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Abstract—A method to measure the floor height around the 
current foothold by using fisheye stereo directed forward is 
proposed. The pose of fisheye stereo is first estimated from the 
input image, and the input images are partially rectified so that 
the floor images are projected onto the base floor which is the flat 
plane including the current foothold. This particular rectification 
not only makes the stereo matching easy and reliable but also 
enables to calculate the floor height directly from the image 
disparities. Since the method uses no coordinate conversion, the 
error arising when any measurement based on the sensor 
coordinate system is converted to world coordinate system 
through robot kinematics and so on is avoided. The experimental 
results show that the floor height measurements by the proposed 
method are quite stable against the pose changes of fisheye stereo. 
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I.  INTRODUCTION 
Knowledge about the floor surface is indispensable for a 

biped robot to walk stably. If it is unknown or changing, a 
robot needs to acquire the information about the floor surface 
by using onboard sensors. There are lots of studies which 
exploit the knowledge about floor surface to make footsteps 
planning or biped motion control.  The area which has no 
obstacle was extracted in [1], but operates under the 
assumption of an even surface. For the purpose to supply 
information to the visually impaired people, several methods 
were developed to robustly detect planes constructing curving 
from noisy sensing data [2, 3]. In order to extend the area 
which biped robot can walk, the areas of horizontal planes were 
extracted for stares or steps [4]. Moreover for uneven surface, 
the floor surface shape was represented by the occupancy grids 
[5] and the suitability for walking at local places which were 
evaluated from the local inclination and ruggedness of the floor 
surface were used to make footsteps planning [6]. Almost all 
methods convert the sensor coordinate based information to the 
world coordinate to get the 3D information of the floor surface. 
Some of such sensor coordinate based information are 
extracted from stereo images by the edge image processing [7] 
or the regional image correlation [8] , but most of them are 3D 
point clouds obtained by LRF (Laser range finder) or stereo 
cameras. 

Many methods rely on the kinematics and odometry of the 
robot for such coordinate conversion [4, 5], then resultant 
information suffers from errors arising from kinematics and the 

synchronization between image acquisition and joint angle 
readings. If the sensor pose in the world coordinate is available, 
such errors can be avoided. Some methods used motion capture 
for the purpose [9]. 

In this paper, the method to obtain the information of floor 
surface around the current foothold by using fisheye stereo (the 
stereo system whose right and left cameras mount fish-eye 
lenses) directing forward is proposed. The pose of fisheye 
stereo in the world coordinate is first estimated from the input 
image, and the input images are partially rectified so that the 
floor images are projected onto the base plane which is the 
plane including the current foothold. This particular 
rectification not only makes the stereo matching easy and 
reliable but also enables to calculate the distance of the 
matched point from the base plane which is called "floor 
height" in the rest of the paper directly from the image 
disparities. Then obtained measurements are free from such 
errors arising when any measurement based on sensor 
coordinate system is converted to world coordinate system.  

In the rest of the paper, the estimation method of pose of 
fisheye stereo camera from the input images is briefly 
introduced in the section 2. In the section 3 and 4, the method 
to rectify the input images acquired by the fisheye stereo whose 
pose in the world coordinate is known and one to calculate 
floor height from image disparities obtained from the rectified 
images are explained. In the section 5, the experiments in 
which the proposed method is applied to three fisheye stereo 
image pairs captured at the different pose are introduced and 
the experimental results show that the floor height 
measurements by the proposed method are quite stable against 
the pose changing of fisheye stereo. The summary is described 
in the section 6. 

II. POSE ESTIMATION OF FISHEYE STEREO 
In the case to use camera which has an ordinal viewing 

field for sensing the floor surface, its optical axis must be 
directed towards the floor, then it is difficult to observe 
landmarks in the environments. Since it is not necessary for 
fisheye stereo to direct its optical axes to floor for the floor 
surface observation, the possibilities capturing many landmarks 
drastically increase. Some other merits of wide field of view 
supplied by fisheye stereo are introduced in [10]. SLAM is also 
possible like [11], but here the known landmarks are used. The 
approximate pose can be given for the camera mounted on 



 

 

biped robot based on the kinematics and odometry. Since 
fisheye stereo is precisely calibrated in advance [12], 
landmarks are detected around the positions on the input 
images which are predicted from the known 3D position of 
landmarks and the approximate fisheye camera pose. The 
approximation of pose of fisheye stereo is updated so that the 
2D distance between the predicted position and detected one 
for every detected landmarks decrease. This process is repeated 
until the estimation converges. In the rest of the paper, the final 
estimation of the left camera's position and orientation are 
denoted as LCp and LCq, and right ones RCp and RCq.  

