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ABSTRACT

-This thesis concerns developing a program that takes an .
aerial photograph, and a set of Digital Terrain Elevation
Data (DTED) that is defined over the area of the photograph,
and generates a synthesized view that represents what a
camera would see from a different location. The elevat:on
data points are grouped into triangular panels that are
projected to the reference image by three dimensional
transformation equations. Shading for the synthesized image
is determined From the reference image. The pixels of the
reference image that fall within a triangular panel are
collected and averaged. When a new observer location 1s
selected, the panels are projected to the new synthesized
image plare. A z-buffer approach and a polygon fill
algorithm were used to remove hidden surfaces of the
synthesized view.

This program is tested an both artificial and real data.
Other characteristics and performance measurements of the
program are alsc analyzed here. The quality of the syn-

thesized image from real data was affected by the low

resolutlion of the terrain elevation data, and yielded less t
desirable results than could be expected of a higher

resalutiliaon terrain model.
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I. INTRODUCTION

A. COMPUTER IMAGE GENERATION FROM AERIAL PHOTOGRAPHY

The main objective of this study was to develop a
program that takes a digital phctographic image ard a f1ile
of terrain elevation points defined over that image as
input, then produces as an ocutput a synthesized perspective
view. The synthesized view 15 a raotated 3-dimensional (20D
perspective representation of the original photographic
image. The main application of this study 1s to generate a
different perspective of a terrain model. This may be used
to generate different views that a pilot of an aircraft
could expect following different flight paths through the
same area. Further study may make 1t fFeasible to generate
synthesized images fast enough to simulate a real time 1mage
display of a flight for a missian briefing or to be used as
a training aid. Another applicaticon could be for training
men on optically guided missiles. With high resclution
1images, a flight path through a battlefield could be
simulated that would have all the visual characteristics of
an actwal flight without the expend:iture of a live missile.
The generation of a shaded image as a 30 picture provides
unique problems fFor 30 graphic displays. The data which
comprises a photographic image consists cf an array of

pixels, each of which has a defined grey level cr shade.
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There are 256 differert levels of grey that may be assigred
to a pixel. This study concerrns taking a phaotographic
perspective 1mage and a 2-d:mensignal (2D0) array cf eleva-
ti1cns defined 1n a grid covering the area of the 1mage as
LNpUtS. Tre grid of elevaticns, called the terrain model,
15 geametrically related to the photcocgraphic image through a
persgective projectior tramsformation that eguates the werld
ccordinates of the elevation points to the object ccor-
dinates of the 1mage. A synthesized i1mage from a different
gbserver lccaticn 1s then generated. The new synthesized
view should approximate what wowuld be seen by a camera from
the new cbserver position,.

The differences between the original amd synthes:zed
1mages will be affected by the resolution of both the
photographic image and the terra:in models. Higher resoclu-
ticn of the original models will result 1n a closer approx-
:mation 1n the synthesized 1mage. Another complication or
ambiguity arises when details which should show up in the
synthesi1zed view were not present 1n the origiral image. A
method must be devised so that 1t can fill 1n areas which
became visible 1n the synthes:ized i1mage that were hidden i1n
the criginal referermce image. The sclution to this hidden
surface problem 1s fFurther addressed i1n the discussigon cf

the grey scale referencing algorithm.[Ref. 1]

11
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B. TERRAIN ELEUATION AND PHOTOGRAPH AS INPUTS

In this study a high altitude aerial image of Moffett J

graph. The photographic 1mage was supplied by the Defense

\ Field, California was used as the ariginal reference photo-
|
I
)

Mapping Agency (OMA) amd had a resolution of approximately 1
meter per pixel. The terrain model correspcnding to the
reference image was provided as Digital Terrain Elevation
Data (DTED)Y by the OMA and consisted of elevatiaorn points
taken every secand of a degree change in latitude and
longitude. This gives an approximate resolution of 30
meters per elevation point in a north-south direction and 23
meters per elevation point 1n an east-west direction.

