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Plate I1:- A view of the COSMOS machine showing the electronics racks (left), plate carriage

(centre) and scanning assembly (above centre).

Fig. 3.10
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um. The position of the carriage is controlled via a
closed-loop servo action, maintaining the position to an
accuracy of 0.5 um. The plate or film transparency to be
measured is clamped, emulsion up, in the plate holder, which

1s then mounted horizontally in the machine.

- The raster scan in the COSMOS machine 1is accomplished by
deflection of the CRT spot in the x-direction whilst the
machine carriage moves in the y-direction.

- Plates of a format size up to 356 x 356 mm can be scanned on
COSMOS. However, because of technical details, the largdest
square region of a plate can be scanned in practice in a
single measurement is an area of 287x287 mm. Therefore it can
accommodate aerial photos in the standard 230x230 mm format
size without difficulty. The pixel size can be set at either
8, 16 or 32 um.

- The machine environment is strictly controlled to maintain
high accuracy and stability. The machine itself is mounted on
a concrete plinth which is embedded in solid rock. The room
temperature is maintained at 20°* 0.5°C and the humidity
between 3072 and 504 . In addition, air filtration is provided
to take out particles with a size greater than 2 um.

As the description given above shows, the COSMOS machine 1is intended
for highly accurate measurements of analogue images and, in terms of

accuracy, it ranks much higher than the normal microdensitometers used
for photogrammetric tasks.

3.4.2 The Working Principle of COSMOS

The machine operates by focusing light from a CRT onto the emulsion
and recording the transmitted 1light with a ‘"main" channel

photomultiplier (Fig 3.11). The microspot produced by the CRT 1is
deflected in the x-direction, the x-position control within the scan
beind achieved by a grating channel signal fed into a phase-locked
loop circuit which provides feedback to the CRT deflection coils. The
length of the deflection is 128 pixels (i.e. 1, 2 or 4 mm for the 8,

16 and 32 um increment sizes respectively). The microspot is deflected
in the x-direction, while the carriage is shifted in the y-direction
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Fig. 3.11 Schematic plan of the scanning/detection
system on COSMOS.
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by means of hydraulic rams. Thus a complete measurement of the plate
is built up from scans in "lanes” of 128 pixels width.

The light transmitted through the plate is detected by the main

channel photomultiplier and the output current 1is converted 1into a

voltage. A second photomultiplier (the “"reference channel®) 1looks
obliquely at the CRT phosphor to monitor the spot brightness and uses
this information together with the main channel signal in a divider
loop to normalize the spot brightness. This allows the elimination of
effects such as variations in spot brightness with time and variations
in response across the face of the CRT. Finally the integrated signal

is fed into an A/D converter giving as output an 8 or 14-bit trans-
mission value (i.e. either 256 or 16,384 density levels).

COSHMOS operates in either one of the two available measuring modes,
i.e. either in Mapping Mode CMM) or Threshold Mapping (¢ TM mode. In
the (MM), mode COSMOS simply digitizes a complete area and retains the
information on every pixel. In the TM mode, the measurement proceeds
as in the normal MM mode, but instead of outputting the transmission
value of every pixel, the machine determines (for astronomical plates)
a smoothed local sky backdground on the photograph and applies a
threshold at a fixed percentage level in the intensity space above
this background. Only pixels of intensity above this level are output.

This second mode 1is designed specifically to suit astronomical
applications.

3.4.3 The Control and Data Processing Computers

A block diagram of the computer configuration associated with COSMOS
is shown in Fig 3.12. Control of the machine is carried out by means
of a DEC (Digital) PDP 11/24 mini-computer. The operator interacts
with the machine by means of a VI100 terminal which has a graphics
capability. The PDP 11 organises the read-out of data from a FIFO
(First In First Out) buffer by means of a DMA (Direct Memory Access)
device either onto 1,600 b.p.i magnetic tapes or via a high speed data
transfer link to the dedicated processing computer, which is a DEC

(Digital) VAX 11/750 mini-computer equipped with a floating point
accelerator and 8 Mbytes of memory.
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3.9 Data Structure and Storage

In order to implement a purely digital photogrammetric system, as
mentioned before, a suitable pair of aerial photos covering a
mountainous area in North Wales with an spproximate scale of 1:18,000
was selected from the different sets of aerial photos available in the
Department. The selected photos were the only ones which seemed to be

really suitable for the subsequent imsge processing stages. The entire

area of each photo was then digitized in MM mode by the COSMOS
machine.

As discussed in Chapter 2, the image should ideally be digitized with
a minimum of 10 um pixel size if the entire information available on
the analogue photo 1s to be transformed into digital form. However,
digitization at such a level would involve a huge storage requirement,
as indicated by the amount of digital image data with respect to pixel
size set out in Table 3.1. Since there were limitations on available
disk storage on the IBM 3080 computer used for the project, it was

decided to digitize the image using a pixel size larger than 10 um.

I1F IMAQGE IS
PIXEL PER PIXEL PER QUANT IZED

LINE FOR IMAGE FOR AT 8 BIT
23 CM (23%23 CM) PER PIXEL (BITS)

229,000, 000
132,230, 000
21,100,000

4 B 232 10001000
1,038 ,000,000
169,280,000

TABLE 3.1 DIGCGITAL IMAGE DATA PRODUCED BY DIGITIZING A
METRIC FRAME CAMERA PHOTOGRAPH (23%#23 CM FORMAT
(AFTER PETRIE, 41990)

Trinder (1987) compared the MTF of an original photograph with the MIF
of the images digitized with sampling spots varying from 12.5 to 100
um. He showed that there is a rather small deterioration in the image
quality when the image is digitized with pixel sizes up to about 25
H“m. However, the image quality deteriorated significantly for the
images digitized with 50 and 100 um sampling spots respectively
(Trinder, 1887). On the basis of this experimentation, it was decided
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to digitize the photographs with the largest COSMOS sampling spot
--namely 32um. This also gave the opportunity to investigate the
effects of such a pixel size on the accuracy of the geometric
information (described later in Chapters 6 and 9). Nevertheless, even
32 um pixel size produced a digital imasge of about 10B digits
corresponding to 100 Mbytes of storage. The digitized transmission
values were encoded into 14-bit transmission values. These were stored
as 16-bit words in COSMOS data files which were recorded on two 6,250
b.p.i. magnetic tapes, each tape holding a separate photo.

3.5.1 The File Structure

The structure of the data file (see Fig 3.13) is as follows:-

Blockl : Housekeeping block
Block?2 : Data block for lane 1
Block n : End of lane block for lane 1

Block n+1 : Data block for lane 2

etc... until the end of the file

Block p : End of lane block for last lane
Block p+l : End of area block
Block p+2 : End of job block

3.5.2 The Data Block Format

As mentioned before, COSMOS scans a plate in lanes which span the

whole y dimension of the plate. Each lane has a width of 128 pixels
which is measured in the x-direction and is known as a scan. In

mapping mode, the grey levels for 684 of these scans are stored
consecutively in each data block as 8,192 words. The next data block

in the file contains grey levels for the next 64 scans and so forth
until the last block of the lane is reached (Fig 3.13).
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EACH BLOCK CONTAINS 128 PIXELS¥®G64 SCAN LINES=8,192 PIXELS

Fig. 3.13 THE STRUCTURE OF THE AERIAL PHOTO DATA
DIGITIZED BY THE COSMOS MACHINE.

