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1. Introduction

This set of programs is designed to provide a test bed for the verification and testing of the
stereo camera system[1,2]. The stereo camera system can rapidly acquire the locatic;n of a large
number of sample points on a surface. The system involves a coded-laser-beam-array projector
with a programmable shutter, and a camera. The projector illuminates the surface with
predetermined patterns. Points which are illuminated by the projector are imaged on the cam-

era plane.

The stereo camera testing program consist# of three parts: a phantom program, a surface
mapping program, and an analysis program. The phantom program simulates a measurement of -
a given surface. It calculates the points on the surface, called "surface points”, which are
illluminated by the projector, and tne points on the camera plane ,cailed image points”, which
are the images of the surface points. The surface mapping program reads the image points
which were produced by the phantom program and calculates the surface points. The analysis
program compares the surface points from the phantom program and the computed surface
points from the surface mapping program, calculates the distance between the two and provides

some error statistics.

image point \

camera

projector plane

shutter plane

Figure 1. Stereo Camera System



2. The Phantom Program

The phantom program simulates a measurement process and thus provides data to be used
by the surface mapping program. It produces one file of surface points and another of image
points. The phantom program also produces a file of calibration data for the calibration option
of the surface mapping program. For a surface mapping program which does not calibrate, it

provides T and L matrices calculated directly from geometrical formulas.

2.1. The Coordinate System

The testbed programs use three coordinate systems. The world coordinate system is a
three dimensional Cartesian coordinate system which is used to measure the position of the
camera, the shutter and the surface to be mapped. Points on the surface illuminated by the
projector and surface points which are computed by the surface mapping program are measured

in this coordinate system. x, y, and z designate the three axes of this system.

The shutter coordinate system is a two dimensional Cartesian coordinate system on the

shutter plane of the projector. u and v are the two axes of this system.

The camera coordinate system is a two dimensional Cartesian coordinate system on the

camera plane. X, and y, are the two axes of this system.

When positions and parameters of the shutter ( camera ) are known, a coordinate of a
point on the shutter ( camera ) plane can be converted into a coordinate in the world coordi-

nate system, and vice versa.



2.2. Program Data

In the phantom program, the position and parameters of the shutter and the camera can
be changed. In the current version, the surface to be mapped is always a plane, the equation of
which can be changed. The size, the position, and the orientation of the calibration cube can
be changed for the surface mapping program option which calibrates the T and L matrices.

When the phantom program is invoked, it requests the following parameters from the user:

For the projector

Dist_sh, theta_sh, phi_sh
D_sh

Su, Sv
Ny Ny

For the camera

Dist_ca, theta_ca, phi_ca
D_ca

Sx, Sy
Ny, Ny

For the calibration cube

Length
Step

Axis and Angle
Xt, yt, zt

For the surface to be mapped

A B,CD

r 0,0 of the focal point of the projector
Distance from the focal point of the projector
to the center of the shutter plane

Half width and half length of the shutter plane
Number of sample points in the whole shutter
plane in u and v axis

at present, N, N, < 64

r 8,9 of the focal point of the camera

Distance from the focal point of the camera

to the center of the camera plane

Half width and half length of the camera plane
Number of sample points on the camera

in x, and y, axis

At present, Ny, Ny < 128 and are powers of 2

Length of the side of the cube

Step in u and v axis.

To control the number of the calibration

data points, the calibration cube is illuminated
by a projector at each shutter point

( u, v ) with "step” apart.

Rotation of the cube around the world ”axis”
Translation of the cube along x, y, z axis.

Equation of the surface, Ax + By + Cz + D =0



Figure 2. Parameters of the Phantom Program
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2.3. Set Up of the Projector and the Camera

The projector and the camera are set up to aim at the same point, which is chosen as the
origin of the world coordinate system. That means that the line perpendicular to the plane' of
the shutter (camera) passing through the center of the shutter (camera) surface and through the
focal point of the shutter (camera), is also passing through the origin of the world coordinate
system. Thus, for example, the shutter plane of the projet.:tor is perpendicular to the line which
passes through the focal point of the projector and the origin of the world coordinate system.—
The orientation of the plane is such that two uh_it vectors a,, a, are the same as the unit vec-
tors in the spherical world coordinate system a,, - a4. where 4, and ¢ are the parameters of the

projector. The camera is positioned in the same way as the projector.