The synthesized view was restricted to a northerly

direction which simulates an aircraft flying from south to
north with the image plane perpendicular to the direction of
flight. To allow for different Flight patterns would
require development of an algorithm that would provide for
rotation aof the image coordinates which 1s beyond the scope
of this study. The main idea is to generate a synthesized

’ view that is rotated from the original photograph by

approximately 80° and explore the concepts of the algor:thms

required to do this. Although speed was not a major i1ssue,

‘ the s:ze of the terrain model was limited to a S0 x 50 grid

array, or 2500 data points, to minimize the time for

synthesized 1mage generation.
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C. ALGORITHM ISSUES

1. Grey Scale Referencing

To determine the grey scale values of the pixels
that make up our synthesized view, the terrain model 1s
fFirst divided 1nto triangular panels. The vertices of the
triangular panels are then mapped :ntc the original DMA
image using the perspective projection transformation that
projects georectangular coordinates into reference image
coordinates. The pixel grey scale values that fall within
the projected triangular panel are then averaged. The
average grey scale value 1s permanently assigned to that
particular parel. UWhen the synthesized image is constructed
the triangular panel 1s mapped to the new i1mage view and
filled with the assigned average grey scale value. In this
way the sample of pixels that fall within the triangular
panel are mapped from the criginal reference i1mage to the }
synthesized 1mage. This method of mapping the trianrngular

parnels to the synthesized i1mage alsao solves the problem of

LARN

b assigning a grey scale value to hidden surfaces of the ‘
e

E reference 1mage because they are autamatically assigned the
F value of the surrounding pilxels., Since the average grey

E scale value far a triangular panel 1s dependant upon the

resclution of the terrain model, the grey scale value

assigned to the hiddern surface will also be affected

CRef. 11.
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The smaller the triangular panels are, the smaller

v %

the area that must be collected and averaged in the original

[ v 3

AR AR P ALAANEL

1mage. This means a much better synthesized view can be
constructed that contains more of the attributes of the
original image. For this reason the resolution of the
terrain and reference image model is very critical to

obtaining an accurate synthesized view. Using the resclu-

tion of the terrain and image models used in this study, the

[ N

approximate number cof pixels that must be averaged 1n the
reference image for each triangular plane would be 1/2 (30m

x 23m)(1 pixel/m) = 345 pixels. This is very coarse and

I e 9

does not allow for optimal generation of the synthesized
view.
2. Hidden Surface Elimination

There are surfaces that may be discernible in the
reference image but become hidden in the synthesized view.
The z-buffer algorithm was used to accomplish the hidden
surface elimination. The z-buffer is an array that
contains the depth or distance to the observer location for

each pixel that is to be visible in the synthesized image.

As each triangular plarne is mapped to the synthesized view
the location and depth of each pixel within the plane 1s
determined. The depth of the pixel to be written at a
certain location i1s compared to the depth of any pixel that
may have been previously written to the same location. If

the depth or distance of the mew pixel to the observatian

- rEER.A N O _F_."_ . "a &8 AU A A L "mw x N SR o I el
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point 1s shorter than the previous pixel, its depth 1s
written to the z-buffer and the grey scale value of the
pixel 1is placed i1nto the synthesized image. If the depth :1s
larger, no updating occurs and a8 new pixel is obtained 1n
the process. The z-buffer works very closely with the next
algorithm to be considered. C(Ref. 2, pp. 265-2671]

3. Polygon Fill Algorithm

Screen coordinates are generated for the three
vertices of each triangular panel as it is mapped tao the
synthesized image. Screen coordinates are designated as Ia
and JA values with the IR values representing the columns
and the JA values the rows. The location, IA,JAC0,0),
designates the upper left hand corner of the screen and the
maximum screen coordinate, IA,JA(S512,512), the lower right
hand carner. An active edge list (AREL) is generated by
computing a line between each of the translated vertices,
For each line, the IA coordinate corresponding toc the
maximum JA value of the line, the amount IA changes for each
one unit step of JA, and the total span of JA are stored
into the AEL. The three lines generated for each translated
triangular plane will form ancther closed triangle. By
using the parameters stored in the AEL the locaticn of
pi1xels enclaosed by the translated triangular plane can be
determined, and the corresponding array points within a
frame buffer are changed from a O to a 1.