III. RECTIFICATION FOR FLOOR HEIGHT MEASUREMENT 

A. Related works 
The rectification for the stereo image processing is the 

image transformation by which epipolar line is parallel to the x 
axis. Since the stereo matching is constrained to the same y 
coordinate, it facilitate the efficiency and the reliability [13]. 
Since very quick  feedback is necessary for biped robot, the 
realtime processing method utilizing the hardware was 
proposed for the rectification [14]. There is an algorithm to  
rectify the whole of fisheye image [15], but here only the part 
imaging the floor surface around the current foothold which is 
usually lower part of the input image is rectified. There is some 
redundant degree of freedom for image transformation after 
satisfying the basic condition of the rectification. Hartley 
proposed the rectification algorithm which transforms as the 
difference of x coordinates of the corresponding points become 
close to zero [16]. Ueshiba proposed the rectification algorithm 
which transforms as the disparity of the points become equal 
when their depth are the same [17]. Here the redundancy is 
utilized to transform the input images onto the floor. There are 
some methods which project the stereo image pair onto the 
floor plane [8], but no method did it while satisfying the 
rectification condition. 

B. Rectified image coordinate system 
Though the target area of the floor surface whose height 

must be measured varies while the robot moves, it is defined in 
the world coordinate as shown in the figure 1 for the simplicity. 
The base plane which is the plane including the current 
foothold is the horizontal plane whose Y coordinate is 0, that is 
Y=0, and the target area is the rectangle whose width is wf, 
length lf, center Op, and direction θf on the base plane. There 
are two relating parameters, height_resolution and max_height. 
The former defines how much floor height corresponds to the 
disparity of one pixel. The latter defines the maximum height 
measured. Then the conditions of the image transformation are 
as follows. 

① The y coordinates on the left and right image of the 3D 
point is the same. This is the base condition of the 
rectification. 

② The disparities of the 3D points whose Y coordinates 
are 0 are 0. Most of the rectification methods in the 
literatures care about the relation between the depth 
from cameras and disparities. Since the purpose is to 

measure the floor height, then the disparities are related 
to the distance from the base plane. 

③ x and y axes are perpendicular on Y=0. This is not the 
necessary condition. 

④ The image blocks of small area on the base plane has 
almost the same size on the left and right images. This 
facilitates block matching. 

⑤ The disparity of one pixel corresponds to 
height_resolution. 

As shown in the figure 2, rectified image coordinate system 
is set on Y=0 as its origin is Op for the condition ②. The 
direction of x axis is the direction of the line of intersection 
between  the plane including LCp, RCp and Op (πin the figure 
2) and Y=0 for the condition ①. The direction of y axis is 
perpendicular to the x axis on Y=0 for the condition ③. The 
pixel size in the x direction (psize) is decided as shown in the 
figure 3 so that the disparity of one pixel corresponds to 
height_resolution around Op for the condition ⑤. The pixel 
size in the y direction is also psize for the condition ④. The 
direction of x axis at y=y' is the direction of the line of 
intersection between  the plane including LCp, RCp and Y' and 
Y=0 for the condition ①. Here Y' is the 3D point corresponds 
to (0, y') in the rectified image. When the baseline of fisheye 
stereo is not horizontal, x axes on the rectified image are not 
parallel. y axes at any x=x' are parallel. 

 

 

Figure 1.  Target area of the floor height measurement. 

 

Figure 2.  Rectified image coordinate system. 



 

 

 

Figure 3.  Decision of the pixel size. 