2.4. The Phantom Program Algorithm

The phantom program requests parameters from the user. When all the parameters are
given, computation begins. The phantom program first finds the world coordinates of each
sample point on the shutter plane (called "shutter points”) of the projector. For each shutter
point, it finds the line equation of each beam which passes through the focal point of the pro-
jector and the shutter point. The phantom program then computes the intersection of the
beam and the plane to be mapped, which provides a point which is imaged on the camera

plane.

The image points are calculated by three different methods. The first is the geometrical
method. Here the equation of the line which passes through the focal point of the camera and
the actual surface point is computed. Then the phantom program calculates the intersection of
this line and the camera plane. That intersection point on the camera plane is rounded to the

nearest sample point, which is the image point we want.

The second method is the one employed in graphics. We first find the transformation

matrix T, which transforms the world coordinate into the clipping coordinate|3):

_(xeycxc 1)=(xyz1)T,



where x,, y., and z. are the clip coordinates, and x, y, z are the world coordinates of the surface
point. After it clips, the clipped coordinate is converted to the camera coordinate, which is the

image point we want.

And finally, we find the T matrix which transforms the world coordinate directly into the
camera coordinate. The T matrix is computed by multiplying T, by the perspective transfor-

mation matrix T,

The three methods are basically equivalent. The image points obtained by these methods
are compared to ensure that computational enofs due to roundoffs and catastrofic cancellations
in floating point arithmetic do not provides erroneous results. For each shutter point (u, v) on
the shutter plane, the phantom program provides the shutter points (u, v), image points (XerY )
and the intersection (x, y, z) of a beam passing through the shutter point and the surface plane,

on file unit 2.

The phantom outputs image patterns on file unit 4. These patterns are determined by
the space coding. When the surface mapping program does not calibrate the T and L matrices,
the phantom program outputs the T and L matrices on file unit 3. When the surface mapping
program calibrates the T and L matrices, the phantom program outputs the calibration data on

file unit 3.

2.5. Calibration

Calibration is the process of determining the T and L matrices[2]. These matrices are cal-
culated by the least square method[4], using data points which are measured on the surface of a
known geometrical objects, in our case a cube. To determine the T and L matrices for various
positions of the projector and the camera, the calibration cube should be properly positioned.
Two or three faces of the calibration cube should be visible to both the projector and the cam-
era, ( three is the maximum ), and there should be at least seven image points on the calibra-
tion cube. At present, the maximum number of calibration data points is 100. In the phantom
program, it is possible to vary the size and to move the calibration cube. Positioning of the

calibration cube involves rotation around the world coordinate x, Y, z axes, which can be



followed by a translation along the x, y, z axes. Since the rotation operation is not commuta-
tive, it is possible to specify rotation in any order, e.g. rotating 6, around x axis, followed by 6,
around z axis, followed by 3 around x axis, followed by 6, around y axis, etc. After completing
the rotation, translation of the cube is optionally performed. Translation is specified by xt, yt,
zt, which are the translation along the x, y, z axes respectively. By rotating and translating the
cube, it is possible to position the cube in any location, in any orientation. The position of the

calibration cube is important for the accurate calibration of the T and L matrices.

When the size of the cube is entered, the calibration cube is located with its center at the
origin of the world coordinate system, and its sides parallel to the x, y, z axes. With rotation
and translation specified, a transformation matrix H and its inverse H! are calculated. The
new position of the eight vertices and the new equation of the six faces are computed by multi-
plying them with the translation matrices, H and H, respectively[5]. Among the six faces of
the calibration cube, only the faces which are visible to both the projector and the camera are
chosen. If the numbe'r of the faces visible to both the projector and the camera is one or zero, a
different position of the calibration cube should be tried, since in this case the least square
method does not provide a meaningful solution. When the number of the faces is two or three,
intersections of the faces with the beams of the projector are calculated at each shutter point
(u, v) with "step” apart, i.e. (u + m step, v + n step), where m, n = 1, 2, ... The intersections
are imaged on the camera. The phantom program outputs the world coordinates of the inter-
sections, (x, y, z), shutter column u, and the image points on the camera plane (xg ¥5) on file

unit 3. The number of the calibration data points is controlled by the parameter "step”.

