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Abstract 
Simulation is an important process for project design. An al- 
gorithm specifically designed for close-range applications is 
described in this study. This algorithm, based on human be- 
havior, simulates the hand-held camera situation. The algo- 
rithm and a numerical example are presented. An imple- 
mentation into a CAD system has been attempted, in which 
the initial results are rather encouraging. 

Introduction 
Through several years of application, photogrammetry has 
been verified to be an efficient and economically feasible 
method for spatial data gathering. Aerial photogrammetry 
functions as the major data acquisition tool for geographic 
information systems; meanwhile, close-range s hot om am me- 
try is becomLg increasingly important for ~b/c,4M-apPlica- 
tions. Reviewing the latest International Archives of 
Photogrametry &d Remote Sensing (ISPRS, 1994), a number 
of close-range photogrammetry applications, related to CAD/ 
CAM, have been reported. These applications include the re- 
furbishment and upgrading of a petro-chemical plant (Chan- 
dler and Still, 1994), the reverse engineering for the flight 
deck of a commuter airliner (Stirling el al., 1994), as well as 
architectural tasks (Streilein and Gaschen, 1994). 

Simulation is an indispensable tool for modern surveying 
projects. Objectives such as network optimization, accuracy 
prediction, and other design goals all require simulation. Sim- 
ulation also provides the optimum tool in studying those un- 
certain factors in a controllable manner, because "it provides 
more flexibility and unlimited variation in its parameters" 
(El-Hakim, 1984). Image data simulators, such as DATAGEN 
(Doyle, 1966; Woolnough, 1973; Owolabi, 1989) have been 
implemented since the early stage of photogrammetric devel- 
opment. An aerotriangulation package frequently consists of 
a simulation module, such as BLUH (Jacobsen, 1980), PSP 
(Tseng, 1992), and others. 

Simulation for close-range applications has also been 
utilized extensively. The implementation is generally similar 
to those procedures used for aerial photography. The six ex- 
terior orientation parameters X,, Y,, Z,, and o, +, K are ex- 
plicitly defined. Next, the image coordinates are generated 
with the given object space information and sensor specifica- 
tions. Although a standard procedure, it is sometimes im- 
practical, particularly for close-range applications with 
convergent photographs. 

An algorithm is therefore designed in this study, which 
emulates the hand-held camera situation. For small objects, 
the photographer normally aims at the center of the object 
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Figure 1. An Example of 
the close-range convergent 
case. 

and either positions the camera horizontally or maintains it 
vertically (Figure 1). Analytically, this implies that either the 
x- or y-axis of the image coordinate system is parallel to the 
ground, frequently, the X-Y plane. 

The Parameters for a Photogrammetrlc Simulator 
Examining the mechanism of a photogrammetric simulator 
for aerial triangulation reveals that there are several parame- 
ters related to the flights, i.e., 

The percentage of overlap and sidelap: 
The flying height; 
The number of strips and the number of photos in each strip; 
Ground point distribution, andlor the tie point distribution. 
These points are generally distributed in a grid pattern. The 
parameter, density of these points, is determined at the will 
of user; 
The variation range of exterior orientation parameters; and 
The standard deviation of the generated observations, 
namely, the ground coordinates, photo coordinates, andlor 
other observation such as the GPS deduced projective center 
related coordinates. 

In addition, camera specifications, such as the focal length 
and the distortions, form another group of parameters. In- 
stead of specifying the number of flight strips and photos in 
each strip, the other approach involves specifying the (north, 
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east) and (south, west) corners of the block. The ground con- 
trol point file can often be edited by the user to satisfy prac- 
tical requirements. 

