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Abstract 
The design and implementation aspects of a Geo-Calculator 
developed in a windows environment are described. Using 
this "soft" calculator, geometric entities such as coordinates, 
distances, differences of elevation, azimuths, areas, and pro- 
files can be calculated through the measurement of objects 
appearing in stereo images. The Geo-Calculator is imple- 
mented as an individual system to provide convenient geo- 
functions. Thus, it can be adapted as a separate component 
for softcopy photogrammetry, digital mapping, and geo- 
graphic information systems. Because the graphic user inter- 
face is designed to be user-friendly, no specific photogram- 
metric background is required when using the calculator. 

Introduction 
Although computers ranging from main frames to personal 
computers are available, mathematical calculators, which 
provide simple and handy mathematical functions, are still 
necessary in many cases of scientific and engineering appli- 
cations. Recently, such math-calculators have been imple- 
mented in many desk-top software packages in a windows 
environments. Analogous to such "soft" math-calculators, 
the photogrammetric%eo-~alculator presented in this paper 
is implemented on a workstation or a personal computer and 
provides geo-functions such as the determination of object 
coordinates, distances, differences in elevation, areas, pro- 
files, and other metrics by using digital stereo photographs 
and digital photogrammetry. Advantages of such a Geo-Cal- 
culator include, among others: 

Availability: these handy geo-functions may be used very 
often and can be accessed very rapidly; 
Graphic User Interface (GUI): it is designed as the panel of a 
calculator and does not require any special training to use; 
Independence: it is implemented as a separate unit in the 
windows environment and does not require any other photo- 
grammetric systems to support it; and 
Flexibility: it can be accessed any time without terminating 
major processes. 

The Geo-Calculator can be applied as a powerful tool where 
geometric information of objects from stereo photographs are 
to be generated. It can also be an important component in 
many complex systems such as softcopy photogrammetric 
systems, digital mapping and remote sensing systems, and 
geographic information systems (GIS). With the Geo-Cdcula- 
tor implemented in a windows environment, users can meas- 
ure anything seen in the images in a very convenient and 
efficient manner. This paper presents results of the design 
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and implementation of the Geo-Calculator and its applica- 
tions. 

Functionality Design 
The Geo-Calculator is designed and implemented in a win- 
dows environment. Therefore, it is also called a "soft calcu- 
lator." It could be implemented as an independent calculator 
or as a component of a complex system. Figure 1 shows the 
design concept of the Geo-Calculator. Both digital image data 
and camera orientation parameters (if available) are input 
into the calculator through a Graphic User Interface (G~I). As 
such, the images are geo-referenced using the camera orienta- 
tion parameters. The GuI is implemented using the panel of 
the calculator consisting of two parts: function buttons and 
textlgraphics display. In addition, two stereo images are dis- 
played in an image window of the Geo-Calculator where 
objects in images can be measured to support function but- 
tons in the panel. A photogrammetric processing unit is used 
as a basis for all image measurements and photogrammetric 
calculations. 

Currently, nine geo-functions have been implemented 
(Figure 2b): 

Coordnt 

Distance 

Azimuth 
Area 
Profile 
Math-Gal. 
Clear 
Cancel 

- Measuring coordinates of a point 
in the object space, 

- Measuring a spatial distance be- 
tween two points, 

- Determining difference of eleva- 
tion between two points, 

- Determining azimuth of a line, 
- Calculating area of a polygon, 
- Generating a profile of elevations, 
- Activating Math-Calculator, 
- Clearing the display area, and 
- Closing the Geo-Calculator. 

According to the functions selected, necessary photo- 
grammetric measurements have to be made using the stereo 
images displayed. Corresponding results are given in the dis- 
play area, which could be in the format of either text or 
graphics. For calculating the (X, Y, Z )  coordinates of a point, 
the image point in the left image has to be selected using a 
cursor. The system assists the user in finding the correspond- 
ing point in the right image. The point is then triangulated in 
object space photogrammetrically. 

Functions of distance, difference in elevation, and azi- 
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muth need two points. Therefore, values of these three func- 
tions can be calculated and displayed once two points are 
measured photogrammetrically. There is no hierarchy of but- ' ton pressing required. For instance, if two points at two 
street intersections are measured for calculating the distance 
between the intersections, then the difference in elevation 
between the street intersections and azimuth of the street 
segment can be obtained by pressing DH and Azimutb but- 
tons, respectively, without measuring the same points again. 
Area values are determined by measuring vertices of poly- 
gons in the images. A profile is first defined by choosing its 
two end points; once the number of profile points needed to 

1 be determined between the two end points is specified, the 
system selects and displays these points in the left image. 1 The user has to determine the corresponding points in the 
right image. A graphical display of the elevation along the 

1 profile is shown in the display area after measuring. 