2.6. The Phantom Program

The phantom program consists of ome main program and the following procedures.
Read_Parameters, Read_Cal_Para, Initialize, Find_Tmat, Find_Lmat, l':‘ind_Ray_Eqs,
Find_Beam_Egs, Find_Beam_Planes, Map_To_Camera, Map_To_Cam_Tmat,
Map_To_Cam_Geo, Make_Image_Pattern, Output_Pattern, Find_Cal_Face,

Output_Cube_Image. Some procedures are redundant and are written to ensure the correctness



of the program.

2.6.1. Read_Parameters

This procedure reads the parameters of the projector, the camera, and the equation of
the plane to be mapped. It also writes some parameters on the calibration file (unit 3) for use

by the surface mapping programs.

2.6.2. Read_Cal_Para

This procedure reads the calibration parameters, the size of the calibration cube, step in
u, and v, and the rotation and the translation of the calibration cube. Any combination of the
axes and angles can be entered. While reading the axis of the rotation and the angle of the
rotation, this routine calculates the rotation matrix R. When it reads a character which is not
an 'x’, 'y’, or 'z’, it stops reading the rotation parameters and request translation parameters
xt, yt, zt, along X, y, and z axis. It then computes the translation T and its inverse. The H
matrix which accounts for both rotations and translations is found by multiplying the rotation
matrix R by the translation matrix T. H™! can be found by multiplying T by R™.. Rl is

equal to R* since the R matrix is orthogonal, and T is equal to a translation matrix which

translates - xt, - yt, - zt.

2.6.3. Initialize

This procedure initializes the phantom program.

2.6.4. Find_Tmat

" This procedure computes the T matrix from the camera parameters given by the user.
T, is the transformation matrix which transforms the world coordinates into the clip coordi-

nates|6)].



-F,sin(9) -Fycos(8)cos(¢)  —cos()cos(¢) 0
Fycos(6) -F,sin(f)cos(¢)  -sin(f)sin(9) 0
0 Fsin(9) - —os(¢) O
F,(-zsin(¢) zcos(¢)
Fy(xsin(6)-ycos(d))  +xcos(8)cos(s) +xc?s(0)s.in(¢) 1
: +ysin(0)cos(¢))  +ysin(6)sin(¢)
N A

where Fx =D / Sy and F, = D [ S;. T, is the perspective transformation matrix.

Vo 0 00
0 Vy,00
To=|vg vg 01
0 000

where Vo =N, /2, Vg == N, [/ 2,and Ve = ( Ny + 1) /2, Vo= (N, +1) /2. The?T
matrix is computed by

T="T, T,

2.6.5. Find_Lmat

This procedure computes the L matrix from the parameters of the projector given by the
user. All the equations are the same as for the T matrix except that the projector parameters

are used instead of the camera parameters.

2.6.6. Find_Beam_Eqgs

This procedure computes the line equation of every beam that starts at the focal point of
the projector and passes through the shutter point. The unit vectors on the shutter plane of
the proiector 2, and 3, are

-

2, =12, = iy sin(9) -i-_j.cos(ﬂ)

3, = -3, = -i cos(6)cos(¢) - } sin(6)cos(¢) + k sin(g)

where i, j, and k are the unit vectors of the Cartesian world coordinate system, and ?{,, and a,
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are the unit vectors of the spherical world coordinate system. The world coordinates of the

shutter points T, , are
- — Nh Su — Nv Sv —
= Iy + [(u——— ) - 0.5{(2— )2, + |[(V-—— ) - 0.5)(2—
Far =T+ [0 ) - 08l(2E P+ [0 ) - 05257 )&

where ?,h is the world coordinate of the center of the shutter plane of the projector. The
direction numbers a, b, and ¢ of the lines passing-through the focal point ( Xp,Ye2e ) and the

shutter point ?u.v are defined as

XXt _ Y¥r _ -2
a b c

where

a = x coordinate of ?u'v—xf
b = y coordinate of ?,,,,—yf

. -
¢ = z coordinate of ry,~zs

2.6.7. Find_Ray_Eqs

This procedure computes the line equation of every ray which starts from the focal point
of the camera and passes through the sample points of the camera plane. All the equations
are same as Find_Beam_Eqs except that camera parameters used instead of the projector

parameters. This routine is used to ensure the correctness of the T matrix.