(Ref. 2, pp. 76-79]
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After all of the enclosed pixels have been marked

SIS

A

-

within the frame buffer, the buffer is scanned row by row.

IfF a value of 1 is found, then the depth is calculated for

R &

that point and compared with the depth value stored i1in the

L W

z-buffer. If the depth value is smaller, that pixel is

¥y

% 3

located closer to the observer location and the grey scale

'ﬁ value For that pixel is written to the synthesized i1mage

d‘

> fFile. As can be seen the fill and hidden surface algorithms
wark together tc generate the new image. The implementation

of these algorithms are explained in further detail later.
In Chapter II there will be a discussion of basic
photographic geometry to develop an understanding of the
transformation equations necessary to map object coordinates
into image coordinates and for image plane rotation.
Chapter IIl will detail program considerations based on
image and elevation data as well as the algorithms used to
generate the synthesized view. Chapter IV will discuss
possible ways to improve the transformation program and
discussion of topics for possible further study. An outline
of the program is contained in Appendix A that gives a short
discussion of each subroutine as to its purpose, i1nput and
output, modules that called, and modules that reference the
subroutine. Appendix B contains the entire 30 transforma-

tion praogram.
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1. PHOTOGRAPHIC GEQMETRY

A. BACKGROUND

To understand many of the concepts used in this study, a
basic background 1n photcgraphic geometry 1s presented. The
relationship between the i1image space and object space 1s the
basi1s for manrny of the egquations that help to generate the
reference and synthesized images for visual display. The
object:ve of this chapter 1s toc present the concepts that
allow the transformation of 30 objects to a 20 image and the
parameters evclved.

1. Perspective and Parallel Proiection

A parallel projection 1s a projection in which the

projection lirmes from the object to the 1image plane never
converge. When an object 1s viewed by parallel project:on,
1ts si1ze would never change as the camera 1s moved closer or
further away. In contrast, a perspective projecticn has all
the projection lines fraom an object converge to a perspec-
tive center. A perspective projection imitates how we see
things. An example would be a picture of railroad tracks.
The tracks would appear to become closer together when

further away from the obhservation point. I~ a para.le.

orziectian the tracks wculd be the same distance agart a.l

9!

the e~t.re lergth. [Ref. 2, prp. 133-134:

S:nce a camera .s generally desigred to gphctogragh a

rather large area, .t 1nvolves perspecti.ve projecticn. e
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camera view represents what an cbserver would see starding
at the same location, and the 1mages generated are perspec-
tive i1mages. This means that the eguaticns used toc trans-
form the object space i1into the 1mage space must be perspec-
tive transformations.

2. Image Cgordinate Space

The 1mage plarne 1is the plane of the photograph to

which the aobject points are mapped. It has a 20 coordinate
system to which each point of a 3D object 1s tranmslated to
(Fig. 2.1). The indicated principal point (IPP) 1s the
center of the image plane and has the coordinates of
(x,4,0). The x, y, and 2z axi1s represent a right handed
plane and the perspective center (L) lies along a line
parallel to the z-axis; then a perpendicular line 1s drawn
from L to the 1mage plarme. The point at which this perper-
dicular line 1ntersects the i1mage plarne 1s called the
principal point (o). This offset of the principal point
from the [PP 1s compensated for in the transformation
equations by xo and yo. The focal length of the plane :.s
defired as the distance from the principal point to the
perspective center. For the 1mage plane coordinate system,
each object point (A) 1s graphed to a corresponding 1mage
plare point (a) located at (xa,ya,0), and the perspective

center cr focal point 1s located at (xo,yo,f). C(Pef. 3, pp.
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In generating a synthesized vi.ew, the perspecti.e

center may be placed at any locati:cn desired with referencs
toc the 1mage plane. It 1s therefcre desi:rable to select a
po:nt alcng the z-axis such that <o and yc become 0. This
will decrease the number of calculations required 1n
generating the synthesized view.