C. Generation of rectified image 
Most of rectification methods assume the pinhole camera 

model or it combined with any distortion model for the input 
images and use the methods of projective geometry for the 
image transformation [16]. Since such transformation can not 
be applied to fisheye image which has the viewing field larger 
than 180 degrees, here light ray based method is used. In order 
to generate the left rectified image, the light ray from the 
optical center of the left camera towards the 3D position P 
which corresponds to the center of the target pixel on the 
rectified image is converted to the image coordinate on the left 
input image. The intensity of the target pixel is calculated from 
the intensities of the four neighbor pixels on the left input 
image by bilinear interpolation. The process is applied to all 
pixels on the rectified image included in the target area to 
measure floor height. For the right rectified image, the same 
process is performed. 

IV. CALCULATION OF FLOOR HEIGHT 

A. Disparity image generation 
The disparity on the rectified image are obtained by the 

bidirectional matching [18] using SSD (Sum of Squared 
Differences) which is calculated using the square image patch 
whose size is Patch_size. The floor height which have to be 
measured is between +max_height and -max_height. Since the 
disparity of one pixel corresponds to height_resolution, the 
max_height corresponds to the disparity of 
(max_height/height_resolution) pixels. The floor height 0 
always corresponds to disparity 0. Then the search area of the 
best SSD is always between ±(max_height/height_resolution) 
pixels around the same coordinate. First for the forward 
matching, between the target pixel on the left rectified image 
and the pixels within the searching area on the right rectified 
image SSDs are calculated. When the smallest value of SSDs is 
less than the threshold Corr_thresh, the pixel on the right image 
is the matching candidate. Next for the backward matching, 
between the candidate pixel on the right image and the pixels 
within the searching area on the left image SSDs are calculated. 
If the pixel which has the smallest value of SSD is the original 
target pixel on the left image, the target pixel and the candidate 
pixel is the matching pair and its disparity is recorded at the 
same coordinate as the target pixel on the disparity image. 
Otherwise, （max_height/height_resolution）+1 which means 
there is no disparity measurement is recorded. Since the pixel 

width on the rectified image, psize, is usually much smaller 
than the height_resolution,  the disparity image can be sampled 
with the same interval "Sample" depending on the application. 

B. Calculation of floor height 
For the target pixel p(xp, yp) on the disparity image, the 

point of intersection between the light ray from the optical 
center of the left camera towards the 3D position P which 
corresponds to the center of the target pixel P and one from the 
optical center of the right camera towards the 3D position P' 
which corresponds to the center of the  pixel p'(xp+disparity(p), 
yp) is calculated The floor height is its Y value. 

V. EXPERIMENTS 

A. Experimental environments 
Two of off the shelf fisheye camera, NM33-M of OPT 

Corporation, which has the 214 degrees viewing field are used. 
Captured image whose size is 1536 x 1536 pixels is encoded to 
JPEG format and sent through USB1.1 to PC, and it is decoded 
on the PC. Only intensity information is used for the 
experiment. Figure 4 shows the projection curve of the cameras 
which was obtained by the method in [12]. The image height 
between 102.5 degree to 107 degree which could not be 
measured were extrapolated using approximated polynomial 
function gotten by the measured data. The projection curve is 
almost the spherical projection and at the periphery the angular 
resolution slightly increases. The two cameras were fixed with 
baseline length 150 mm to the tripod as shown in the figure 5. 
The tripod and the fixing part to the tripod appear in the 
captured images as shown in the figure 6. When the cameras 
are mounted on the head or the chest of the humanoid, such self 
occlusion will be considered. The landmarks for fisheye stereo 
pose estimation are shown in the figure 6. Figure 7 shows the 
world coordinate system and 3D environments. The center of 
the target area of the floor height measurement is Op(-0.4, 0.0, 
-1.0), the directionθf=0.0, the width wf=1.6 and the length 
lf=2.0 as shown in the figure 7.  

 

Figure 4.  The projection curve of NM33-M. 

B. Experimental results and evaluation 
Three input image pairs shown in the figure 8 (a), 9 (a) and 

10 (a) were captured at the three different pose, ①, ②, and ③. 