3.6 The Storage Hierarchy

To meet the requirement for quick access to the large volume of
digitized data needed for processing, a hierarchical scheme was
implemented. The scheme is shown in Fig 3.14. According to this
scheme, magnetic tapes (at 6,250 b.p.i. density) were used as mass
storage. Each holds approximately 50 Mbytes of the data. Since the
data access time on magnetic tape 1is relatively long and more
immediate access was required, the data were loaded onto the IBM 30380

hard disk. For this project, 50 Mbytes of disk storage was allocated
to store the digital image data.

Even though the data on the disk can be reached in a few milliseconds,
the access time is still too long for many of the digital image
processing operations. Therefore, a rather large random access memory
is necessary. This was either 10 Mbytes of RAM on the IBM 3080 or

about 1 Mbytes of RAM in the memory buffer of the IBM 5080 graphics
system (see Chapter 6).
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MAGNETIC TAPE RANDOM ACCESS DISPLAY
—> —>

MASS STORAGE MEMORY MEMORY
Fig. 3.14 STORAGE HIERARCHY

3.7 Conclusion

In the preceding chapter, the mathematical theory of image
digitization was presented, while in this chapter, the actual
procedures involved in the digitization of a pair of serial photos by
the COSMOS microdensitometer have been described. As mentioned in
Chapter 2, the digital imsge inherits both pictorial degradation and
geometric displacements/distortions. In the next chapter, an
investigation into the characteristics and possible removal of the
pictorial degradations 1is presented. Geometric distortions and
displacements are considered later in Chapter 5.




CHAPUER FOVR
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4.1 Introduction

Chapter 2 described how digital images are always degraded to some
extent because of the effect of the camera imaging system and the

digitizing microdensitometer. In the same chapter, these degradations
were grouped into pictorial (grey level) degradation and metric

displacements and distortions. Photogrammetrists are basically
concerned with the geometric information which is mainly affected Dby
the geometric displacements/distortions. However, the pictorial

degradations might also affect the extraction of the metric
information by reducing the interpretability of the image and hence
the precision of measurement. The pictorial degradations may be
introduced by factors such as the lens and the microdensitometer
scanning spot; noilse; change of terrain radiance with view angle;
atmospheric effects; etc. Therefore, reliable metric information
extraction may not be possible without a prior pictorial rectification

which removes the grey level degradations and enhances the
interpretability of the image.

In non-digital photogrammetry, pictorial rectification and geometric
correction are carried out using analogue photographic processing
techniques and stereo-plotting instruments respectively. However, in
digital photogrammetry, these rectifications are dealt with quite

differently, i.e, by implementing computerized digital solutions.

In the present project, the digital pictorial and metric rec-
tifications, which are sometimes referred to as image restoration,

were carried out with a view to reconstructing a three-dimensional

stereoscopic model and subsequently extracting three-dimensional
metric information using the reconstructed model surface. This chapter

1s devoted to a description of the digital pictorial rectification and

some related experiments. Geometric rectification will be discussed 1n
Chapter 5.

4,2 Digital Image Restoration

The problem of image restoration is to determine a correct image
£’ (x,y) from the degraded recorded image g(x,y) that is as close as
possible, both geometrically and pictorially, to the ideal 1image
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f(x,y) which is free from pictorial and metric degradations. The
factors which introduce pictorial degradations on the 1mage were
discussed in Chapter 2. These are mainly the blurring effect of the

camera and microdensitometer systems plus the influence of external

factors such as the atmospheric effects; the change of terrain

radiance with view angle, ete. which introduce further pictorial

degradations to the i1mage. Moreover, the images are always subject to

some levels of noise. This may be regarded either as random noise or

as non-random noise -- see Section 4.3. The relationship developed 1in
Section 2.8.1 may be recalled.

g(x’ V' ) = Upvg{f(X:Y)} + I

This expression 1s a model for the imaging process decomposed into

pictorial degradation (operator TUp) and metric  displacements/

distortions (operator Ug); where the additional term n denotes the
nolse.

An estimate f’ (x,y) of the original ideal non-degraded image f(x,y)
may be obtained by:

£ (x,y) = Up“‘vg"‘{gw - >} - n (4.1)

where Up = and Tg ' are the inverse operators for the pictorial and
metric rectifications respectively. Since, in the particular case of
this research work, the data have not been acquired directly in
digital form (i.e. the analogue image has been formed first and has
then been digitized), as mentioned in Chapter 2, the pictorial

degradations of the digital image are considered to be the result of
two different convolution operations:

1. the convolution of the incoming signal to the camera system
with the camera system psf: and

2. the convolution of the input analogue imsge with the
microdensitometer psf.

These two convolution operations may be combined to give a single
convolution operation. Throughout the remainder of this chspter, the

operator Up represents a combination of the two convolutions mentioned

above. The operator TUp also represents the external sources of
pictorial degradation such as the change of terrain radiance, etc.
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Before describing how the inverse operator H;:.»o"'1 is implemented and how

n is removed, it is necessary to examine in some detail the types and

characteristics of the noise present in the image.

4.3 Noise

Generally speaking, an actual image consists of a set of non-random
grey level variations which have been contaminated by additional
signals called noise. A measure of the contamination of the actual

image may be estimated using the signal -to-noise ratio which may be
calculated sas,

2 2
SNR = c::rg / o (4.2)

2 2 . . ..
where og and o are the actual image and the nolse varliances

respectively. The higher the value of the oi , the smaller the
signal-to-noise ratio and the lower the image quality.

Images are subject to many different types of noise. Some of these are
dependent on the image signal (signal dependent noise). In general,

the noise generated during imsge sensing and recording, is signal
dependent (Moik, 1980). Noise due to photographic graininess may be

quoted as an example of signal dependent noise (Rosenfeld and Kak,
1876).

Another kind of noise is signal independent noise. The noise generated
by a vidicon television camera when an image is scanned, 1S usually

independent of the strength of the image signal (Rosenfeld and Kak,
1878) and hence it may be considered as signal independent noise.

For signal dependent noise, one can write, g = £ + nf, where £ and &

are the actual and the contaminated images respectively. However, to

facilitate the mathematical treatment in this thesis, noise is assumed
to be signal independent and additive, i.e. g = f + n.

As mentioned earlier, noise may also be classified into uncorrelated
randomCor, so-called "white') noise and coherent noise. Periodic

noise may be mentioned as an example of coherent noise. It appears as
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periodic patterns, with varying amplitude, frequency and phase,
superimposed on the 1image.

4.4 Preprocessing and Deconvolution Operations

The sources of pictorial degradations in digitized aerial photos do
not have the same significance as those in images acquired by airborne
or spaceborne sensors using solid-state detectors such as MSS and
linear array sensors. Nevertheless, depending on the quality of the
analogue photo and the quality of the digitizing microdensitometer,
the removal of the pictorial degradations from the digitized aerial
photo becomes an essential step in the digital image restoration

procedure.

Pictorial rectification may be performed in two stages:

1. Removing the atmospheric effects; different terrain radiance
with view angle; and coherent noise. In this thesis, this
stage is referred to as a preprocessing operation.

2. Removing the blurring effect of the camera and
microdensitometer systems and random noise. This stage is
referred to as a deconvolution operation.

Since in preprocessing and deconvolution operations, filtering

techniques are implemented, before considering these operations, =a
brief introduction to digital filters needs to be given.

4.5 Digital Fliltering

Filtering is a basic image processing operation used in the reduction
or elimination of pictorial degradation and in enhancement of the

images. A linear filter is an LSI system (Section 2.3.1) that modifies
the spatial frequency characteristics of an image. As was demonstrated
in Section 2.4.3, the effect of any LSI system can be represented by a
convolution operation. Therefore, linear filtering may be described in
the space domain by Eq. 2.14 which is repeated here for convenience,

o0

g€(X,y) = Iff(u,v)h(x-u,y—v)dudv
00

or in the frequency domain by
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G = FH

where £ is the input image with Fourier transform F: h is the impulse
response of the filter with Fourier transform H (called the filter

transfer function); and g is the output (filtered image) with Fourier

transform G. Filters are conceptually easier to specify and apply 1in
the frequency domain rather than in the space domain, because their

representation in the frequency domain is simpler and convolution 1is
replaced by multiplication (Section 2.5.5). Therefore, all of the

filtering operations carried out in the experiments described in this
thesis have been performed in the frequency domain.

