on 
board. For the soft-landing on the lunar surface the 
hazard avoidance algorithms are responsible for the 
detection and avoidance of the hazards by retargeting 
when necessary to a new landing site on a hazard free 
area. The hazard avoidance is a part of the powered 
descent phase of the soft-landing. The hazard 
avoidance of the lunar lander can be done by using 
inertial navigation, vision based navigation, LIDAR 
etc. In this paper a vision based hazard avoidance 
technique is considered. 
 
Hazard avoidance algorithms consist of a hazard 
detection phase and a guidance phase inorder to soft-
land the lunar lander at the selected new hazard free 
landing site. In the hazard detection phase the hazards 
on the lunar surface are detected for the selection of a 
new landing site for the lunar lander. In the guidance 
phase the soft-landing of the lunar lander at the 
selected landing site is done. The various stages of 
the powered descent phase of lunar soft-landing is 
given in Fig. (1) 

 
Lohse has developed a method for the generation of a 
digital terrain model (DTM). The DTM generated is 
very helpful for the hazard detection phase of the 
lunar soft-landing. OHara also offers a hazard 
avoidance techinque for the soft-landing on planetary 
surfaces.  
 
Zhao considers a pin point soft landing at the selected 
landing site. Here a terminal attitude constrained 
strategy is considered. These papers consider various 
methods of hazard detection and the most established 
ones are those using inertial systems and LIDAR 
technology. This paper aims to obtain a new hazard 
free landing site using an SFS algorithm and to 
develop a guidance strategy to soft-land the lander at 
this selected landing site accurately. It describes a 

complete hazard avoidance algorithm consisting of 
both the hazard detection phase and the guidance 
phase. 
 

 
Fig. 1: Powered Descent Phase of Soft-Landing 

 
Organisation of the paper is as follows. In section 2 
hazard detection on the lunar surface is described. In 
section 3 generation of digital terrain model using 
SFS technique is explained. In section 4 guidance to 
the selected new landing site is considered. Section 5 
provides the simulation results and section 6 the 
conclusion. 
 
II. HAZARD DETECTION ON THE LUNAR 

SURFACE 
 

The hazard detection phase is used to detect the 
hazards on the lunar surface such as boulders, craters, 
slopes etc which make it unsuitable for the soft-
landing of the lunar lander and image processing is 
used for the same in this paper. The initial hazard 
detection in this work is performed by a sobel edge 
detection algorithm. This stage allows the 
identification of the obvious hazards in the selected 
region.  
 
This makes it easier to identify the region of the 
probable new landing site. The hazard detection by 
using sobel edge detection algorithm is shown in the 
Fig.(2) The region containing a high intensity of 
hazards can be identified using this method. Edges 
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are significant local changes of intensity in an image. 
The sobel operator is based on convolving the image 
with a small separable and integer valued filter in 
horizontal and vertical direction. It is relatively 
inexpensive in terms of computations and easy to 
implement. 
 
The hazard detection stage is initiated at a height as 
determined by the viewing angle of the on-board 
vision sensor used. That is, the viewing angle of the 
vision sensors can normally vary in the range of 20 to 
50 degrees, and the 

 

 
Fig. 2: Sobel Edge Detection: Original and edge detected image 
 
altitude at which hazard detection is initiated depends 
on the vision sensor used as shown in Fig. (3) This 
altitude can be determined shown by the graph in Fig 
.(4). Here it is seen that according to the viewing 
angle of the vision sensor used the altitude at which 
the hazard avoidance phase commences varies. 
 

 
Fig. 3: Area for Hazard Detection 

 

 
Fig. 4: Altitude Vs Camera viewing angle 

 
The hazard detection phase is represented by the 
block diagram given in Fig. (5) The digital terrain 

model (DTM) is developed using the SFS technique 
inorder to select the final new landing site. This 
method is described in the following section. 
 

