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ABSTRACT

The photogrammetry technique is widdy used for measuring 3-D shape in diverse indudtries thanks to its easy
implementation and straightforward algorithm. However, most measurements done by this technique are using asingle
camera with multi-exposure and the results are derived after a period of time. Along with the development of the CCD
and computer technology, it is now possible to use multi-camera, real-time photogrammetric measurements and the
results could be derived without much time delay. A multi-camera system avoids the error caused by time-delayed
exposure. So the new technique could be widely used in telescope surface or position measurement and control. In this
paper, the pertinent formulations, implementation and application details are discussed before a general conclusion is
drawn.

K eywor ds: Photogrammetry, multi-camera, real-time, astronomy, tel escope, measurement and control
1. INTRODUCTION

Photogrammetry is the science of dimens on measurement that allows for full-field coordinate measurements to be taken
from multiple photographs or images of physical objects to be measured. In the past, photogrammetry was mostly used
in topographic surveying, as known as topographic photogrammetry, where the heights of land, trees, and buildings
could be taken by flying over and taking multiple overlapping photographs® ° The information was drawn directly from
the measurement of the photographs. The images used were on papers, films or negatives. These image coordinate
measurements may be linear or angular, and may be between pairs of image points, or between image points and some
reference marks. Some mathematical operation and algorithm were used to make the equations that combined these
images into a three-dimensional picture possible to process with the tools at hand. From these image measurements, real
3-D coordinates and position of the measured objects in the photographs could be re-established. This technique had
been used almost since the invention of photography. However, the data gathering and the result reduction usually took
days or weeks of work. In recent years, thanks to the development of technologies and devices of digital image
processing and computer vision, photogremmetry technique has undergone rapid development. Along with the
development of CCD cameras and digital computers, the measurements of photographs could be easily implemented
directly from inside the camera and the coordinate results could be found not in days but in hours or minutes. Therefore
the technique has been widely used in many more fields, including astronomical telescopes. Now photogremmetry
together with theodolite measurement, laser ranger technique and radio holography are very important tools in surface
shape measurement. Photogrammetry has been used in such diverse fields as auto industry, aerospace industry,
archaeology, architecture, bioengineering, civil engineering, forensic analysis, mechanical inspection, plant engineering,
and surgery, as well asin the field of astronomica radio telescope, antenna. Moreover, automatic online or real-time
inspection and recognition issue can be converted to the 3-D measurement of an object under inspection, soit is possible
to apply photogrammetry technique to online measurement and hence real-time active control of telescope structure and
antenna panel.” However, there is no exact real-time photogrammetry existing yet. In this paper, we propose a direct,
multi-camera, real-time photogrammetry for future tel escope surface or position measurement and control. In the same
time, detailed formulae for coordinate cal culation and data fitting are provided and implementation detail s are discussed.
Application considerations and typical instances are also el aborated.
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2. PHOTOGRAMMETRY BASICS

Photogrammetry is essentially a 3-dimensional coordinate measuring technique that manipulates images to retrieve
information for measurement and further for monitoring and controlling application. Similar to human eyes,
photogrammetry uses at least two photographs or images of the object from different viewpoints to devel op/percept
depths of points on the object’s surface. The inherent fundamental principle is triangulization, which is also employed
by theodolites for measuring 3D coordinates, however, unlike theodalites, photogrammetry can get multiple points at a
time with virtually no limit on the number of simultaneoudy triangulated points.

Actually, the photogrammetric technique involves two stages of operation, i.e., photography and metrology, which are
both technically important for implementation of photogrammetry. Photography deals with taking images of measured
objects, in which the photographic projection principles are involved. Specifically, Photography converts the red
3-dimensiona objects into flat 2-dimensional images, and is a transformation or mapping process realized by camera on
the CCD surface. Since the dimensions are decreased by photographic process, some original information is inevitably
lost so that we cannot completely record the 3-dimensional object onto its 2-dimensional image.

Metrology is the following process that is just converse to the first stage, photography. It converts or maps the flat
2-dimensiona images back into the real 3-dimensiona world. However, since information is lost in the photographic
process, we cannot reconstruct the 3-dimensional objects completely with just one photograph. As a minimum, we
require two different photographs to reconstruct the 3-dimensional world. If this process was perfect, the two
photographs are more than enough information to perfectly rebuild the 3-dimensiona objects they represent. And in
general, more photographs are taken to use extra information in them to improve the process to finally retrieve the
3-dimensional coordinates.