3. 0Objlect Cgordinate Space

The observer locati:on and each object point positicr

1s described i1n world coordinates, called gecrectangular
cocrdinates, of X, Y, and 2. The center of the earth 1s
given as (0,0,0), the 2-axis points directly to true north,
the X-ax1s points to the intersection of 0° Latitude ard C°
Longitude, and the Y-axls the 1ntersection of 0°® Latitude
and 90° E. Longitude. The principal or fccal point that
would describe the observer location 1n georectangular
coordinates 1s XL, YL, and Z2L. Each aobject point (A2
located 1n the cbject space :1s 1dentified by XA, YA, and 2A

as shown :n Figure 2.2. ([(Ref. 3, p. 1361

B. IMAGE PLANE ROTATION

To align the x, y, 2z coordinates of the 1image plare to
the desired viewing direction requires rotation about the X,
Y, ard 2 ax1s of the georectangular coordinate system. In
general to transform one 30 coordinate system requires a
matr:.:< multiplication of the form A = [MIB. The A repre-
sents a vector 1n the i1mage space with x, y, ard Z ccor-

dinates, ard B 1s a vectcr 1n the gecrectangular coordirate

13
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Fig. 2.1 Image Plane Coordinates (Ref. 3, p. 135)

ERARAARATUT | AR ARPy

BrLARAARN

Fig. 2.2 O0Object Plarne Coordinates (Ref. 2, p. 1386)
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system with X, Y, and 2 components. This may be written as

X a b c X
g - d e £ Y (2.1
z g h 1 2
where
a b c CosxX CosxY CosxZ2
M o= d e F = CosyX CosyY Cosy2 (2.2>
g h 1 CoszX CoszY CoszZ2

This maps the vector X, Y, 2 to the image space x, y, 2.
The M matrix is derived from the definition of the direction

of a vector A given by

A
~ A A
— = Cosc 1 + CosP J + CosT k
|#]
A Ay A SN
= = ] + = + § =/ K 2.3

18] |#] 17

A
where 2, f, and k are unit vectors of the particular

coordinate system in which vector R is contained. The
guantities -, B, T are the angles that vector A makes with
the », y, and z-axis respectively. Since there are three
vector comperents i1n the X, Y, 2 system, each one must make
1ts own transformation into x, 4, and z and thereby forming

the 3 x 3 matrix of M. To trarslate x, y, z 1ntc X, Y, 2




the inverse of the M matrix is taken giving B = CMIA.

' [Ref. 3, p. 1391

If we can define three orthogonal vectors in georect-
angular coordinates as R, 8§, and T that would describe the
deélred viewing position of our 1image plane, the M matrix 1s

easily derived by

[ -
Sx Sy Sz

ISt 1S 18|

Rx Ry Rz
n = 2.4l
IR IRl |R|

Tx Ty Tz

T T T
T T T

Generally the image plane rotation is expressed in gmega
(w), phi (2), and kappa (k). The w is the rotation about
the X-axis, the @ is rotation about the Y-axis, and k 1is
about the Z2-axis. If we rotated first about the X-axis by
an angle of w radians, the terms of the M matrix wculd
equate as follows

CosxX = Cos(0°*) =1

CosyY = CosCw)

CosyZ = Cos(80°-w) = SinCw)

CoszY = Cos(w + 80°) = -Sin(Cw)

CoszZ2 = Cos(w)

NIRRT VYRR

AL 8 AL

All other terms equate to cos S0°* = 0, therefare the M

matrix becomes

w!
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1 0 o)

Mn = O Caos(uw?l SinCwl (2.5)

0 -SinCw) Cos(uw)

Similarly a rotation @ about the Y-axis produces

Cos(8) 0 -SinCD)

M o= 0 1 0 (2.8l
SinC@) o] Cos(Cl)

and for a rotation k about the Z2-axis

Cos(k?2 Sin(k) 0
M = -Sin(k2 Cos(k) 0 2.7)
0 0] 1

By multiplying all three matrices together we derive the

overall M transform 1n w, @, and k,

Cos(®)Cos(k? Cos(wiSinCk) + Sin(wl)Sin(BliCos(k)
M= -Cos(8)Sin(k) Cos(wlCos(k) - S1in(wl)Sin(dl)S1in(k)
Sin(®) - Sin(wl)Cos(8@)

Sin(w)Sin(k) - Cos(wl)Sin(@liCaos(k)
SinCwilos(k) + Cos(wl)S1in(QXS1nik:
Cos(wlCos(®>

This 1s the general form of the matrix that maps the
georectangular coordinates to the 1mage plane. (Ref. 3, pp.