In order to gain more insight into the digital filter's
characteristics, some important filters are briefly described. These

are: Ideal low=-pass, Ideal high-pass, Ideal band=pass and Notch
filters

a. Ideal Low-Pass Filter

An ideal low-pass filter transfer function (Fig. 4.1a) is
defined by

1 for W=<HW

H(U,V) = H(W) = { - (4.3)
O for W» Wc

where H(U,V) is a circularly symmetric low-pass filter; and
H(W) 1s the same low-pass filter in a polar coordinate system

with l'l=(Uz+Vz )::/z This filter suppresses all frequencies
above the cut-off frequency Hc.

b. Ideal High-Pass Filter
An ideal high-pass filter transfer function (Fig 4.1b) 1is

defined by
lforHZHc
H(U,V) = (4.4)

O for W < W
C

It suppresses all frequencies below the cut-off frequency.

c. Ideal Band-Pass Filter

A band-pass filter transfer function suppresses all
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frequencies outside its pass band (Fig. 4.1lc), 1.e.

1 for H1$ W < W

H(U,V) = H(W) = { 2 (4.95)
0 elsewhere

It passes the frequencies only between W . and Hz.

d. Notch Filter

A notch filter transfer function (Fig. 4.1d) is the 1nverse

of a band-pass filter transfer function; it suppresses all
frequencies in a specified band, i.e.,

0 for Hi < W = Wz
HWU,V) = HW) = (4.6)

1 elsewhere

HWU)
({Q) ( b
U O 1§ |
Uce
H(U)
(d)
U
J © Ut U2

Fig. 4.1 a. IDEAL LOW-PASS FILTER TRANSFER FUNCTION
IDEAL HIGH-PASS FILTER TRANSFER FUNCTION

IDEAL BAND-~PASS FILTER TRANSFER FUNCTION
IDEAL NOTCH FILTER TRANSFER FUNCTION

a o o

(THE FILTER TRANSFER FUNCTIONS
ARE PRESENTED IN ONE DIMENSION)

4.6 Preprocessing Operation

As mentioned before, the necessity to carry out preprocessing
operations on digitized aerial photos is often not as urgent as it 1s
for remotely sensed image data scquired by solid state sensors, " e.8.

as used in MSS scanners. For exsmple, different 1lighting conditions
due to variable solar elevation cycles, which are a significant source
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of pictorial degradation for remotely sensed images, are usually
insignificant for aerial photos where the time interval between
exposures is relatively short. The atmospheric effect is minimized for
aerial photos by acquiring the image in reasonable weather conditions.
The effect of periodic noise is reduced to its lowest level due to the
relatively uniform response of the aerial film emulsion and the
microdensitometer’s photomultiplier tube. However, although these
degradations for digitized aerial photos are small, they do exist.
They prevent the same object appearing with the same density value in
the left and right images and hence, in some applications such as
automatic image correlation (Chapters 8 and 9), their removal may
improve the correlation results. Moreover, there are certain

situations where the pictorial degradations mentioned above do become
significant. These are mainly:

- where the image is acquired under poor illumination and
weather conditions;

- since the resolution of the camera lens falls off from the
centre of the photograph outwards, the same points appearing
in different positions on the photograph may have different
density values;

- where there is illumination variation due to the different
viewing angles; and

- where a low quality image digitizer is used.

4.6.1 Equalization of Different Density
Yalues for the Same Objects

To reduce the effect of the two different responses for the same
object points, different methods may be applied. One method is to

calibrate the effect of contributing fsctors (e.g. the atmospheric
effect; lens resolution fall-off; viewing angle; etc.) for each
position on the image and to eliminate the effect mathematically. An
alternative approach for removing the degradations caused by the above
mentioned factors, which is easier to implement and is perhaps more
effective than the first spproach, is to normalize the left imsge
patch and the corresponding right one. This may be carried out by
adding half the difference of the mean values of the two corresponding
image patches to the elements of the 1lighter image patch. In the
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present project, the normalization was carried out during the image
correlation stage and willl be discussed in Chapter 9 where the

correlation algorithm which has been implemented will be discussed.

4. 6.2 Periodic Noise Removal

The essence of coherent noise removal is to isolate and remove the

identifiable noise components in a manner that involves the minimum

change and does the minimum amount of damage to the actual image data.

Coherent noise removal may be performed in either the space or
frequency domains. For example, a technique to correct a periodic
noise pattern in the space domain is to change the grey level of each
noisy pixel to the average of the grey levels of neighbouring pixels.
Although this method may provide global improvement, it may also
introduce artifacts into certain details. However, those methods which
perform noise removal in the frequency domain seem to offer a more

elegant spproach. The principle of the frequency domain noise removal
approach is described below.

Let g(x,y) be an image with coherent additive noise n and G(u,v) be
the Fourier transform of the noisy image g(x,y), i.e:

g(x,y) = f(x,y) + n
G(U,V) a [F{E(X,Y)} = ﬂ'_{f(st)-l'n}

= F+N (4.7)

where £(x,y) is the original image without noise; F and N are the
Fourier transforms of f and n respectively. Now N has all its energy

concentrated at a set of small spots at specific frequency positions.
These positions depend on the frequencies at which the noise appears
on the image (see the Fourier transform, Section 2.5.3). For a
periodic line pattern noise, the small spots will be located along a
line perpendicular to the direction of the noise lines (Rosenfeld and
Kak, 1976). These small spots may be suppressed by removing or setting

their amplitudes to zero using an sppropriate two-dimensional filter
H(u,v) 1i.e.,
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By taking the inverse Fourier transform, a smoothed picture is
obtained in which n has been deleted, while £ is relatively
unaffected, 1.e.

f(x:Y) == u:--i{F<U lv)}

4.7 Deconvolution Operations

The problem of deconvolution is the determination of an estimate £’ of
the original image f, given the preprocessed image g and knowledge
about the imaging system and microdensitometer’'s psf. The problem is,
therefore, to find the inverse operator T such that

£°(x,y) = UE‘{gn(x,v)} (4.8)

The techniques of deconvolution have been well-known and well
developed in electrical filter design and time series analysis.
However, the detailed treatment of the subject does not lie within the
scope of this thesis. Since in digital photogrammetry, deconvolution
operations may be essential in some situations (e.g. in the case of a

blurred image), a brief introductory description of the subject seems
appropriate.

To determine the inverse operator Up. (Equation 4.8) for a

deconvolution operation, the convolution operation (Eq. 2.14) may be

rewritten here in the presence of noise as,
00

gn(x,y) = “.f(u,v)h(x—u,y—v)dudwn(x,v) (4.93a)
~00

where h is the total system psf for the imaging and densitometer
systems; and n is the random noise which has not been removed during
the preprocessing operations. Discretization of the above linear model

leads to the matrix vector equation (the details are not given here,
see Pratt, 1978; Moik, 1880):

g8 =Bf +n (4.9b)

n

where g f, and n are the vectors created from the digitized image,
original image, and noise fields respectively; and B is a matrix
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resulting from the system psf. As mentioned above, the solution of the
deconvolution problem is to find an estimation £’ which is as close as
possible to the original image f. The estimation £’ may be found using
two different approaches -- the so-called deterministic and

statistical (stochastic) image models. (Rosenfeld and Rak, 1976;
Castleman, 1979; Moik 1980; Fallvik, 1986):

The deterministic model is based on the assumption that the
fundamental nature of the image is known (i.e the image 1s assumed to
be free of noise). This leads to the solution of the system of linear
Eq. 4.9b while the nolse wvariable n 1is cancelled out from the
equation. The statistical model, on the other hand, implies the
estimation of an image subject to random disturbances. Each of these
approaches leads to different solutions, namely the Inverse filter and

the Wiener fllter respectively. These spproaches will be discussed
briefly in the following sections.