 
Fig. 5: Block Diagram: Hazard Detection 

 
III. DIGITAL TERRAIN MODEL (DTM) 

USING SFS TECHNIQUE 
 
The DTM is a 3-D elevation model of the lunar 
surface. The DTM is generated by means of a shape-
from-shading (SFS) technique. The SFS uses the 
variations in the model grey values in the grey scale 
image considered. These variations can be used 
inorder to obtain the elevation model of the surface 
under consideration. In the case of the lunar surface 
the illumination source (the sun) can be considered to 
be at an infinite distance, i.e, a point source. The light 
falling on the surface is reflected according to the 
altitude at that point. That is, the proportion of the 
reflected light varies in accordance with the altitude 
of the point under consideration and hence the 
altitude or the elevation model can be obtained using 
the variations in the model grey values of the grey 
scale image of the surface under consideration. The 
block diagram for the SFS method is given in Fig. (6) 
 

 
Fig. 6: Block diagram: SFS technique 

 
SFS is based on the fact that surface patches having 
different inclination relative to a light source are 
imaged with different brightness. It uses these 
variations in the grey values of the digital images to 
reconstruct the topography of the observed surface. 
Here the lunar surface is assumed to have a constant 
albedo (albedo refers to the ratio of reflected radiation 
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from the surface to incident radiation upon it). A 
simple reflectance model that can be used for this 
technique is: 

 

 
 

where r (i) represents the reflectance model, 
A (X, Y) the surface albedo and i the incidence angle. 
 
The Fig (7) provides an understanding of the 
incidence and emittance angles considered. i is the 
angle between normal vector at the point under 
consideration and vector to the light source, whereas 
e is the angle between normal vector and that to the 
vision sensor. is the phase angle. 

 

 
Fig. 7: Incidence and emittance angles 

 
Another reflectance model provided by the Lommel-
Seeliger law is given by: 
 

r (i, e) = A (X, Y)[ ( )
( ) ( )]  (2) 

 
where e represents the emittance angle, which is the 
angle between the normal at the point, p considered 
and the vector to the vision sensor from p. Therefore 
a better reflectance model for the application of the 
SFS technique can be obtained from the above two 
models as: 

 

r(i, e, α) = A (X, Y,α)[λ(α)
2cos(i)

cos(i) + cos(e)
+ 1− λ(α) cos(i)] 

 
Where A (X, Y,α) represents the normal albedo and 
λ(α) the limb-darkening parameter. It provides the 
contrast of shad-ing on the different regions of the 
surface under consideration. This parameter has a 
predermined value for the lunar surface. 
 
The initial model for the development of the DTM 
using SFS can be obtained by using a bilinear 
interpolation technique. The initial estimates of the 
altitude inorder to generate this model can be 
obtained by use of an altimeter. The lander obtains 

the altitudes at different points of the considered 
region to form this intial model by bilinear 
interpolation. The model grey value at an image point 
is given by: 

G(x, y) = A (α)[λ(α)
2cos(i)

cos(i) + cos(e)
+ 1− λ(α) cos(i)] 

 
where A (α) is the albedo of the surface. This model 
grey values in the object space are projected onto the 
image space. This is then compared with the observed 
grey values of the images obtained in terms of the 
altitude at each grid point. By iteratively refining the 
values for the initially unknown parameters the 
correspondence between the model grey values and 
the observed grey values can be improved until an 
optimum solution is obtained. This is done by a least 
squares adjustment technique. 
 
IV. GUIDANCE TO THE SELECTED NEW 

LANDING SITE 
 

The guidance of the lunar lander to the new hazard 
free landing site selected by means of the SFS 
technique is provided in this section. Guidance 
command is generated in an optimal control 
framework. Here three reference coordinate frames 
are to be considered, i.e, a lunar-centered frame, a 
body centered fame and a landing site centered frame. 
This is shown in the Fig. (8) All the parameters and 
values considered has to be transformed into the 
landing site centered frame for the guidance of the 
lunar lander to this landing site. 
 

 
Fig. 8: Coordinate frames with origin at the landing site, lander 

and center of the moon 
 

The transformation matrices used are: 
 

T =
cosθ cosψ
cosθ sinψ
−sinθ

 (5) 
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which is the transformation matrix from the body 
frame to the landing site centered frame, where 휃 and 
휓 represent the pitch and yaw angles respectively. 
 