5387-6001



The general fForm of the transformation matrix 1s used to
initially map the elevation terrain model i1intoc the orig:inal
reference image. The w, 8, arnd k were supplied with the

i original DMA photograph and represents the rotation of the
reference 1mage plare with respect to the gecrectangular
cocrdinates at the time the picture was taken. When uwe
gernerate the synthesized view the image plane must be
rotated to the desired viewing angle of the ocbhserver
(northerly direction 1in particular). This means that a new
w, #, and k must be calculated, or by defining new 1mage
plane coordinate axes :n terms of the gecrectangular
coordinates, we can calculate the terms of the M matrix
directly using the preceding equaticns. This 1s discussed

further 1n the next chapter.
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IIT. ALGORITHM CONSIDERATIONS

In this chapter an i1n-depth analysis of the original
image anrd terrain data is presented. This includes how the
data was referenced, the size of the data files, how the
data was used, and how the elevation and image data compared
wlth one anrother. The process of translating from the
object space coordinates to 1mage space coordinates and then
to screen coordinates 1s cons:idered, and the egquations used
are given,.

The referercing, f1ll, and z-buffer algorithms alsc are
discussed 1n detail. How the data gernerated from these
algcrithms 1s used and put tcgether to produce the syn-
thesi1zed view wlll be presented. Any problems that were
encountered and the eventual soluticrs will be discussed 1n

the appropr:ate section to which they pertain.

A. REFERENCE IMAGE DATA

The picture of Moffett Field supplied by the Defense
Mapp.ng RAgency (OMAY, was 4993 by 4887 pixels 1 size and
came w.th both a left anmd right :mage. Cnly the left i1mage
«3s _.sed to generate the perspective views 1n this study.
Each 1~dividual pixel within the ori:ginal i1mage 1s desig-
~rated b, cocrdirates | and J, where [ 1s the pixel colomn

ard . 1s the scan row. The gecgraphic ncrtheast corner has
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the I, J coordinates of (0,0), and the southuwest corner
(4997,4939) .

The image display devices used were capable of dis-
playing images that were only 512 by 512 pixels 1in size,
therefore, the original image was divided into appropriate
blocks suitable for viewing called frames. Each frame
contains an image that is 512 by 512 pixels. The coor-
dirnates of each frame has a four digit I _Frame and
J Frame value, and is further identified as a left or right
(L or R) image. The I Frame and J _Frame coordinates are
designated in multiples of 512 which define the column and
row location of each frame. There are 10 frame columns and
10 frame rows with assigned coordinates of 0000 through
4608. To identify a particular frame of the DOMA image one
first designates whether it is a Left or Right image and
then give the I Frame and J_Frame coordinates. As an
example L0S121024 would designate a Left image from the
second column and third row. The first frame LOOO0000Q
starts in the southeast corner and the last frame L46084608
is in the northuest corner. The disparity between the
starting location of the frame coordinates and the [ and J
coordinates of the original image must be compensated for in
the equations that are used to determine the locaticn of

individual pixels within a frame image as shown later.

YA
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1. Oblject to Reference Image ITransformation

Every object point 1s converted from its 320 X, Y,
and 2 gecrectangular coordinates 1nto the 20 x and y 1mage
coordinates using the A = [(MIB equat:on discussed earlier.
The vecter from the perspective center to each object point )
is defined by (XA-XL), (YA-YL), and (ZA-Z2L). This vector 1s
mapped 1nto the reference 1mage plare coordinates cf x, y,
and z. Since every bector in the i1mage plarne 1s directed
from the perspective center or focal point to the i1mage
point (a), the z cogrdinate value is constant and equal to
the negative of the focal point (-f) of the camera. Using

these parameters the equation becomes

G

X=X0 a bc XA-XL

y-yo = K def YA-YL (3.1
-f g h1 2A-2L )
where K 1s a scale factor. From this transformation the ’
following equations are obtained »

x-xo = K fa (XA-XL) + b (YA=-YL) + c (Z2A-ZL)] (32.2) y
yg-yo = K [d (XA=-XL) + & (YA-YL) + £ (2A-2L12] (3.3)