4,.7.1 Inverse Filter

Assuming that the degraded image g and the original image f satisfy
the Eq. 4.8b, in the absence of noise, Eq. 4.9b may be written

as,

f* =B 'g (4.10)

n

where £’ 1s an estimate of the original image f. The numerical

solution of Eq. 4.10 is in general impractical or impossible. Suppose
the image has dimensions of 512 by 512 pixels, then inversion of a

252,144 by 262,144 matrix is required (Moik, 1980). However, in the
absence of noise, the Fourier transform of Eq. 4.8a leads to,

G(U,V) =~ F(U,V)H,V)
or,

F* (U,V) = G(U,V)/H(U,V) (4.11)

and
£’ (x,y) = [F'i{F' (U.V)}

where F’ 1is the Fourier transform of the estimated image:; and H is the
Inverse filter transfer functiomn.
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Eq. 4.11 implies that, if H(U,V) is known, f(x,y) can be restored by
maltiplying the Fourier Transform G(U,V) of the degraded picture by
1/H(U,V) and then deriving the inverse Fourier transform.

The deconvolution approach formulated above has its own shortcomings,
namely:

1. There may be points in the UV-plane where H(U,V)=0. causing
the inverse filter to approach infinity.

2. Eq. 4.10 is ill-conditioned (i.e. the presence of noise is
neglected). This means that small perturbations in g can
produce undesirable effects in the 1image restored by the
Inverse filter. Therefore, the Inverse filter should be used
mainly to restore images with a high signal-to-noise ratio.

To reduce the noise amplification effect of the Inverse filter, =

possible solution is to prevent the Inverse filter from going sbove a
certain limiting value (Castleman, 1978; Moik, 1980)), i.e,

1/H(U,V) for U,V =S

H’L(U’v) = { (4-12)
H for U,V > 8§

m

where Ht(U,V) is the modified Inverse filter (Fig. 4.2). The
limitation S in Eq. 4.12 depends on the signal-to-noise ratio of the
image to be processed and is determined empirically.

CA)

Fig. 4. 2 (A)- INVERSE FILTER MTF

(B)- MODIFIED INVERSE FILTER MTF
(ONE-DIMENS IONAL REPRESENTATION)
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4. 7.2 Wiener Fllter

To overcome the noise amplification problem of the Inverse filter
discussed above, the stochastic approach for image restoration may be

implemented by employing the Wiener filter (sometimes referred to as
the optimal filter), as follows:

If a digital 1mage d£(X,y) has been generated by digitizing the
original hard copy image f(x,v) and if it has been contaminated by an
additive random noise function n(x,y) (see Fig. 4.3), then the
intention is to design a linear filter y(x,y) which reduces the
contaminating nolise as much as possible and generates an image £’ (x,v)
which resembles as closely as possible the original form, f£(x,y).

As it will be shown later, the Wiener filter requires some prior

information regarding the power spectra.1 of the image g and the
noise n.

n(x,y)

|

f(xJY) — Q(X,Y)——* @ """g' (XJY)

£'(x,y)

FLg. 4.3

To find out the optimal solution, the criterion of optimality
defined as follows:

is

The error at the output of the filter y(x,y) can be expressed as the

difference between the actual degraded and the desired output, i.e,
1
Given a function f(x,y), 1its autocorrelation Ffunction R" (u,v) is

defined as, J‘f?wf (x+u,y+v)i(X,y)dxdy. The Fourier transform of the
autocorrelation function lR” 1s called its power spectrum, U'-‘",
is given by, P (U, V) =F{R__(U,V)} = FU, VIF (U, V) = | FCU, V)| °

where F(U,V) 1Is the Fourier transform of f(x,y); and * denotes the
complex conjugate.

and
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e(X,y) = g(x,y)-f’' (x,y)

or as a measure of the average error, the MSE may be used,

MSE = [E{ez(x,Y)} (4.13)

where £ denotes the expectation operator. The optimality criterion is
hence to minimize the MSE.

The problem can now be tackled as follows: Given the power spectra of
g and n, a filter w must be determined so that the MSE is minimized.

It can be shown that the MSE is minimized if the following condition
is satisfied (Rosenfeld and Kak, 1976; Castleman, 1879),

C = XK
gqg =V Rg,g, (4.14)

2

where € 1s the cross correlation function™ of g° and g; and R

g'g g'g-
is the autocorrelation function of g (see the footnote on the

previous page).

By taking the Fourier transform of both sides, the following equation
results:-

or

W —— ' (4.15)

where ®g,g 1s the cross power spectral densi'.ty:3 of & and &; ng,g,

denotes the power spectrum of g° ; and W is the Fourier transform of w.
Eq. 4.15 is the filter which minimizes the MSE and thus accounts for

random noise. However, it 1is also required to account for the

undesired system psf h(x,y). In other words, it is desired to design a

2
The cross correlation Cg,g of two functions g&° and g is defined as,

C_. (u,v) = S g°(X,y)e(x+u, y+v)dxdy (see Chapter 8)

J The Fourier transform of the cross-correlation function Cg'g Iis

called the cross power spectral density function Qg,g :
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linear filter Y(see Fig.s 4.3 and 4.4) that simultaneously removes the
undesired psf and takes the noise into consideration.

' -__ B-_-
| «——— filter ¥ —m——» /|

Fig. 4.4 WIENER DECONVOLUTION FILTER

In Fig. 4.4, (1/H) is the Inverse filter; and W is the filter derived

by Eq. 4.15. The following parsgraphs give a brief description as to
how the filter Y can be generated.

It can be shown (see Castleman, 1978) that if the image and the noise

are uncorrelated and if either the image or the noise have zero mean,
then Eq. 4.15 becomes

P
g9

W= —p——— (4.18)
g9 nn

where [F"'m is the noise power spectrum.

Figs. 4.3 and 4.4 imply that the spectrum of the observed image
g’ (x,y) (recalling the convolution operation and convolution theorem)
1S

G =FH+N (4.17a)

where G’ and F denote the Fourier transform of g (x,v) and f£(x,vy)

(original image) respectively; and N is the Fourier transform of the
noise. Assuming that H has no zeros, the input F" (the Fourier

transform of £"(x,y)) to the filter W is (see Eq. 4.11 and Fig. 4.4),

F' = G .(1/H)
Replacing Eq. 4.17a in the above equation yields,

F" = F+(N/H) (4.17b)

Having F" or £"(X,y¥), its equivalent in the space domain, as the input
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to the filter W, Eq. 4.16 becomes

lef

T - (4.18)
oo Y Py

W =

where k = (N/H). Since, P = IN/HI2 (see the footnote of the rpage
72), then

‘Pf f

W = » (4.19)

Py + N/
Finally, combining the Inverse filter H and the filter W (see Fig.

4.4) and rearranging the terms, yields

1 |H |
¥ =WH= — —— (4.20)
H {H1™ + ©_ / L

Eq. 4.20 is the final formulation of the Wiener restoration filter.
There is no 1ill-conditioned behaviour associated

filter (such as that of the Inverse filter). Thus,

with the Wiener

a restored 1image
can be generated even if the matrix B (Eq. 4.10) is singular and noise

is present. However, the Wiener filter requires some prior information
about f and n.