Image 
Data 

1 Photogrammetric Processing 
Most of the functions included are based on a photogram- 
metric model which transforms the measured image coordi- 
nates (x,, y,) in the left image and (xz, y,) in the right image 
of a point to three-dimensional coordinates (X, Y, Z) in the 
object space. The collinearlity equations for the left image 
(Wolf, 1983) are 

Camera 
Orientation Data 
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where X,, Yo,  Z", are coordinates of the left perspective cen- 
ter in the object space; (m',,, m',,, ..., m',,) are elements of 
the rotation matrix M' of the left image; and f denotes the fo- 
cal length of the camera. The elements of the rotation matrix 
are functions of three rotation angles about three coordinate 
axes. These three rotation angles and the position of the per- 
spective center are called external orientation parameters. 

Equation 1 describes the relationship between the left 
image coordinates (x,, y,) of a point and its coordinates in 
the object space (X, Y, a. Corresponding equations for the 
right image can also be established. This implies that, for 
any point in a stereo pair, there will be four collinearity 
equations. If external orientation parameters and the focal 
length are known and the image coordinates (x,, y,) and (x,, 

I 
y,) for left and right images are measured, respectively, the 

Image Dioplay 

Window 

coordinates (X, Y, Z) can be determined using a least-squares 
adjustment. 

The orientation parameters can be calculated by measur- 
ing five or more image points appearing in the stereo image 
pair (Wolf, 1993), and then generating a photogrammetric 
model in a relative coordinate system. In order to determine 
scale, position, and orientation of the photogrammetric 
model in an absolute coordinate system, such as a state 
plane coordinate system, control points with known coordi- 
nates in both absolute and relative coordinate systems have 
to be available to determine an absolute orientation transfor- 
mation. Recent advances in the Global Positioning System 
(GPS) and inertial navigation systems (INS), in both static and 
kinematic modes, have made it possible to perform camera 
orientations without or with reduced terrestrial control 
points. A direct determination of orientation parameters 
without ground control can be realized by using GPS data for 
perspective centers and INS for rotation angles (El-Sheimy 
and Schwarz, 1993; Li et al., 1994). 

The Geo-Calculator performs relative orientation in cases 
where ground control is not available. It gives measurements 
in the absolute coordinate systems if ground control points 
or GPSIINS data are provided. 

Photogrammetric 

Pmcesslng 

Implementation Considerations 
The Geo-Calculator is designed to be flexible and portable to 
different platforms. Therefore, a windows toolkit package 
with high level window functions, which can be embedded 
in the Motif and Microsoft Windows environments, was em- 
ployed, and the Geo-Calculator presented can run on both 
UNU and ~ 0 s  operating systems. The G U  and basic functions 
of the system were developed using the C programming lan- 
guage. 

Images are displayed in a separate window where the 
photogrammetric measurements take place. In principle, ob- 
ject space information is obtained through measurements of a 
pair of stereo images which fonn a stereo model. There are 
different ways to build stereo models, for example, by using 
polarized monitors with glasses, anaglyphic image displays 
with glasses, stereo mirror systems, or others. However, in 
this system corresponding image points are found with the 
help of epipolar lines in an interactive fashion, which does 
not require additional hardware and is easily adaptable to 
any application system. 

According to Equation 1, for any point in the object 
space, its image coordinates (x,, y,) and (x,, y,) in two images 
have to be measured. In this system, the operator defines the 
image point in the left image by a mouse activated cursor, 
and then the image coordinates (x,, y,) are taken. According 
to camera orientation parameters, epipolar lines of this point 
arc calculated and displayed on two images to assist the op- 
erator in finding the corresponding image point in the right 
image (see Figure 2a). The epipolar geometry ensures that 
the corresponding image point has to be along the epipolar 
line in the right image if the orientation parameters are of 
high accuracy (Wolf, 1983). A zooming function with factors 
of 2, 4, and 8 is provided for precise positioning of the meas- 
uring cursor using the right mouse button. Once the image 
coordinates (x,, y,) in the right image are measured, the coor- 
dinates in the object space (X, Y,  can be calculated using 
Equation 1. 

In many cases, only relative entities such as distance1 
size, difference of elevation, area, and others are needed. 
Thus, the image pair may only be oriented relatively and 
with their scale adjusted without an absolute orientation in 
the ground coordinate system. This is implemented by set- 
ting an option in the data input. If the camera orientation 
parameters are not available, the system allows choosing six 
pairs of corresponding image points in order to calculate the 

Figure 1. Design concept of the Geo-Cal- 
culator. 
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(c )  
Figure 2. (a) Image display window and epipolar lines assisting the location of corresponding image points. (b) Display 
area and geo-function buttons. (c) Measuring distances D, and D, and differences of elevation H, and H,. 

relative orientation parameters. This last option is especially 
helpful, for example, in the situation where underwater im- 
ages are used to estimate the average size of a fish school, 
because there is usually a lack of ground control in the un- 
derwater environment, 

Example 
The Geo-Calculator has been implemented on a personal 
computer in the Microsoft Windows environment and on a 
SUN SPARC U workstation in the X-Motif Window environ- 
ment. 

A pair of stereo images (see Figure 2a) was taken using a 
C ~ D  camera in a residential area. Control points were meas- 
ured by conventional survey methods. Relative and absolute 
orientation parameters were detemined by a bundle adjust- 
ment using measured image coordinates and ground coordi- 
nates of the control points (Cosandier and Chapman, 1992). 
The image pair and the orientation parameters were input to 
the Geo-Calculator for photogrammetric measuring. 