 

 

The estimated pose of the fisheye stereo for each pairs are 
depicted in the table 1. The unit of position is m, and a pose is 
represented by quaternion. The pose for ①and ② are almost 
horizontal but one for ③ is a little bit  rolling. They are also 
depicted in the figure 8 (d), 9 (d) and 10 (d). 

 

 

Figure 5.  Fisheye stereo in an experimental environment. 

 

 

Figure 6.  A fisheye image and landmarks. 

 

 

Figure 7.  The world coordinate system and 3D environments. 

TABLE I.  THE ESTIMATED POSE OF FISHEYE STEREO 

 Position Pose 
X Y Z t x y z 

① Left -0.243 1.205 -1.839 0.001 1.000 0.002 -0.009 
Right -0.396 1.213 -1.832 0.007 1.000 -0.007 -0.006 

② Left -0.240 1.204 -1.626 -0.002 1.000 0.026 -0.011 
Right -0.394 1.212 -1.619 0.004 1.000 0.018 -0.008 

③ Left -0.251 1.209 -1.427 0.032 0.999 0.027 -0.012 
Right -0.404 1.206 -1.422 0.038 0.999 0.018 -0.009 

 
The figure 8 (b), 9 (b) and 10 (b) show the left and right 

rectified images when height_resolution is 20 mm. Table 2 
shows the size of  a pixel, psize, the rectified image and the 
original fisheye image which was used to generate the rectified 
image. Rectified images are almost two times of the original 
image. If the smaller height_resolution is selected, this 
enlargement ratio increases and the reliability of the stereo 
matching on the rectified images decreases. 

TABLE II.  RECTIFIED IMAGES 

 psize Rectified image Used image 

x y x y 

① Left 2.59 707 850 745 490 

Right 774 490 

② Left 2.60 699 842 786 545 

Right 816 545 

③ Left 2.57 675 827 817 760 

Right 858 760 

 

The figure 8 (c), 9 (c) and 10 (c) show the disparity images. 
The grey level 128 means disparity is 0, and the brighter is 
higher. The pixel whose disparity was not available has black. 
There are more black pixel in the results for ①and ② than ③. 
The possible reason of this is the difference of the brightness of 
input images and will be confirmed soon. 

The results of floor height measurements when Patch_size 
is 31, max_height 200, Sample 20 and Corr_thresh 50, are 
shown in the figure 8 (d), 9 (d) and 10 (d).  

In the figure 11, measured floor heights and their 
approximations which are obtained by disparities multiplied by 
height_resolution are compared. Red crosses show the 
measured one and black dots approximated one at the section 
X=200. Solid line shows the actual height. (a) is for the pose of 
①, (b) ② and (c) ③. From the figure, measurement at around 
the beneath of the fisheye camera the measured one and 
approximated one are very close, then the approximated one 
can be used for the floor height. This will facilitate to reduce 
the calculation time.  

In the figure 12, the measured floor height for ①,  ② and  
③ are compared at the section X=200. ① is black dots,  ② red 
crosses and  ③  green square. From the figure, all 
measurements obtained at the different pose are well coincide.  
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Figure 8.  Results for the pose ①. 
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Figure 9.  Results for the pose ②. 
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Figure 10.  Results for the pose ③. 

 

 

Figure 11.  The comparation of measured floor heights and their 
approximations. 

 

Figure 12.  The comparation of measured floor heights for the different pose 
of fisheye stereo. 

VI. SUMMARY 
The method to measure floor height around the current 

foothold by using fisheye stereo directing forward was 
proposed. The characteristic point of the method is that it does 
not use coordinate conversion to get the measurement in the 
world coordinate. This avoids the error arising when any 
measurement based on sensor coordinate system is converted 
to world coordinate system through robot kinematics and so on. 
Prospective evaluation was obtained by the preliminary 
experiments. Much more precise evaluation will be performed. 
At the same time, the fisheye stereo is mounted on a real 
humanoid robot and the obtained floor height information will 
be sent to the planning module of footsteps. How to use the 
floor height measurement with substantial noise for footsteps 
planning is the interesting topic. 
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