There is another restoration technique, refered to as constrained

filtering, which requires information asbout the variance of noise only

and allows the designer additional control over the restoration

process (Andrews and Hunt, 1877). Constrained filtering was not

implemented in the present project and hence is not discussed here.

4.8 Determination of the PSF

It is clear that, for both the Inverse and Wiener restoration filters,
some prior knowledge of the system psf is required. The total psf or
the corresponding transfer function of the camera or microdensitometer
systems may be measured directly using a sine wave or target bars

(Castleman, 1879; Manual of Photogrammetry, 1880).

In some cases,
however, 1t is impractical or

impossible to calibrate the imsging
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system and the image digitizer under the same conditions in which a
particular degraded image was recorded. This is true for motion blur,
for example, and 8lso in those cases where a digital image is
presented for restoration and the original densitometer is unavailable
for calibration. In such instances, the psf may be determined from the

image itself (Castleman,1878; Rosenfeld and Kak, 1876). For instancs,
if there is any reason to believe that the original image contains a

sharp point, then the image of the point in the degraded image is the
psf (see Section 2.4.2).

There are some other cases in which the physical phenomenon underlying
the degradation can be modelled to determine the psf. As an example,

one can consider the degradation caused by the relative motion between
the camera and the scene. The final formulation of the psf h(x,y) of

the image motion 1is given by Rosenfeld and Kak (1876) as the
following:

h(x,¥) = (1/v"TO[] (x/VI)

where T is the duration of the exposure; and v is the motion velocity

in the x-direction (the displacement along the y-direction is assumed
to be zero).

4,9 Digital Image Enhancement

So far, various methods for correcting the pictorial degradation (i.e.
methods of reconstructing the original scene) have been considered.

However, there are some other approaches by which the pictorial
information of the image may be enhanced without, necessarily, trying

to restore (i.e. reconstruct) the original scene. The goal of these
imsge enhancement techniques i1s to aid the human analyst in the

extraction snd interpretation of pictorial information.

For digitized aserial photographs, the enhancement methods may be
divided into: (i) contrast enhancement and (ii) edge enhancement. For
digitized aerial photos, unlike the remotely sensed data acquired by
scanners, image enhancement does not seem to be a necessity in all
circumstances. However, since these enhancement techniques are
sometimes essential for displaying the digitized aerial photos and for
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linear feature extraction, a brief introduction to each 1is given in
the following sections.

4,9.1 Contrast Enhancement

The goal of contrast enhancement is to produce a picture that uses the
full dynamic range of a display device. The contrast characteristics
of an image are 1influenced by factors such as camera exposure

gsettings, solar lighting effects, the digitized image <quantization
levels, etc.

The grey scale transformations can be applied to the image to stretch
the contrast to the full dynamic range of the display device, using
the different approaches of linear contrast stretch; non-linear
contrast stretch; histogram equalization; etec. In the linear contrast
stretching approach, the range of the maximum to the minimum grey
levels of the image is mapped linearly into the full range of the
screen density levels. For a non-linear stretch, the same range of
densities are mapped non-linearly. The histogram equalization approach
is based on the principle that each histogram grey 1level in the
displayed 1mage must contain an approximately equal number of pixel
values. If this is done, the entropy of the image (a measure of the

information content of the imasge) will be increased (Mather, 1987).
This results in a better representation of the displayed image.

Since the test image used in this research work was digitized into
14-bit transmission values (see Section 3.5), the density range of the
image was not in conformity with the dynamic range of the display
device. The functions RANGE and RRANGE (robust grey-value reranging)
provided by the IAX image processing system (see Chapter 8) were used

to rescale the grey values of the image. The RANGE function 1linearly
re-scales the values of the elements of a vector or imsge to lie

between the user’s specified minimm and maximum values. The default
rangde for the minimum and maximum values is 0-255. The RRANGE returns
a version of the input image in which the pixel values have been

altered to maximize the contrast (IAX manual). The result of applying
the RRANGE function to the original image is given in Fig. 4.5.
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Fig.4.5 &. The rescaled grey level image and its histogram.
b. The original image and its histogram.
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A.9.2 Edge Enhancement Techniques
The pictorial analysis and interpretation of a digital image may also

be improved by enhancing the edges. The following paragraphs give a
brief review of some of the edge enhancement methods.

Pictorial degradation usually involves blurring, the extent of which
is described by the spread function of the degradation operation. The
deblurring operation using the inverse deconvolution filter was
discussed in Section 4.7.1. In this section, however, deblurring is
considered using 'sharpening’ functions. These deblurring spproaches
are not a restoration operation but merely an enhancement procedure
which does not necessarily reconstruct the original image. The edge
enhancement operation 1is based on the following principle.

Blurring is an averaging, or integration, operation; this suggests
that it may be possible to sharpen the image by performing
differentiation operations. Because of the low-pass characteristics of
imaging systems, higher spatial frequencies are weakened more than
lower frequencies. Thus sharpening can be achieved by high-pass
filtering, emphasizing higher spatial frequencies without quantitative
knowledge of the psf. As mentioned earlier, high-pass filtering may be
used in photogrammetric applications for linear feature extraction.
However, due to the fact that linear features do not always appear
with a specific range of grey level variations in different parts of
the image and also because they do not appear with a high degree of

contrast with their surroundings, linear feature extraction becomes an
extremely complicated task. This is particularly so if the Ffeature

extraction needs to be carried out with a high degree of precision. A
feature extraction method based on the Gradient operator approach has
been employed for the detection of the crosses used as fiducial marks

which will be described in Chapter 5. For more details regarding edge

enhancement techniques, the reader is referred to Rosenfeld and Kak,
1976; Moik, 1880; Mather, 1887).

Following the theoretical discussions given so far, the rest of this

chapter is devoted to the experiments carried out in the present
project for the removal of pictorial degradation.
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4.10 Experiments to Remove Pictorial Degradation

As mentioned above, the pictorial degradations were not a serious
problem in the present project. Nevertheless, the digital images

acquired for photogrammetric purposes are sometimes digitized with low

quality microdensitometers. Also since other types of imagery (e.g.

those produced by CCD cameras) might be used for photogrammetric
purposes, and also due to the fact that image restoration may improve

the results of the antomatic image correlation techniques (Chapters 8

and 9), various experiments concerned with the removal of pictorial
degradation were carried out.

Throughout the tests, the frequency domain manipulation of the data
was carried out using the Fourier transform routine supplied by the

TAX image processing system (a more detailed description regarding the
IAX system is given in Chapter 6).

4.,10.1 Experiments Concerned with the
Removal of Periodic Noilse

To examine empirically the removal of periodic noise in the Fourier

domain, a portion of the digital imagde was selected and a simulated
periodic strip noise was added to the imsge (Figs. 4.6(al) and
4.8(a2)). As expected, the Fourier transform of the periodic noise

showed a set of spots (impulses) perpendicular to the direction of the
noise. To remove the noise, the noisy image was Fourier transformed
and a notch filter (see Section 4.5d) was applied subsequently to set
the amplitudes of the noise spots to zero (Fig. 4.6(bl)). The inverse
Fourier transform was then carried out which produced an imasge without
noise (Fig. 4.6(b2)). There is, however, some loss of contrast in the
reconstructed image. This is due to the removal of the amplitude of

some low frequency contents of the frequency spectrum of the digital
image by the notch filter.