3. MATHEMATICS OF BACKPROJECTION

Mathematically speaking, photogrammetry is a back projection problem. Objects or targets in 3-D coordinates are
projected into the CCD surface through a camera lens. From Methley(1986), the relationship between the object
coordinates and the CCD image plane coordinatesis:
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Fig. 1. Object and camera coordinate in photogrammetry
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In the equations, d isthe camerafocal length, and R isthe rotation matrix of the camera coordinates relative to the globe
coordinate system, so:
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Equation (1) could be re-written for the object coordinates as:
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The above equations are for one single object point. In these two equations, there are altogether 12 variables invol ved.
These are respectively 3 object point coordinates, 2 CCD image point coordinates, 1 camera focal length, 3 camera
linear coordinate positions and 3 camera angular coordinate positions. The problem of modern day photogrammetry is
usually to derive the 3-D object point coordinates from their 2-D image point coordinates. So the real variables of the
system are 9 instead 12 as the focal length of cameraisusually known beforehand and the cameraimage coordinates are
known through CCD read out process. The number of variables could be further reduced by taking the global coordinate
system same as the object coordinate origin. Without the knowledge of the object coordinates, one pictureis not enough
to solve the system equations as there are three variables for each data point. Therefore in real situation, the problem is
solved by using more cameras or more camera positions in the system. By adding one more camera, there will be 6
more variables and two more equations for each object point. For solving the two camera system, if we choose the
coordinates of the first camera as the object coordinate, we require at least 6 object points on both CCD camera planes.
In this way, the variable number and the equation number are equal. However, these equations are not really
independent. They will have an infinite number of solutions. Therefore, it is necessary to introduce a scale dimension
either for camera distance or a scale dimension in the object space. With this condition, the photogrammetry problem
could be solved by iteration and linearization. If multiple cameras are used in the system, the object position can be
estimated even more accurately as there are redundant equations provided. The variable number for a multi-camera
system is 6(m-1)+3n, where m is the camera number and n is the object point number. However, the number of
equations derived from photogrammetry is 4n. With more target points used, the number of equations is much larger
than the variable number in the system. With modern day computers, the photogrammetry equations could be easily
solved in almost real-time.

4. GENERAL DATA FITTING

The measured target point coordinates are a set of numbersin 3-D space. These numbers have to be compared with a
given set of coordinates to determine the surface errors. The given set of coordinates could be some predetermined
shape or derived from the system design. If the given data is available, this becomes a general data fitting problem. If
there are two sets of data points X={Xy,Xz,....Xn} and Y={y1,¥»,...,yn}, after a best fitting process, the variance between
these two sets of data pointsis defined as (Umeyama, 1991):

l n
&2 (R1,0) == [y, ~(cRx +t)f @
i=1

whereR (rotation) , t (displacement) andc (scale) arenecessary transformation matrices for the system of the two
sets of data points. It is possible to pre-set one or al of the matrices. Then the variance of the two data points after the
transformation is:

Proc. of SPIE Vol. 5495 679

Downloaded from SPIE Digital Library on 22 Aug 2010 to 159.226.100.201. Terms of Use: http://spiedl.org/terms



_[”(Dfﬂz )

X

2 —_ 2
£°(Rt,c)=0,

Where, tr isthe trace of a matrix, that is
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Matrix Y, hasasingular value decdmpositi on asUDV', where D=diag(d;) and d;>d,>.. >d.> 0. Sis:
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If the rank of Y, islarger or equal to m-1, then the transformation matrices are:
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In the above equations, if therank of Y, is m-1, then:
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= ®)
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5. PHOTOGRAMETRY IMPLEMENTATION CONSIDERATION

For realistic implementation, some considerations are necessary for both processes of photogrammetry. Three main
considerations are sgnificant for good photography. These are field of view, focusing and exposure. As for metrology
performance, triangulization, calibration and distance scale are of effective importance.’

5.1. Field of view

The camerdsfidd of view defines how much it sees. The wider the field of view, the more the camera sees from a given
location. In general, there is a tradeoff between the field of view of a lens and the accuracy of the camera system.
Although wider-angle lenses need less room around the object, they also tend to be less accurate. To select a camera
with an appropriate field of view is quite primary for the employment of photogrammetry.