2.8.8. Find_Beam_Plane

This procedure computes for every column u the equation of the plane which is defined
by the .focal point (x,yr,zr) of the projector and two points (u, 1), (u, Ny) on the same column
u of the shutter plane of the projector. This is used to ensure the correctness of the L matrix.
When a,,b),c, and a,,b,,c, are the direction numbers of the beams passing through the points

(u, 1) and (u, Ny) respectively, the equation of the plane is Ax + By + Cz + D = 0, where
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A = byc-bycy
B = c¢;a,—¢p3;
C = abah,

D = —xA-yB-z2{C

2.6.9: Map_to_Camera

This procedure computes the image of the surface point that is illuminated by the pro-
jector. The homogeneous coordinate of the surface point in the world coordinate system is

multiplied by transformation matrix T,.
(XeYexe 1) = (xy z 1) T,
where x., y., and z. are the clip coordinates, and x, y, z are the world coordinate of the surface
point[3]. Those points with
“2cSXeSZe and -y <Xy

are imaged on the camera plane. Finally image points are found by

X, = round((-’;i WVatVa)

Yy
Y, = round((z—e WVeo+Vey)

(J

where Vg, Vo, Vo, and Vo are defined and computed as in the procedure Find_Tmat.

2.6.10. Map_to_Cam_Tmat

This procedure performs the same calculations as Map_To_Camera. It is written to
compare the image points obtained by this procedure with that obtained by Map_To_Camera.
This procedure computes image points by multiplying the homogeneous coordinate of the sur-

face point by the T matrix and then rounding it.
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2.8.11. Map_to_Cam_Geo

This procedure performs again the same computation as the two former ones, and is
written to compare the image points obtained by this routine with those obtained by the
former methods. The equation of the line which passes through the focal point of the camera

(X¢,Y1,2¢) and the surface point (X,,¥p.2p ) is

XXe _ y-Yr _ 2%
a b c

where a = XX, b = y,~yy, ¢ == z,-2,. The equation Ax + By + Cz + D == 0 of the camera
plane is easily computed. A, B, C, and D are the direction numbers of the line which passes

through the origin of the world coordinate and the center of the camera plane (x.,¥¢,Zc)-
A = cos(0)sin(¢)
B = sin(d)sin(¢)
C = cos(9)

D = —(Ax+By.+Cz,)
Finally the intersection of the line and the plane is ( x+ta,yc+tb,z¢+tc ), where

Ax+Bye+Cze+D
Aa+Bb+Cec

The intersection point is rounded to the nearest sample point on the camera plane.

2.8.12. Make_Image_Pattern

This procedure computes the image points (X, y,) that correspond to the shutter points
(u, v). For each shutter point, the line equation of the beam that passes through the focal
point and the shutter point is already computed by the procedure Find_Beam_Egqs. In
Make_Image_Pattern the intersection of the beam and the plane to be mapped are computed,
and are imaged on the camera plane by the procedures Map_to_Camera, Map_to_Cam_Tmat,

and Map_to_Cam_Geo. The computed image points are then checked for equality.
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If the two different surface points are mapped unto the same image point on the camera,
the space coding methodology will fail to identify a proper column value for the image points
and all the surface acqusition methodology will therefore fail. To avoid this situation, only
the first shutter point which generated that image is recorded, and other shutter points are
flagged on the terminal. Such a situation essentially signals a failure of the measurement.

2.6.13. Output_Pattern

This procedure creates a file (on unit 4) of all the patterns as dictated by the space cod-
ing method. Each entry consists of pairs of x,, y,. Each pattern is terminated by the pair -1,

-1. The number of patterns is a function of the shutter parameters.