The above experiment shows that the use of Frequency domain °filtering

is a strong and reliable approach to implementing the removal of
periodic noise with a small amount of information loss.
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4.10.2 Experiments with Inverse and Modified
Inverse Restoration Filters

3= Inverse Filter

To validate experimentally the theoretical discussion in Section 4.7,

and to find the potential application of Inverse filtering in digital

photogrammetry, a test area was selected on the digital image and

blurred by convolving the image function with a two-dimensional
rectangular psf (Figs. 4.7(al), 4.7(a2), 4.7(a3)).

To reconstruct the original non-blurred function, the blurred image
and the rectangular function were Fourier transformed. The effect of
the blurring operation on reducing the amplitude of the high frequency
contents of the image can be observed quite clearly by comparing the

amplitude spectrum of the original imsge (Fig. 4.8(al)) and the
amplitude spectrum of the filtered image (Fig. 4.8(a2)).

The transfer function (i.e. the Fourier transform of the psf) wsas

normalized to give the MIF (Fig. 4.7(b2)). The Inverse filter was then
calculated. The Fourier transform of the reconstructed image was
obtained subsequently by applying the Inverse filter to the Fourier
transform of the degraded image using Eq. 4.11 (see Fig. 4.7(b3)).
Fig. 4.7(b3) clearly demonstrates the fact that the Inverse filter

increases the amplitudes of the high frequency contents of the
frequency spectrum of the degraded image.

The reconstructed image in the space domain was found by the inverse
Fourier transform of the frequency spectrum of the reconstructed
image. Although the reconstructed image (Fig. 4.7(c3)) is sharper than
the blurred one, the increase in the amplitude of the high frequency

contents of the image has obscured to a considerable extent the
information content of the image.

b= Modified InverseFilter

To suppress the noise amplification problem of the Inverse filter, a

modified filter was designed by selecting a threshold value (which was

found empirically (see Section 4.7.1)), beyond which the MTF amplitude
remained constant (Figs. 4.8(b2) and 4.8(b3)). The modified filter was
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Fig.4.7 @al. Original image.

2. Rectangular psf.

ad. Blurred image.

bl. Amplitude spectrum of the blurred image.

bsZ. Transfer function (Fourier transform of 82).

Amplitude spectrum of the reconstructed image.
cl. Original image.

cZ2. Blurred image.
c3. Reconstructed image.



Chapter Four 81

then applied to the Fourier transform of the blurred image. The result
is given in Fig. 4.8(a3). The comparison between the amplitude spectra
of the original non-blurred, blurred and the reconstructed imsges
(Figs. 4.8(al), 4.8(a2), 4.8(a3)) shows the degree of closeness of the
amplitude spectrum of the reconstructed image to the amplitude
spectrum of the original non-blurred image.

The inverse Fourier transform of the f{requency spectrum of the
reconstructed image was then performed which yielded the reconstructed
image in the space domain. Fig. 4.8(c3) shows that the reconstruction
task has been performed quite satisfactorily.

4.10.3 Experiments with the Wiener Filter

The deconvolution operations described in the preceding section were
carried out on images which were free of noise. To test empirically
the deficiencies of the Inverse and modified Inverse filters for the
deconvolution of noisy images, and to demonstrate how the Wiener
filter can be used instead, the original image (Fig. 4.9(al)) wsas
blurred as described in the previous section. Next two sets of random
noises were generated. Adding the noise matrices to the image without
noise yielded images with signal-to-noise ratios of about 7 and 1

respectively (Figs. 4.8(a2), 4.9(a3)).

To reconstruct the original image, first a modified Inverse filter
similar to that described in the preceding section was used. The
reconstructed images are presented in Figures 4.39(b2) and 4.3(b3). As
expected, in both cases, the noise is amplified drastically and for
the image with lower S/N ratio, the amplified noise dominates the
entire scene. Therefore, as concluded in Section 4.7.1, the Inverse
filter cannot produce a reasonable result for an imsge with a high
degree of noise and blurring.

To find the optimal solution to the sbove problem, the Wiener
restoration filter was designed and implemented as follows.

The power spectra of the noise and the image without noise were
determined using samples of the noise and the image without noise and
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subsequently the Wiener filter was calculated using the relations
given in Eq. 4.20. The results of applying the Wiener restoration
filter on both noisy images are given (in the space domain) in Figures
4.9(c2) and 4.9(c3). As the results show, the reconstructed images

have much better quality than those 1images reconstructed by the
Inverse filter.

4.11 Conclusion

In this chapter, some theoretical aspects of pictorial rectification
have been discussed together with the results of some related
experiments. It has been demonstrated that, if pictorial degradations
are present in the digital 1images, Fourier domain deconvolution
filtering i1s a very powerful tool for pictorial rectification. In
particular, for photogrammetric applications, the Inverse filter seenms
to be able to satisfy the requirements for image quality improvement.
However, in those situations where the image has been digitized with a

pixel size smaller or equal to the digital image, the Wiener filter
seems to be a good solution for image restoration.

In the next chapter, the operator Uai of Eq. 4.1 for geometric
rectification will be discussed.



CHAPUTER FIVE

Digital Rectification and Model Formation
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5.1 Introduction

In the preceding chapter, some methods of correcting for the pictorial
degradations occurring in digitized aerial photographs (operator D'Ef
Eq. 4.1) were considered. This chapter is devoted to the corrections
for the geometric displacements/distortions which are also found in
such photographs (operator U%f Eq. 4.1). As explained in Section
2.8.1, geometric distortions are caused by the imaging and the
scanning microdensitometer systems. Typical factors causing the
geometric distortions are: lens distortion; film-base instability;
non-orthogonality of the microdensitometer’'s axes and non-linear
movement of its flying spot, etc. Geometric displacements, on the
other hand, originate from sources such as the deviation of the camera
axis from the vertical; terrain relief; Earth curvature, etc. In
normal photogrammetric practice, an image which 1is corrected for

geometric distortions and displacements (excluding relief
displacement), 1s referred to as a rectified image. If the geometric

corrections also include the relief displacement, the final product
will be referred to as an orthophotograph. The digital production of
an orthophoto is not the main concern here. Many experiments have
already been carried out in this area (see for example, Keating and
Boston, 1978; Konecny, 1979; Wiesel, 19835). Instead, the main concern

here is to rectify the digital images for only the tilt displacements
and the geometric distortions and therefore, to retain the relief

displacements. If this height information can be retained during the
image rectification stage, it can then be used for the reconstruction
of a three-dimensional model of the terrain, including the

stereo-viewing of the left and right digitally rectified images and
the subsequent measurement of the model using the human operator or
image matching techniques which will be discussed more fully in
Chapters 6, 8 and 9.

Digital geometrical rectification usually comprises two stages:

(1) analytical rectification, inwhich eachpixel position in the

digital image is corrected for the geometric displacements/-
distortions mentioned above:; and

(11) the assignment of density values to each corrected pixel
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location, based on methods which will be explained 1in
Section 5.3.

Analytical rectification and density value assignment, which

constitute the basic principle of digital image rectification, will be
covered in the first part of this chapter. This will then be followed
by a description of the actual implementation of the digital image
rectification with a view to removing the y-parallaxes and their

assoclated x-parallaxes to form the left and right imasges of the
stereo-pair.