5.2. Focusing
Focusing the lens is to make the image sharp. The range of acceptable sharpnessis called the depth of focus. Normally,

for modern camera, focusing is automaticaly finished. For a CCD camera, it is necessary to mount with appropriate
focusing.
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5.3. Exposure

For photogrammetry purposes, it is desirable to set the targets bright and the background dim. When retro-reflective
targeting is used, the target and background exposures are almost completely independent of each other. The target
exposure is completely determined by the flash power while the background exposure is determined by the ambient
illumination. The amount of background exposure is controlled by the shutter time.

5.4. Triangulization

Triangulization involves two aspects: Target position triangulization and Triangulization geometry. The former just
means to require the target separations to be known accurately, and there is enough signal-to-noise in the CCD image so
that interpolation of the centroid of the imaged targets can be performed to sufficient accuracy. Triangulization
geometry meansto figure out the relative positions between cameras and those between cameras and targets that form a
number of triangles for mathematic reduction. Normally, it is necessary to number all thetargets and all the cameras.

5.5. Calibration

Before carrying out measurement, cameras, CCD or lenses must be precisely calibrated to remove errorsthat are present
in the system. The cameras should be calibrated at the time of measurement, and under the environmental conditions
that exig (temperature, humidity, etc.) at the time of measurement. Thisis far superior to relying on an old and possibly
outdated laboratory calibration that may have been done under dramatically different conditions than that existed at the
time of measurement. And for a better thorough calibration you must measure a minimum number of images taken from
a minimum number of different locations. Also, you must have a minimum number of well-distributed targeted points
on each image and for the entire measurement.

5.6. Distance Scale

Photogrammetric measurements are inherently dimensionless. To scale a photogrammetric measurement, there must be
at least one known distance, as means that, from the actual coordinates beforehand of some targeted points, it is feasible
to compute the distances between these points and use these to scale the measurement. It is highly recommended to use
more than one distance to scale the measurement, to enhance the scale accuracy, and more importantly, to help find
scaleerrors.

5.7. Non-contact targeting

Normally, photogrammetry requires to target and/or touch points of interest on the object to be measured, which has
been limited its acceptance in some areas. In recent years, there emerges a new non-contact targeting photogrammety
technique that removes this constriction in particular applications.*® The new technique is especially suited to surface
measurement and non-contact metrology, for example, measurement of delicate precision antenna panel surface. Its
main task is to remove the necessity to target the measured object. This paper examines a hew non-contact targeting
technique that uses a high power stroboscopic projector, which is commercialy available, to project dots or "targets’
onto the object. The target projection system is particularly well suited to surface measurement and non-contact
metrology in general. The projector works much like an ordinary dide projector. A light source illuminates a target
dide. Thisilluminated pattern passes through a series of lenses that magnify the dlide and project and focused it onto the
object. The actual construction of the projector is complicated by the need to accurately control the whole process. The
greatest concern is the stability of the dot pattern, tantamount to moving the physical target point, during the
measurement.

6. APPLICATION TO ASTRONOMICAL TELESCOPES

6.1. General consideration of application

Up to date, amost al photogrammetry uses a single camera, and multiple camera positions during the surface or target
measurements. There is no widely used photogrammetry which is performed in the red time by multi-camera
measurements. There are a number of reasons behind that. Firstly, it is rather difficult to form a global coordinate
system by exposures on different camera positions. In any system or surface measured, there will be hundreds or
thousands of target points. During the photogrammetry process, the targets form their images in the CCD cameras while
the camera position and orientation are changed. It is very difficult for a computer or cameraitsef to establish the right
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global coordinate system and to get the right numbering of all these image points. In the practical photogrammetry,
encoded target points have to be used for the computer or human to find the same image points of different exposures
for the same object target point. Secondly, in the photogrammetry process, it is necessary to add scaled targets (targets
with known distance between them) or other reference targets with known coordinate relationship. The scaled targets
are used to finally solve the equations, and the other reference targets are used to get the estimation of the camera
positions for further camera position iteration. It is also difficult for the computer to distinguish these special targets
from other object targets. Human intervention is sometime necessary for dealing with these special targets. Thirdly, the
cost of an accurate, large scale CCD camera and the related software used to be very expensive. This aso makes the
red-time multi-camera system difficult. Now the photogrammetry cameras used are mostly from photogrammetry
professionals, the cameras will be used for various surface measurements under different working conditions. Fourth,
the data memory cards for CCD pictures used to be limited and the computer calculation time which includes the data
fitting and some fancy graphics was rather long, so the real-time process was impractical.