-F = K [g (XA=XL) + h (YA-YL) + 1 (Z2A-2L>1 <3.4) ﬂ

Dividing the last equation i1nto the first two ard rear- E

rang.ng ylelds
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— —_
a (XA-XL) + b (YA-YL) + c (2A-2L)

- F (3.5
g (XA-XL) + h (YAR-YL) + i (2A-2L)

fmmwmmwmww'v\“‘x' TR NIEINLR T WAUNTNRYAN NN Y Y
h
E X = X0

— —y

+

d (XA-XL) + 8 (YA-YL) + c (2A-2L)
y = ya - f (3.8)
g (XA-XL) + h (YA-YL) +« 1 (2a-2L)

+

where x and y are the 2D image plarme coordinates.[Ref. 3,
pp. 141-1423

The original parameters of the M matrix were
calculated from the w, 8, and k that were given by the DOMA
with the original photograph. These represent the physical
position of the image plane in relation to the georect-
angular coordinate system at the time the picture was taken.
The focal point was also supplied and is particular to the

camera that was used to take the griginal pheotograph. When

the synthesized image is generated, the image plane is

3 oriented to a position for the desired viewing angle, which
means that the parameters of the M matrix will change and
must be recalculated. The steps used to determine the
desired ocrientation of the image plane coordinates will be
discussed later in this chapter.

2. Reference Image to Screen Coordinate Transformation

Once the x and y image coordinates have been

calculated they are translated toc I amnd J values of the

c8
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original image. This is accomplished using the affine
transform which represents a 20 into 20 coordinate transfcr-

mation. The equation that accomplishes this 1s derived from

el el

Jolb e e

where Cl and C2 are the values that translate the image
plane origin to the [ ard J coordinate system origin. They
are calculated by setting I and J to O and solving for x and
y. To get the desired transformation of the image coor-
dinates to I and J coordinates the inverse transform is

taken. CRef .3, p.5331

- —_— €3.82
J Jjm - k1l -1 3 y - €2

Again the original J, k, 1, m, Cl, and C2 were
supplied by the DMA with the original image. Equation 3.B
represents any general 2D intoc 2D transformation, and it is
used both to translate the origiral image plare coordinates
into the ! and J coordinates of the reference image and to
transform the image plane coordinates cof the synthesized
view into screen coordinates of IR, and JA.

The screen coordinates were assigred the parameters
A, which represents the columns, and JAR, which represents

the rows. The point IA,JAC1,1) 1s mapped to the upper left
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corner of the screen and IA,JA(S12,512) is the lower right
corner.

The screen coordinates represent the location of a
pixel within a frame. To convert I and J original coar-
dinates to IA and JA screen coordinates one needs to know
the particular frame cne is working in and compensate faor
the difference in the starting location of the frame
coordirnates and the original image coordinates. This is
accomplished by using the following equations,

l IA = (I - I Frame) (3.92
’ JA = (48388 - J Frame - J) (3.102

The I Frame and J Frame values must therefore hbe
given to determine the screen coordinates within a desired
frame. To allow flexibility in determining which frame
image would be used to extract the reference image, an
interactive input of the | Frame and J Frame coordinates was
appropriate.

3. Synthesigzed Image Plang Rotatign

For the synthesized views that were generated, the
affine transform parameters Cl1, C2, J, k, 1, and m that
would map the newly rotated image plane i1nto the screen
coordinate system were selected. Since the image plares 1n
the synthesized views were oriented for an ohbhserver looking
narth, the image plane coordinates were generated by cal-
culating the z-axis, which points south, from two gecrec-

tangular coordinate vectors calculated fFrom two different
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