5.2 Analytical Rectification

The analytical rectification of digitized aerial photos 1s 1n
principle similar to the well known conventional procedures applied 1in
non-digital photogrammetry, 1.e. inner orientation to establish the
position of the projection centre, followed by relative and absolute
orientation to reconstruct the position of the camera at exposure
time. To perform these three orientation procedures, fiducial marks,
image points and image control points must be measured with the
required accuracy. The manner of carrying out these measurements on
digital images is quite different to those used with non-digital
images. In the conventional case, the human operator performs the

messurement task, while in digital image photogrammetry, there are two
possible methods for target measurement:

(i) manual measurement of the individusal pixels displayed on a
display device using a cursor or cursors; and

(ii) using mathematical algorithms which are employed to locate
the centres of the required targets. Recent developments 1n
this area have explored the high potential of digital image
processing teclniques for target measurement with sub-pixel
accuracy (Thurgood and Mikhail, 1982; Mikhail et al., 1384;
Zhou, 1886). In the next sections, a general description and
discussion of the requirements for the measurement of targets

in inner, relative and absolute orientation is given.
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S5.2.1 Automatic Measurement of Digital Fiducial Marks
for Inner Orientation

Since the fiducial marks employed in aerial photographs are normally
in the form of a cross, the methods of measurement of cross targets
are considered here specifically. However, these methods may also be
applied to other types of target, such as pre-marked control points.

Automatic target measurement normally comprises three different stages
- detection, recognition and location,

1. Cross detection may be accomplished by different methods, such as

measuring the local grey level maximsa which correspond to a
possible cross target.

2. Cross recognition procedures are necessary when pre-marked
cross-type control points are used. These targets need to be
discriminated from buildings, road intersections and other similar
physical objects, since &a8ll these objects may exhibit
two-dimensional local maxima. There are a variety of approaches to
the problem of object recognition in different scientific areas and
an enormous amount of literature has been produced in this subject.
Recently a method based on the calculation and assessment of the
Fourier descriptors of cross targets has been described for a
photogrammetric application (Mikhail et al., 1884). In this method,

the first stage involves the grey value thresholding of the image
to yield a binary image (see Section 7.3). If the threshold is

chosen correctly, the object will be segmented from the background

data. A Fourier transform is applied to the boundary of the
segmented object to produce the object’s Fourier coefficient. If

the coefficients (descriptors) match those of a '"true' cross

target within a specified accuracy, the object will be classified
as a cross target.

3. Cross location, The existing methods for accurately determining the

location of a target may be classified into two broad approaches:

a. Matching methods: These will be considered in detail later in
Chapters 8 and 8, where the techniques of image correlation

are discussed. In this chapter, only a short introduction to
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the subject 1is given.

The matching method is based on the assessment of the extent
of the correlation between s real target and a simulated
ideal target (the simulated target may be referred to as a
template). The most commonly used measure of the match
between a template f(x,y) and a target g(x,y), 1is the
normalized cross correlation function pfg given by Eq. 8.2
(Chapter 8). The template [ 1s shifted into all possible

positions relative to g, and the value of pfg is computed for
each position. The normalized cross correlation function has
the maximum value when f and g are identical. The difficulty
which may arise when using this method 1s that, when

searching for targets which may be affected by scale change

and orientation differences, a large number of different
templates are needed.

Another possibility is to use a so-called image modelling
approach which minimizes the differences between the ideal
and actual target by applying a least squares solution to a
series of observation equations which express the measured
densities of a digitized target as a function of the
densities of an ideal target convolved with certain types of
point spread functions. (In this way, the characteristics of

the simulated target are altered to resemble those of the

real target). The least squares solution then yields wvalues
for the unknown parameters defining the target. The method

has been implemented successfully by Thurgood and Mikhail

(1982). However, due to the high degree of non-linearity 1in
the functional model, convergence does not occur in all cases

(Thurgood and Mikhail, 1882). This approach has been

implemented in this project and will be discussed fully 1in
Chapter 9.

b. Edge detection method: In this method, different kinds of
digital edge operators (see Section 5.5.1(iii)) are used to

detect the target position. Most recently, a method based on
boundary tracing has been suggested by Zhou (1886). The
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method involves the segmentation of the object, boundary
tracing and decomposition, and the location of the MATs (=
set of midpoints in a pair of target legs with the same
orientation), followed by line fitting through the MATs, and
finally the line intersection which gives the location of the
cross centre. The solution to the problem is made easier by

some assumptions, e.g. regarding the thickness of the cross,

which is assumed to be at least four pixels wide except for

those at the end of the leg; also there must be no hole in
the cross (Zhou, 1886).

S5.2.2 Automatic Image Point Measurement for
Relative and Absolute Orientations

Automatic image point measurement for relative orientation may be
performed using the image correlation teclnique described in Section
5.2.1a. In this case, however, the template and the target are two
small patches of the image, referred to as a window array and a search
array respectively, comprising the left and the right image points
(see Chapter 8). Clearly if the points in the six standard positions
of the model area are artificial pricked points or signalized ground
control points, maximization of the normalized cross correlation
function becomes a relatively easy task. If such artificial points are

not available, then to guard against poorly matched natural
pass-points, some algorithms needs to be applied prior to the
correlation process, to determine those areas with high signal content

which exist in the six standard positions used for
orientation.

relative

An antomatic digital solution to image control point measurement for
absolute orientation is only possible if either the control points are
pre-marked targets set out on the ground hefore the aserial photos are
taken, or the control points which have been selected are
geometrically simple natural targets with a high dedree of grey level
contrast with the surroundings (e.g. road intersections). Otherwise,
to measure a natural point on the image using correlation techniques,
a template needs to be formed (simulated) with the same shape and grey

level characteristics as the natural target. In practice, this becomes
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quite impractical due to the geometrical and grey 1level complexities
of natural targets.

5.3 Assigning The Grey Levels

After the solution of the analytical rectification, the elements of

exterior orientation (i.e. o, w, %, Xo, Yo, ZO) of each camera are

determined and recorded. These exterior orientation parameters, plus
those known or calculated parameters describing the geometric

distortions(-- if they are significant) are used subsequently to
establish the new position of each pixel of the original imsge using
geometrical transformations. A density value will then be assigned to
each geometrically corrected pixel. The geometric transformation
required for correcting the positions of pixels may be carried out

using either of two methods -- the direct method or the indirect
method.

1. The direct method: In this aspproach, the positions of the
pixels on the original image (referred to as the input image)
are corrected by spplying the geometrical transformation,
while each pixel retains its grey wvalue. This mesns, the
geometrically corrected pixels (referred to as output image)
will be irregularly distributed. Hence to obtain a regularly
distributed output image (needed for example if a hardcopy
image is to be generated), a rectangular grid must be

constructed for which the grey levels must be interpolated in
an off-line solution (Fig. 5.1).

2. The indirect method: Alternatively, the output imsge may be
considered to have a regular pixel pattern. The grey value
for each output pixel can be computed by geometrically
transforming the output pixel into the plane of the input
image and assigning the grey value of the corresponding pixel
on the input plane to the output pixel. However, the location
of the output pixel after transformation to the input plane

will not necessarily coincide with the pixels on the input
image (Fig. 35.2).



Chapter Five 83

OouUTPUT IMAGE

(X .,Y)
g J

Fig. 5.1 DIRECT CEOMETRIC TRANSFORMATION

The intensity values to be assigned to each output pixel
must, therefore, be determined by interpolation in the input
image which is referred to as resampling and will be

discussed in the next section.

¢+~ INPUT IMAGE —m—m)

gt(x‘,y">

TRANSFORMED
OUTPUT PIXEL

[

OUTPUT IMAGE

(X ,Y)
g _ l

Fig. 5.2 INDIRECT GEOMETRIC TRANSFORMATION

5.3.1 Resampling Methods

Consider the input image represented by a function gt(x” ') of a
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regularly spaced grid; and the gdeometrically corrected output image
represented by function gO(X,Y). The two functions are geometrically
related to each other by the collinearity equations. However, the
relationship between the density values of the input and output pixels

may be established wusing the familiar convolution operation (Eq.