However, dl these limitations have been changed along with the development of the CCD camera and the computer
calculation technique. Now CCD cameras are very cheap and computer calculation is very fast. The software required is
also not so difficult to write. It is now very promising to use a multi-camera, real-time photogrammetry system in the
astronomical tel escope field. This multi-camera, real-time photogrammetry could be used for surface or position setting.
It could aso be used to monitor or control any thermal or gravitational distortion of a structure, to find out the red
surface shape of a structure or surface during the observation.

For astronomica antennas with a radome, the CCD cameras used for a real-time photogrammetry system could be
arranged on the top of radome. Target points could be formed by projecting some laser light source to the surface
through a small projector. Since the cameras are fixed over the dome, the global coordinate system correction could be
performed more easily. There is no confusion for the computer to find out which image point is from which object
target. The scaled target could be arranged in the fixed position of the antenna, so the software could find these image
points easily. In this system, it may not be necessary to use encoded targets at all. These special targets require a specia
strategy in the software to be identified. Since al the cameras get the pictures in the same time, the photogremmetry
could be done even during the antenna observing period. There will be no error caused by structure movement or other
quick changes during photogremmetry process. For an Arecibo styled very large antenna, CCD cameras could be
arranged on the suspended cables. High reflecting target tapes could be used as target points on the surface. If reflecting
targets are used, it is necessary to used a flash light during exposure. If the photogrammetry process is connected to the
control system, the information from the real-time calculation could be feed back to the control system to adjust the
surface shape in the real-time. For alarge optical mirror support system, multi CCD cameras have to be under the mirror
supporting structures, and specid photo diodes fixed on the support sructures may be used as target points.
Photogremmetry can be used for pre-setting the support system and for monitoring the system. At present, the accuracy
of photogrammetry is about one part in 100,000 or even one part in 1,000,000, which is quite capable and sufficient for
many applications.

6.2. Application to astronomical telescopes

Last century saw a variety of radio telescopes built, from the largest fixed Arecibo 305 m reflector to 100 m fully
steerable dishes of Effelsberg and Green Bank, from single filled dishes to big interferometry arrays. In recent years,
due to new science driver, theradio astronomy focus has been moving to wavebands such asthat from the far infrared to
sub-millimeter and to millimeter sections of the electromagnetic spectrum.® Because of operating frequency higher and
corresponding wavelengths shorter than ever, the design of such telescopes is difficult. It involves a number of new
technologies to achieve al weather stable surface and pointing accuracy of radio astronomical telescope, such as
red -time precise measurement and control of antenna panels, further active surface technology is employed. Moreover,
as the very highlights of current astronomical telescope advance, extremely large ground-based optical telescopes (ELT)
are prop(l);sed and initiated, active and adaptive structure technique is promising to contribute to the realization of ELT
projects.

Seeing that delicate nature of some antenna pane's and distant nature of antenna surface require non-contacting, optical
structural measurement techniques. Photogrammetry is a leading candidate technology for measuring the static shape
and/or motion of future telescope structures. It offers the simplicity of taking photographs with good to excellent
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measurement precision. Current digital photogrammetry can obtain 3-dimensional coordinate accuracies in the 25 um
range. Photogrammetry also allows multiple measurements to be taken smultaneoudy over a broad field of view. This
makes the measurement technique appropriate for displacement measurements because of a static applied load, say,
physical force or thermal effect, or positional repeatability. With related computer technologies advancement, it is
possible to realize real-time measurement and control of radio telescope surface panels and structures by
photogrammetry technique. Many existing radio telescopes used this technique to reset reflecting pands, such as
Arecibo 305 m reflector, and newly developed sub-millimeter (SM) and millimeter antennas (MM) are using it to
measure pands and to control surface. Its pholosophy is also used for active control of compensation for structural
deformation of future ELT.