Due to the regularity of the aerial photo block, neither 
the coordinates of the projective centers nor the rotation ele- 
ments of the sensor have to be explicitly specified by the 
user. Frequently, this is not the situation in close-range ap- 
plications, where large tilt angles and convergent photogra- 
phy are commonly used. The other difference between an 
aerial and a close-range simulator is the image format. While 
the nine-inch (230-mm by 230-mm) format is the standard 
for aerial photography, several standards for close-range ap- 
plication are available. The formats frequently used include, 
24mm by 36mm (135-mm Camera), 60mm by 60mm, and 
230mm by 230mm (such as the Rollei LFC (A.R. Hoffman, 
personal communication, 1990) and the GSI CRC-1 (Brown, 
1984)). Together with the use of digital still cameras and 
video cameras, the image format varies even more signifi- 
cantly, e.g., the active area of the Kodak Megapixel is 8.98 
mm by 7.04 rnm. 

Based on the afore-mentioned considerations, four 
groups of parameters are included in the user interface of the 
presented close-range photogrammetric simulator, i.e., 

The sensor specification: focal length, lens distortion, and im- 
age format; 
The object space information: editable by the user; 
The exterior orientation elements: positional and rotational; 
and 
The accuracy index: standard deviations for the simulated ob- 
servations. 

The Algorithm 
Taking a photograph involves aiming at a focal point of the 
object, e.g., the center of the scene, with a tendency to main- 
tain the camera either vertically or horizontally. This behav- 
ior results in the presented algorithm. As shown in Figure 2, 
when the projective center is fixed and the center of interest 
is selected, the direction of optical axis of the camera is de- 
fined. That is, the z-axis of the image coordinate system is 
fixed in the object coordinate system. The rotation of the im- 
age space x-y plane in the object space is fixed when the x- 
axis is constrained to be parallel to the object X-Y plane. 

Mathematically, with the direction cosines of the given 
optical axis (1, m, n) and the horizontal constraint, the rota- 
tion matrix of the image coordinate system can be expressed 
as follows: 

In this case, the rotation elements are computed with the al- 
gorithm and do not require being provided by the user. In a 
practical implementation, when the photo scale is given and 
the overlap percentage is specified, both the projective center 
and the center of interest can be generated with this algo- 
rithm, provided that sufficient information regarding the ob- 
ject is made available. 

Two solutions to the rotation matrix are observed from 
the derivation stated in Appendix A. In the resulting rotation 
matrix, all the elements in both formulations have the same 
magnitude. The sign relations are illustrated in Figure 3. 

Examining the followillg collinearity equations: 

( l .m,n) / 

/ 

Optical Axis / 

Figure 2. The image and ob- 
ject space. 

Ix=. mll(x - x,) + m,,(Y - Y,) + m,,(Z - z,) 
m31(x - XJ + m,,(Y - Y,) + m,,(Z - z,) 

(2) 

The sign change of the first two rows of the rotation matrix 
indicates the sign change of the image coordinates. 

For some applications, the convergence angle (Slama, 
1980) is an important index. With the direction cosines of 
two optical axes (I,, m,, n,) and (I,, m,, n,), the sum of the 
convergence angle can be easily computed with Equation 3: 
1-e., 

1,1, + m,m, + n,n, 
cos y = 

dl: + mf + nf 41; + m: + n: 

An Example 
Two photographs are simulated for the given object space 
point distribution shown in Figure 4. The parameters chosen 
are 

focal length : 28 mm; 
point center on: (X, Y ,  Z )  = (11.0, lo., 11.5); 
the projective center 

photo 1: (X,,, Y,, Z,,) = (10.9, 7.0, 11.0); 
~ h o t o  2: (X,,, Y,,, Z,,) = (11.2, 10.0, 11.5). 

The Computed rotation matrices: 

Figure 3. The sign rela- 
tion. 
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Front View Side View 

Figure 4. The two-view sketch of an o b  
ject. 