Objects appearing in the image pair can be measured by 
employing functions of the Geo-Calculator (see Figure 2b). 
For example, height and footprints of buildings, height of the 
trees, positions of the road sign and the stop sign, width of 

the sidewalk, azimuth of the street, elevation profile of 
streets, and others can easily be calculated by pressing corre- 
sponding buttons and measuring image points in the image 
window. An interesting application would be the measure- 
ment of distances and differences of elevation between a iire 
hydrant and two buildings Dl, D,, HI, and H, (Figure 2c). 
This information could be used to estimate how fast the wa- 
ter from the f i e  hydrant can be used to reach the buildings 
in emergency cases. A zooming factor would be selected and 
the "Distance" button pressed (see Figures 2a and 2b); then, 
by placing the cursor at the top of the fire hydrant, image co- 
ordinates in the two images would be taken for this point. 
Subsequently, image coordinates of appropriate points of the 
closer building (e.g., a building comer) are measured. Inter- 
nally, the Geo-Calculator would calculate the ground coordi- 
nates of the iire hydrant and the building corner. Then, the 
distance D,, which is a function of the ground coordinates of 
these two points, would be determined. Also, by pressing the 
"DH" button, the difference of elevation, HI, between the fire 
hydrant and the building could be calculated without meas- 
uring the same image points again. This is because the differ- 
ence of elevation is also a well-defined function of ground 
coordinates of the same photogrammetrically triangulated 
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TABLE 1. COMPARISON BEWEEN DISTANCES CONVENTIONALLY SURVEYED AND 
THOSE MEASURED PHOTOGRAMMETRICALLY USING THE GEC~ALCULATOR. 

Point No. 1 2 3 4 5 6 7 8  
- - - 

Distance (m) 14.93 17.41 19.27 22.12 25.38 28.17 31.92 45.74 
Difference[m) 0.19 0.02 0.27 0.26 0.87 0.74 0.95 1.04 

points in object space. Distance D, and elevation difference 
H, would be determined in a similar way. 

The accuracy of the calculated parameters depends on a 
number of factors, such as quality of cameras, the photo- 
grammetric model, control points, and geometric configura- 
tion formed by camera positions and objects. In addition, the 
range between cameras and the object to be measured plays 
an important role. If the object is too close to the camera, it 
cannot be projected onto the image clearly because of the op- 
tical limit of the camera; if a large object is far from the carn- 
era, it would be represented just by few pixels in the image 
and further, small features of the object cannot be located in 
the object space accurately. It is expected that, to some ex- 
tent, the measuring accuracy may decrease as the distance 
between the camera and the object increases. A test was ac- 
complished to examine this relationship. On the site de- 
picted by Figure 2a, distances £rom the left camera to objects 
at varying ranges were measured both by conventional sur- 
veying methods and photogrammetrically using the Geo-Cal- 
culator. Distances measured by these two methods were 
compwed. In Table 1, absolute values of the distance differ- 
ences in metres are listed according to point number and 
distance from the left camera in metres. A diagram using the 
same data set illustrates the relationship between the meas- 
urement error and distance (Figure 3). Note that distance dif- 
ferences can be controlled within 26 cm for objects located 
22 m from the camera or closer. Because distances measured 
by the surveying method can be considered as being accu- 
rate, the distance differences are mainly due to photogram- 
metric triangulation, and increase as the distance from the 
camera increases. One of the major error sources is the small 
camera baseline (1.854 m) which is restricted by the hard- 
ware configuration of the data acquisition system. The larger 
measuring errors of far objects are partly caused by lower 
resolution which is a function of the distance between the 
camera and the object. Considering lower resolution at a far 
distance from the camera, a one-pixel location error in the 
image would cause a large error in the object space. To im- 
prove the measuring accuracy, the hardware configuration 
should be modified so that a wider baseline will enhance the 
photogrammetric triangulation accuracy; higher resolution 
C m  cameras will vrovide hiaher resolution for far obiects; 
definition of objects in the image space should be cabied out 
at a subpixel level; and, finally, in addition to a pair of 
stereo images forming a small intersection angle at the far 
object feature, a third image which covers the same target 
object and gives a better intersection angle should be used to 
increase the photogrammetric triangulation accuracy. 

Conclusion 
The Geo-Calculator provides convenient geo-functions that 

I can be implemented easily in various computer environ- 
ments. This soft calculator can be integrated into systems 
such as softcopy photogrammetric systems, mapping sys- 
tems, and GIS. One of the major advantages of this independ- 

ent Geo-Calculator is that simple geometric entities of objects 
appearing in the image pair can be measured without going 
through the entire procedures of main application systems. 
Such unnecessary processing can be very complicated and 
require additional computational time to perform unrelated 
operations included in the main application systems. De- 
signed in this manner, the Geo-Calculator is very user- 
friendly. No specific photogrammetric background is 
required to use the calculator. 

Further efforts will be made in automating the measur- 
ing procedures by integrating digital image matching tech- 
niques without significant computational overhead (Li, 1992). 
Additional functions may be added for other interesting ap- 
plications. 
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