2.6.14. Find_Cal_Face

This procedure computes the new position of the eight vertices of the calibration cube
and the new equations of the six faces of the calibration cube. At first, the calibration cube is
located with its center at the origin of the world coordinate system. Denoting the length of

the edge of the cube by 2a, the homogeneous coordinates of the eight vertices of the cube are

V, = (a,a,a,1l) V, = (a,a,a,1)
Vs = (2,-3,-3,1) V,= (a,—a,a,1)
Vs = (-a,a,a,1) Vg = (-a,a,-3,1)
V, = (—a,;a,—a,l) Vg = (-a,~a,a,1)
and the homogeneous equations of the six faces of the cube are
F, = (0,0,1,-a) F, = (-1,0,0,-a)
Fsy = (0,0,-1,-a) F,= (1,0,0,-3)

F5 = (0,—1,0,—3) Fo = (0,1,0,—3)

The new homogeneous coordinate V,; of the moved vertices are found by
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VM = ViH
where H is the transformation matrix computed at the procedure Read_Cal_Para. The new
homogeneous equations of the moved faces F,; are found by|5]
. F n,i = H-I'F i

The number of the faces visible by both the projector and the camera are then computed. For
the face F; to be visible to both the projector and the camera, the focal points of both the pro-
jector and the camera should be at the same side of the face and should be at the opposite
side of the face of the vertex Vy,,. Since the sign of V'F tells at which side of the plane F lies

the point V, the faces visible to both can be determined.

2.6.15. Output_Cube_Image

This procedure finds the intersection of the beams of the projector and the faces of the
calibration cube for each shutter point, where u and v are separated by ”step”. This routine
outputs the world coordinate of the surface point, the column of the shutter which illuminated

the surface point, and the image points on the camera of that surface point.

2.6.16. Main Program

The main program opens file units 2, 3, and 4, and then calls the necessary procedures.
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3. Surface Mapping Program

This program calculates the surface point from the patterns of image points provided by
either the phantom program or by an actual measurement. There are two versions of the surface
mapping program, one which reads the T and L matrices provided by the phantom program, the
other which calibrates the T and L matrices by the least square method. The surface mapping
program reads the patterns>of image points from a file (unit 4). From this da.i:a, the procedure
computes the column of the shutter point which generated the image point, utilizing the space
coding method|2]. Using the T and L matrices, the program then solveﬁ a set of linear equations
to find the surface point. The surface mapping program consists of a main program and the fol-

lowing routines: Init, Calin, Imgin, Surout, Tmat, Lmat, Map, Column, and Setcof.

3.1. Init

This routine calls the Calin routine, and Performs initialization.

3.2. Calin

This routine reads the calibration data from file unit 3. The format of the file on unit 3

line contents
1 number of sample points along u, v axes on the shutter plane
2 number of sample points along x,, y, axes on the camera plane
3 apoint (x, y, z) on the face of the calibration cube
which is illuminated by the projector
4 column u on the shutter plane, and image point (x,,y,)

lines 3 - 4 are repeated for each illuminated point
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3.3. Imgin

This routine reads the patterns of images on the camera plane from file unit 4. File unit

4 contains lines of X, and y, for each pattern. End of a pattern is indicated by a line of -1 -1.

3.4. Tmat

This routine calculates the T matrix by the least square method utilizing the L2 routine.
The routine calculates the normalized T matrix by setting T,, = 1 and dividing every element
of the T matrix by T, The routine sets up the matrices B, C that are passed to the L2 rou-
tine to solve the equation Bx = C by the least square method, where x is the normalized T

matrix,
xt = (T11,T12,T18, T10 T21, T22, T 28, T24, Ta1, T 42, Tos)

and B, C are the least square matrices|7],

rx1 0 x!x!y!' 0 yx!z! 0 -zix! 10

[

xt x'y 0 y' ) 0 2 2yl o
B=lgo =xx! y 0 —yix! 2 0 —zix}
0o x

=yl 0 y' ¥yl o 2 -yt o1

C' = (xy,  =xltyl)
where i = 1, 2, ... N, N is the number of calibration data points, (x’,y’,z’) are the world coordi-

nates of a point on the face of the calibration cube, and (x,l,y.’) is the image point on the cam-

era plane.

When the surface mapping program does not calibrate the T matrix, this routine reads

the T matrix calculated by the phantom program.