2.14),
0

g:;(x“ V') = I J g€ X,y Hh(x"-x' ,y"-y’ )dx’ dy’ (5.1)
- 00

where g:(x“,y") is the output image geometrically transformed to the
plane of the input image (Fig. 5.2); and h(x’,y’ ) denotes the impulse
response of the interpolation function. Depending on the choice of
h(x,y), various 1nterpolation schemes can be implemented, with
different speed and accuracy. These interpolation methods are:

Zero-order Interpolation, First-order Interpolation and Higher-order
Interpolation.

a. Zero-order Interpolation
The simplest interpolation scheme is the so-called zero-order
or nearest neighbour interpolation, Fig. 5.3 shows the

nearest-neighbour interpolation function for one dimension.

-0-5 0-5
Interpolation
function

Fig. 3.3 NEAREST NEIGHBOUR INTERPOLATION

This approach takes the value of the nearest pixel to the
transformed output pixel g:(i,:j) and assigns it to the output
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pixel go(k,l), where 1,J are the row and column numbers of
the transformed output pixel with respect to the input image
coordinate system; and k,l are the row and column of the
output pixel. This means that the resulting grey levels
correspond to true input pixel values, but the geometric
location of a pixel may be inaccurate by as much as *0.5

pixel spacing. The sudden shift of the true pixel values also

gives rise to a blocky appearance of the linear features.

b. First-order Interpolation

To find a grey value for the transformed output pixel at the
position 1+m,Jj+n on the input grid, using first order (or
so-called bilinear interpolation), a hyperbolic paraboloid is
fitted to the four neighbouring pixels of the transformed

output pixel (Figs. 5.4). This may be done by the Dbilinear
equation:

3:(i+m,j+n) = a(m) + b(n) + c(mn) + d (5.2)

where gz(i+m,j+n) is the interpolated density at location
i+m, J+n for the transformed output pixel; and the
coefficients a ... d are to be determined so that a
hyperbolic paraboloid is fitted to the known values of the
four neighbouring input pixels. (see Fig. 5.4).

9.1 I+1,J+1}

gi[I;Jl 3:(1,J+1)

-4 | X
interpolation 0,0
function

Fig. 5.4 BILINEAR INTERPOLATION
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To determine the coefficients, first a 1linear interpolation

is carried out between the two input pixels at locations
gi’(i,j) and gt(i,j-l-l) to establish the wvalue at position
i,j+n (see Fig. 5.4):

g (i,3+n) = gt(i,j)+(n)[gt(i,jﬂ)-gi(i,j)] (5.3)

and similarly, for the two other pixels at locations

gt(i+1,.j) and gi'(i+1,.j'+1) to establish the value at position
i+1, J+n,

g (i+1,5+n) = gt<i+1,j)+<n>[gt<i+1,j+1>-gt<i+1,j>] (5.4)

Finally, the two values derived above can be interpolated
linearly in the column direction to give the final inter-
polated value at position i+m,Jj+n,

g:(i+m,j+n) - g (1,3+n)+(m) [g.t(i+1,j+n)—-gi_(i,j+n)] (5.5)

Substituting Equations 5.3 and 5.4 into Eq. 5.5, expanding,
and collecting terms vields,

(b, om) = [g (a9, (1D
[Si(i..iﬂ)-gt(i,j )] (n)+
(8,541,341 )48, (3,508, (i+1,3)-8,(1,3+1) | cam)
+g (1,3) (5.6)

which is in the form of Eq. 5.2 and thus bilinear.

Bilinear interpolation may cause a small loss of image
resolution due to the smoothing or blurring nature of linear
interpolation. On the other hand, the blocky appearance of
linear features associated with zero-order interpolation is
reduced at the cost of additional computation.

c. Higher-Order Interpolation

The image blurring of bilinear interpolation may be overcome
by applying extra computational effort, using higher-order
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interpolation algorithms. Examples of higher-order inter-
polating functions are cubic splines and the sinc function
(Castleman, 1973). The cubic approximation of the latter has
been implemented in the present project and hence will be

discussed briefly in the following paragraphs:

If the input image gt(x" , V' ) is band-limited (recalling the
discussion given in Section 2.8.2), the output go(X,Y) can be
reconstructed exactly by applying the sampling theorem. The

reconstruction filter i1s, therefore, a sinc function. To

implement this function in one dimension, its cubic

approximation with the 4 nearest neighbours (Fig. 5.95) can be
employed. This is given as (Moik, 1980):

1-2|x|%+|x]|? 0< |x| <1
h(x) = { 4-8|x|+5|x|%-|x|’ 1< x| <2 (5.7)
0 |x] 2 2

Fig. 3.5 BICUBIC INTER-
POLATION FUNCTION

A two-dimensional implementation of Eq. 5.7 with 16 nearest
neighbours may be obtained by first interpolating in the scan
line direction (i.e. for the pixels (i,j-1), (i,3j), (i,j+l),
(1,J+2) and then interpolating in the column direction of the

input image (i.e. (i-1,3), (i,3), (i+1,3), (i+2,3j)), (see
Fig. 5.6).
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i.e.

gt(k,.:‘i+n)- -n( 1-1'1)2 [gi (k,j-l)]+(1-2nz+n3 ) [st (k,J )]+

n(1+n-n°) [st (k.:‘i+1)] -n“(1-n) [gi (k,j+2)]

k — i.-l, i’ i+1’ i+2

The final interpolation value is obtained by:

g (i+m,J+n) = -m(1-m)° [gi<i-1,j+n>]+<1-2mz+m3>[st<i,j+n>]+

n( 1+m-mz) [gi (i+1,3+n )] --~-1n2 (1-m) [gt (i+2,3+n )]
(5.8)

where, g:(i+m,j+n) is the final interpolated value for the
transformed output pixel at location i+m,j+n.

Although applying the above resampling scheme (which is also
referred to as a bicubic convolution) improves the accuracy
of the output image, the computing time increases
dramatically as compared with the previously discussed
interpolation approaches.

Having the theoretical analysis presented in the preceding sections in
mind, the rest of this chapter describes the implementation of the
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digital rectification procedures used in the project.

5.4 Overall Strategy and Procedures for Digital
Geometric Rectification and Model Formation

As mentioned before, in this project, rectification was performed with

the main objective of removing only the y-parallax and its associated

x-parallax throughout the model in order to allow the subsequent
reconstruction of the three-dimensional model of the terrain and the
stereo-viewing of this model. Hence, in the rectification stage, only

the relative positions of the cameras have been reconstructed (i.e.
the right image has been rectified with respect to the 1left image),
and not their absolute position during the exposure time. This means

that absolute orientation 1is not performed during this stage.
Therefore, the term "rectification” as spplied in this thesis should

not be confused with the normal case in which each imsge is rectified
for its absolute deviation from the vertical axis.

In this project, the rectification of the images resulting in the

removal of y-parallaxes and associated x-parallaxes, 1is carried out
based on the following two stages:

a. The analytical rectification stage consists ofs

(1) Inner orientation which is carried out in two steps,
namely, fiducial mark measurement, and the solution of a

two-dimensional affine transformation to derive the
transformation coefficients.

(11) Relative orientation which is also carried out in two

stages of image point measurement and solution of the
coplanarity equations. .

(iii) The subsequent indirect geometric transformation (see
Section 35.3(2)) by which the output pixels are projected

into the plane of the input image using the elements of
the relative and inner orientations calculated in the

previous stages. This backward projection requires three
different geometric transformations of: 1. transformation
into the epipolar plane (more detail is given in Section

5.8), 2. transformation into the principal point