T =
cosα cosβ sinα cosβ − sinβ
− sinα cosα 0

cosα sinβ sinα sinβ cosβ
  (6) 

 
which is the transformation matrix from lunar 
centered frame to the landing site centered frame, 
where α and β represent the pre-selected landing site 
longitude and latitude respectively. 
 
The lunar lander can be described by the following 
set of equations: 

Ẋ = V  
Ẏ = V  
Ż = V  

V̇ =
F
m + g − 2ω V  

V̇ =
F
m + g − 2ω V  

V̇ =
F
m + g  

 
Where R = [X, Y, Z]  and V = [V , V , V ]  are the 
positions and velocities in the lunar centered 
reference frame. F denotes the thrust force and g 
denotes the gravitational components. 
 
For the soft landing of the lunar lander a new system 
of equations in the landing site centered reference 
frame are considered as: 

ṙ = v 
v̇ = g + a 

ȧ = u 
where a is the commanded acceleration and u gives 
the rate of change of commanded acceleration, and 
r = T (R − R ) and v = T (R − R ) gives the 
position and velocity in the landing site centered 
reference frame. The performance index to be 
minimized is J = ∫ ( )u udt. Constructing the 
hamiltonian and deriving the costate equations an 
optimal feedback guidance law is obtained as: 
 
u = 60(r − r) − 60v t + 36(v − v)t

− 6(g + a )t + 9(a − a)t /t  
 
Since a landing site centered reference frame is 
considered, the landing site becomes the origin and 
r = 0, v = 0, a = −g . By applying the above 
conditions the guidance law for lunar soft-landing at 
the desired landing site becomes: 
 

u = −60r − 36vt + 9(a − a)t /t  
 
By using this guidance law the lunar lander can be 
made to soft-land at the selected new landing site. 
 

V. SIMULATION RESULTS 
 

The validation of SFS algorithm and guidance section 
are done in MATLAB. When considering a conical 
surface the intermediate result obtained using the 
bilinear interpolation technique is shown in Fig. (9) 
The surface obtained using SFS is shown in Fig. (10) 
 

 
. Fig. 9: Bilinear Interpolation 

 

 
Fig. 10: SFS: cone 

 
For The intermediate result when considering a 
slightly slanting rectangular surface is shown in Fig 
(11) and the surface obtained by SFS technique is 
shown in Fig. (12). Therefore a DTM of an image of 
the lunar surface can be generated by means of the 
SFS technique. 
 

 
Fig. 11: Bilinear Interpolation 

 

 
Fig. 12: 3-D image using SFS 
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For the guidance phase of the hazard avoidance the 
initial position and velocity of the lander is 
considered to be [819:37; 599:631; 1428:867] and 
[1115; 816; 981:82] respec-tively in the lunar 
centered reference frame. The angular velocity of the 
moon is taken as !m = 2:661699 106rad/s and the 
terminal attitude as f = 0; f = 0degrees. 
 
The Fig (13) gives the relative position history which 
is seen to be converging at the origin, i.e the new 
landing site. The relative velocity history shown in 
Fig (14) converges to zero at the selected new landing 
site. It can be seen here that the lunar lander is soft-
landed at the origin of the selected reference frame, 
that is the new landing site chosen. 
 
The trajectory of the lunar lander is shown in Fig. 
(15) It is seen that the lander is soft-landed at the 
origin, which is the new selected landing site. 
 

 
Fig. 13: Relative Position History 

 

 
Fig. 14: Relative Velocity History 

 

 
Fig. 15: Trajectory of the Lunar Lander 

 
CONCLUSION 
 
In this paper a hazard avoidance algorithm, consisting 
of two phases i.e hazard detection and guidance, for 
the soft-landing of the lunar lander has been 
developed. By SFS technique a DTM can be used to 
find the new hazard free landing site, and a guidance 
law is used to soft-land the lunar laner at the selected 
site accurately. This method can be made more 
accurate by incorporating the output of the IMU for 
abetter DTM generation. 
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