The sum of the convergence angle is 5"3B143". The object co- 
ordinates and the generated image coordinates are listed in 
Table 1.  Once the image coordinates have been generated, 
the next step involves verifying whether the image points lie 
inside of the image format or not. A window smaller than 
the actual image format, such as 22  mm by 3 4  mrn for 2 4  
mm by 36 mm, is normally used. Next, the random errors of 
specsed distribution and magnitude can be generated and 
added on, with schemes such as those provided in Press et 
al. (1986) and Swan (1994). 

Concluding Remarks 
A photogrammetric simulator has been designed in this 
study for close-range applications. The function of this simu- 
lator is similar to the reaction of the operator, thereby being 
particularly suitable for a hand-held camera case. The project 
designed employing this algorithm can be easily executed be- 
cause the instructions are clear and close to a human's nor- 
mal reaction. The philosophy of the presented scheme 
describes the characteristics of human vision as well. That is, 
when one looks at an object, the optical axes of both eyes are 
centered on the object. 

TABLE 1. THE OBJECT A N 0  IMAGE COOROINATES 

Point X Y Z x~~ YPI x ~ s  YWZ 

1 10 10 10 -10.13 14.94 -9.74 14.56 
2 10 10 11 9.56 4.66 -9.22 4.66 
3 10 10 12 -9.05 -4.52 -8.74 -4.23 
4 10.292 10 12.707 -6.16 -10.39 -6.01 -10.06 
5 11 10 13 0.00 -12.59 0.00 -12.58 
6 11.707 10 12.707 6.06 -10.18 6.17 -10.49 
7 12 10 12 8.86 -4.32 9.12 -4.61 
8 12 10 11 9.35 4.66 9.63 4.66 
9 12 10 10 9.89 14,70 10.21 15.03 

10 10 11 10 -7.71 12.23 -6.77 12.03 
11 10 11 11 -7.39 4.66 -6.49 4.66 
12 10 11 12 -7.09 -2.30 -6.24 -2.13 
13 10.292 11 12.707 -4.93 -6.86 -419  -6.67 
14 11 11 13 -0.22 -8.61 0.44 -8.61 
15 11.707 11 12.707 4.44 -6.74 5.17 -6.92 
16 12 11 12 6.53 -2.19 7.36 -2.35 
17 12 11 11 6.80 4.66 7.67 4.66 
18 12 11 10 7.09 12.10 8.01 12.29 

The computation load of the presented algorithm is rela- 
tively less than that of the version explicitly giving the exte- 
rior orientation parameters, because the rotation matrix is 
directly formed without any requirement for trigonometric 
terms. 

An implementation of this algorithm in a CAD environ- 
ment has been conducted as a result of the increasing link- 
age between CAD/CAM and close-range photogrammetry. The 
existing CAD model provides sufficient knowledge regarding 
the object for the simulation. Utilizing the visualization tools 
provided in the CAD software allows for a detailed examina- 
tion of the simulated photo, not only from a metric point of 
view but also from a semantic one. It should be noted that, 
parallel to this study, a similar function has been imple- 
mented in a commercial photogrammetric system (Pomaska, 
1994).  This also provides additional support to the potential 
usefulness of the presented algorithm. 
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Appendix A 

The Derivation for Rotation Elements 
With the given projective center (X,, Y,, Z,) and the direc- 
tion of the optical axis (1, m, n), and assuming that the x-axis 
is parallel to the X-Y plane, the rotation matrix can be for- 
mulated. 

(1) Let the z-axis of the image coordinate system coincide 
with the optical axis. The x-axis has the direction cosine 
(p, q, r). Because the x-axis is parallel to the X-Y plane of 
the object space, 

r = 0. 

(2) Because the x-axis is perpendicular to the z-axis, 

Therefore, 

One should always take the positive sign for .\/- 
because it serves normalization. 

(3) With a right-hand system, the direction cosine (u, v, w) 
of the y-axis can be expressed with the vector product, 

(u, V, W) = ( I ,  m, n) x (p ,  q, r) (A41 

The resulting rotation matrix is, then, 
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