3.5. Lmat

This routine finds the L matrix by the least square method. By setting Ly, = 1, and

dividing every element of L matrix by L,,, one finds the normalized L matrix. Following this,
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the routine calculates the matrices B, C to be passed to the L2 routine to solve the equation Bx

= C by the least square method, where x is the normalized L matrix,
X = (Ly1,LyeLizy, Loy Ly, LiagLaa)
and B, C are the least square matrices,
x! ! y! —yl! 2! -zl 1

B=la y! —yht! 2! =zl 1

where u' is the column of the shutter.

When the surface mapping program does not calibrate the L. matrix, this routine reads the

L matrix calculated by the phantom program.

3.6. Map

This routine computes the surface points using the T and L. matrices. It first finds the
column of the shutter which generated the image by calling the routine Column. Next the rou-
tine sets up a linear equation by calling the routine Setcof, and then solves the linear equation

by calling L2.

3.7. Column

This routine uses the space coding method to infer the shutter column value for each
image point.
3.8. Setcof

This routine sets up the linear equation Ax = B where x is the world coordinate (x,y, z)

of the surface point, and(1]
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Tiu-TixXs Tor-TaX, Ta-Taex,
A= |T T TorToys TszrTsys
Ly-Lyu Ly-Lpu Lg-Lyu

“Ta+T X
B = |-Tu+Tuw,
—L41+L“u

3.9. Space Coding

Space coding is used to find the column of the shutter which generated the image. In this
coding method, the number of patterns necessary to encode and decode the column is
logz( number of columns ) + 1. The space coding method is explained in detail elsewhere]1].

As an example, for the case of N, = 8, the 4 patterns of the space coding are:

columns

patterns

1 2 3 4 5 6 7 8
| —
patternl1 |O O O O O O O O
pattern2 | X X X X O O O O
patterm3 [ X X O O X X O O
pattem4 | X O X O X O X O

where "O” indicates that the column is open, and ”X” indicates that the column is closed.
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4. The Analysis Program

This program reads the file of surface points from the phantom program. This file is found
on unit 2, and it contains, for all points, the shutter coordinate (u, v), the intersection (x1,¥1,21)
of the beam which passes through the shutter point (u, v) and the surface plane, and the image
point (x,, y,) which is the image of the intersection on the camera plane. The analysis program
reads another file of computed surface points provided by the surface mapping program. This
file consists of lines of a shutter column u, an image point (x,, y,), and an computed surface
point (Xs,Y225). By comparing u, x,, and y,, the analysis program matches each surface point
from the two files. It then calculates the distance between the two, the average distance, and
the standard deviation of the distances. When the two files does not match, the program flags
the surface points which do not match. This indicates something amiss in the phantom program

or in the surface mapping program.



5. General Description of the Program Files

There are four sets of files: Phan.geo and Eye.geo, Phan.tmat and Eye.tmat, Phan.tlmat
and Eye.tlmat, and finally Phan.cal and Eye.cal. Programs beginning with ”phan” are phantom

programs, and programs beginning with "eye” are surface mapping programs.

Phan.geo and Eye.geo do not use the T and L matrices. They use purely geometrical com-
putation. Insteaci of T matrix, Eye.geo uses equations of rays which starts at the focal point of
the camera and passes through the sample points of the camera plane. Instead of L matrix,
Eye.geo uses t;quations of planes which pass through the focal point of the projector and two

points on the same column of the shutter.

Phan.tmat and Eye.tmat use the T matrix as computed from the parameters of the cam-
era, and generate the same output as the .geo programs. This provides for an independent cal-

culation which assures the correctness of the T matrix.

Phan.timat and Eye.tlmat use both the T matrix and the L matrix which is computed
from the parameters of the projector. Again the same output as .geo and .tmat programs is gen-
erated, which ensuring the correctness of the L matrix. All the previous programs do not cali-
brate the T and L matrices. All the previous set of programs are basically the same, and

Phan.tlmat and Eye.tlmat are chosen to represent the geometrical approach.

Phan.cal and Eye.cal use T and L matrices, and calibrate the T and L matrices. The T
and L matrices calibrated here should be close to the T and L matrices calculated above, which

ensures the correctness of the calibration.

The Support.2 file includes among other routines the routine L2 which solves the least
square problem. The solution of the L2 routine was compared with the International Mathemat-~

ical and Statistical Library routine LLBQF|IMSL| and was found accurate.