The Atacama Large Millimeter Array (ALMA) isan array of 64 Antennas with 12 m aperture making atotal area up to
7,200 m® Thire Reflector Surface Accuracy goal is as high as some 20 microns. For the prototype antenna the
contractor will provide a surface setting accuracy of 100 microns. Precision measurement of the surface was done by the
ALMA Project using holography or may be done by using photogrammetry. *°

The largest single fixed radio telescope in the world Arecibo 305 m reflector went into operation in 1963. Its spherical
surface is composed of 38,788 perforated aluminium panels. Deviation of these panels from an ideal spherical surface
requires routine reseting. Previous adjustment of this surface has been based upon theodolite measurements. For
optimum performance requirment, the overall rms surface error should be less than 1/20 wavelength, namely 3 mm rms
at 10 GHz, and it is believed that the panels themselves have an error of approximately 1 mm. Thus, the primary
reflector surface adjustment error should idedly be below 2 mm rms, which could not be achieved by theodolite,
Photogrammetry was chosen to be the only practical means to achieve this level of accuracy and photogrammetric
surveys of the primary reflector surface were performed three iterations during 2000 to 2001.**2

Therma distortion is critical to space antennas and SM/MM antennas® '® There are many characteristics of
photogrammetric measurements that enable it suitable for thermal -distortion measurements. One of the main benefits is
that the system only needs an optical path between camera and to-be-measured object but not a physical one. This
allows the measuring camera to be safely outside the thermal chamber or in athermally conditioned environment while
the to-be-measured object is exposed to extreme conditions. Another benefit is that in-plane distortion measurements are
possible for photogrammetric measurement technique. Often, the objects arereatively flat and do not have features that
can be used as landmarks, say, reflector dish for antennas. ** Because photogrammetry uses small lightweight targets as
landmarks or use non-contact targets, it is smple to get distortion measurements of a particular spot on the
to-be-measured object in all three dimensions.

For space deployable antennas, often there is a need to measure how well the motion of a particular mechanism
repeates.”® Photogrammetry can easily measure the repeatability of end-stops and commanded positions. These
measurements can be used to determine the hysteresis and positional errors of the internal sensors. The targets can be
placed on a wide variety of surfaces to give a three-dimensional measurement of the differences between object
positions.

As mentioned before, it is possible to apply photogrammetry technique philosophy to online measurement and hence
red -time active control of telescope structure and antenna panel, since real-time inspection and recognition issue can be
converted to the 3-D measurement of an object under ingpection. A promising concept for a system for measuring the
surface of the Large Adaptive Reflector (LAR) and structure of ELT has emerged.”** This concept is based on smple
triangulation methods used by photogrammetry technique but takes advantage of the properties and accessibility of the
reflector pands to measure points on the surface without the need for a laser device. A CCD camera and at least 4
measurement points per pand are employed to measure the surface to an accuracy of about 200 microns over a range
from 2to 12 meters. Structuraly, it seems evidently impossible to adopt 'above-the-surface’ measurement scheme. Thus,
the measurement system below the surface is a good alternative. Although there are restrictions on the capability of any
particular measurement device to see multiple panels due to the backup structure and actuators as well as the geometry
of the surface through its entire range of actuation. It is possible to directly measure one or more points on the back of
each panel and operate them in groups. By setting measure points on the triangular backup structure, it is possible to
monitor the structure deformation during operation to actively compensate for it to some extent by actuators to relieve
final precise surface adjustment.
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7. CONCLUSIONS

Photogrammetry technique has wide potential to be used in the astronomica telescope field. In general, specific
applications of photogrammetric technique to astronomical telescopes would be antenna panel measurement, pane
positioning, active surface controlling, thermal distortion monitoring, structural gravity static deformation monitoring
and active compensating for sub-millimeter and millimeter radio telescopes, and even deployment repeatability
measurements for space antennas. It isalso promising for future extremely large optical telescopes. It will be a great tool
if areal-time measurement isimplemented. Further, research trends such as non-contact targeting technique, automating
and optimizing sensor placement and the need for a common sandard for the evaluation of optical coordinate
measurement systems are undergoing. Actudly, based on common video-camera, a so-called videogrammetry has
emerged as a very popular measurement tool for industry. * If videogrammetry can offer high enough measurement
accuracy, together with ready commercial photogrammetry software packages, it is of potential significance to make
photogrammetric application to astronomical telescope more economic and efficient.
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