The analysis program is found in the file Analysis.
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8. Simulations

With the above set of programs, it is possible to simulate various situations and analyze
the output obtained, e.g. the effect of the precision of the phantom output on the accuracy of
the surface mapping program can be tested. The precision of the phantom output is determined
by the number of the sample points on the camera plane, the number of the sample points on
the shutter plane of the projector, and the precision of the intersection points of the beam of the
projector with the calibration cube. Since phan.tlmat and eye.tlmat calculate the T and L
matrices by geometrical formulas, they represent the geometrical approach and the data from

them is the bound of the accuracy which can be attained by the surface mapping program.

Table 1 illustrates the effect of the positions of the shutter and the camera on the accuracy
of the stereo camera system. With the shutter fixed, various positions of the camera has been
tried. The numbers are the average distance between the actual surface point and the computed

surface point, and its standard deviation.

Table 2 illustrates the effect of the number of sample points on the accuracy of the stereo
camera system. Here, the column headed by ”geometry” is the lower bound which can be

obtained by the stereo camera system.

In Table 3, the number of decimal places of the surface point on the face of the calibra-

tion cube has been changed.

In most situations, the calibration of the T and L matrices was satisfactory. However,
sometimes calibration does not provide accurate T and L matrices even though the condition
number from the L2 routine is not high. Table 4 illustrates the effect of the position of the cali-

bration cube on the accuracy of the stereo camera system.

This set of programs can be used to find the satisfactory position of the calibration cube:
First, find the average distance by the set of programs which use geometry. This is the lower
bound. Next, try various positions of the calibration cube until you obtain the average distance

close to the lower bound.



camera position standard
average
9 o deviation
45 60 1.26 1.33
60 60 .63 .60
90 60 32 22
135 60 29 2
210 60 1.40 2.03
135 5 6.91 21.1
135 15 91 .73
135 30 73 17
135 60 .29 12
135 75 27 12
135 85 .25 a2

Table 1. Effect of Camera Position

shutter: r = 20, § = 30, ¢ = 45, D = 4, Su, Sv = 2 NN, = 16
camera: r = 20, D = 4, Sx, Sy = 2 Ny, Ny = 32
equation of the plane: z = - 1



geometry calibration
standard standard
Ny,Ny | average average
deviation deviation
32 1.26 1.33 2.42 2.92
NNy, = 8
128 .29 31 .49 .53
32 1.23 1.42 2.04 2.62
NoNy = 16
128 31 32 .35 37
32 1.44 1.26 2.58 4.78
Ng,Ny = 32
128 .30 31 .45 .55

Table 2. Effect of Number of Sampling Points

shutter: r = 20,6 = 30, ¢ = 45, D = 4, Su, Sv =2
camera: r= 20,0 =060, ¢ =60,D =4, Sx, Sy = 2
calibration: size = 8, rotation = x 10, y 45, z 30, translation = 0, 0, 0
equation of the plane: z = -1
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number of standard
average
decimal places deviation
7 1.08 1.37
3 1.08 1.37
2 106 ' 135
1 1.06 1.32
0 4.80 6.23

Table 3. Effect of Number of Decimal Places

shutter: r = 20, § = 30, ¢ = 45, D = 4, Su, Sv = 2 Ny, Ny = 16
camera: r = 20, § = 60, ¢ = 60, D = 4, Sx, Sy = 2 Ny Ny = 32
calibration: size = 8, rotation = x 10, y 45, z 30, translation = 0,0,0
equation of the plane: z = - 1



rotations standard
average

x y z deviation

30 30 60 10.7 16.0

10 45 30 1.07 .98 NgNy =8
geometry .70 .52

30 30 60 .99 71

10 45 30 .95 ‘ .70 NyN, = 16
geometry 7 49

Table 4. Effect of Rotation of Calibration Cube

shutter: r = 20,0 =30, ¢ = 45,D = 4, Su, Sv =2
camera: r = 20, § = 60, ¢ = 60, D = 4, Sx, Sy = 2
calibration: size = 8, translation = 0, 0, 0

equation of the plane: z = -1
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8. Program Listings

8.1. Phantom Prograﬁ
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