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- SUMMARY

The overall Terrain Data Extraction Study is concerned with the development of

techniques for the extraction of terrain features from digital aerial imagery.

Typical features in the vegetation category are vegetation boundaries and tree

stem spacing in forested areas. Extracted data pertaining to features like

these are an input to decision-making processes associated with military opera-

tions such as cross-country movement. Phase 4 effort, reported here, has built

on the base of vegetation feature extraction techniques developed in the previous

phases.

Automated delineation (boundary outlines), in a selected digitized aerial panchro-

matic photograph, has been performed for vegetation/landcover classes, intervals

of percent canopy closure, and intervals of tree stem spacing. Images have been

produced showing the land-cover class and-interval themes, and the theme boundaries

have been extracted and recorded on magnetic tape in the Standard Interface Format.

To have utility, terrain data boundaries must be produced for specified map areas

normally encompassing multiple frames of adjacent aerial imagery. Algorithms

have been developed, therefore, for digital scaling and mosaicking of terrain data

derived from separate, adjacent scenes. Software to implement the algorithms has

also been produced.

Within a mosaic of multiple aerial images, the terrain data boundaries for any

given category are likely to be quite complex. Multiple polygons, polygons with

holes, polygons within polygons, etc. are involved, with each polygon containing

a large number of vertices. Algorithms have been developed to automatically and

systematically examine the terrain data binary themes and to produce the appro-

priate single-pixel-width outlines (polygons). Procedures also have been developed

ive.1



to convert the outline data to the Standard Interface Format suitable for input

to the ETL Interactive Graphic Design System. These procedures and algorithms

have been implemented with appropriate software.

A detailed design for an interactive system capable of performing the above tasks

was prepared early in Phase 4 and documented in a separate report entitled Inter-

active Image Analysis System Design, dated and submitted to USAETL January 1983.



PREFACE

This document has been generated under Contract DAAK7O-79-C-0153 for the

U.S. Army Engineer Topographic Laboratories, Fort Belvoir, Virginia 22060

by the General Electric Company, Space Systems Division, Lanham, Maryland

20706. The Contracting Ofie' Technical Representative was Mr. R Tynes.
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INTERACTIVE DIGITAL IM4AGE PROCESSING FOR TERRAIN

DATA EXTRACTION, PHASE 4

1 INTRODUCTION

This report documents the results of Phase 4 of the Terrain Data Extraction study.

V.. Phase 4 effort was performed during the period September 1982 to November 1983.

The overall study addresses the problem of extraction, from digital aerial imagery,

of terrain features essential for decisions associated with military operations

such as cross-country movement. Also addressed in the study are some aspects of

the generation of terrain analysis products (e.g., maps) necessary for the deci-

sion-making associated with these military operations. Primary effort in the

overall study prior to Phase 4 has focused on the extraction, from panchromatic

aerial photography, of vegetation and other land-cover boundaries, and on the

extraction of forest features such as canopy closure and stem spacing. See the

Phase 1 report ETL-0241, November 1980 for a more complete description.

* Phase 4 involved four tasks:

(1) Produce automated delineation (boundary outlines), based on extraction

techniques developed in Phases 1-3, of:

o Vegetation classes
'a. o Percent canopy closure intervals

o Tree stem spacing intervals

(2) Develop algorithms and provide software for scaling and mosaicking

vegetation data derived from separate adjacent scenes, as appropriate

for covering a given map area.

(3) Develop algorithms and provide software for converting area boundary

(outline) data to a format suitable for input to the ETL Interactive

Graphic Design System for use in polygon manipulation programs.



.., ..

(4) Provide a detailed design for an interactive syst rm capable of performing

the tasks (1), (2) and (3), above.

Task (4) was completed early in Phase 4 and documented in a report submitted to

USAETL dated January 1983 and entitled Interactive Image Analysis System Design.

The results of Tasks (1), (2) and (3) are documented in this report in Sections

2, 3 and 4 which follow. Software developed in these tasks is not included in

this report but has been delivered separately to USAETL. In Task (3) not only was

the polygon conversion problem addressed, but attention was given also to the auto-

matic extraction of polygon boundaries for a complex theme representing, for example,

all forest areas in a large scene (i.e., multiple polygons, polygons with holes,

polygons within polygons, etc.).

'S1-
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-*2 DELINEATION OF VEGETATION CLASSES, CANOPY CLOSURE AND STEM SPACING

Image products depicting automated delineation of the following have been

produced using extraction techniques which have been developed in this study:

e Boundary Outlines of Vegetation Classes

e Boundary Outline of Forest Canopy Theme According to
Percent Canopy Closure

* Boundary Outline of Forest Areas According to Average
Tree Stem Spacing.

Figure2-1 shows the basic digital aerial image from which the above vegetation

feature outlines were extracted.

Figure 2-1. Digital Aerial Image

2-1
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Vegetation themes were produced from the basic image using techniques developed

in this project and described previously. In this particular scene only three

broad classes exist: Forest, Grass and Bare (includes roads and buildings).

These themes have been color coded in blue, cyan and white respectively, and

superimposed on the basic image. See Figure 2-2.

Figure 2-2. Scene With Vegetation Themes Superimposed

A forest canopy theme was extracted from the basic digital image and produced

-4. using techniques previously developed and described in this study. A wide-

area moving average is applied to this two-level canopy map. Averaging is per-

formed over approximately 0.1 hectare.

2-2
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.. :? The result is a gray-level canopy closure map in which pixel brightness is pro-

portional to percent canopy closure. In turn, that map is level sliced into

five equal pixel brightness intervals, and a color-coded theme is produced for
. .-.

each interval. Figure 2-3 shows these themes superimposed on the original digital

image. Color coding is as follows:

Canopy Closure Interval Color Code

0 - 20% Red (Reddish-gray when super-

imposed on image)

20 - 40% Cyan

40 - 60% Blue

60 - 80% Green

80 - 100% Purple

'* %"

'.-.,

Figure 2-3. Scene With Canopy Closure Themes Superimposed

2-3
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Tree stem density themes are produced from the basic digital image by first

producing a binary map in which single pixels representing tree crown locations

are given a value of "1", with "0" for the remainder of the image. This crown

F location theme is extracted from the basic image using the crown template and

processing procedure developed and described previously in this study. Next,

the crown (stem) theme is modified such that each crown location pixel becomes

a 3 x 3 pixel array, with each pixel having an intensity value of 163. This

modified theme is now subjected to a 27 x 27 pixel (729 pixels) moving average.

A gray level image results (see Figure 2-4) in which pixel brightness is propor-

tional to stem or crown density. Since 27 x 27 pixels correspond to 22.1 x

22.1 meters2 in this image, a pixel brightness of 9 pixels x 163 (or 5> 2)
27 x 27 FIxeM

-4.'pcorresponds to an area per tree of 22.1 x 22.1 =488 meters2.

42-



-~ The gray level image resulting from the 27 x 27 pixel moving average is level

sliced at appropriate digital levels so as to produce themes representing in-

tervals of average tree area or stem spacing. These themes, plus the 3 x 3
- .pixel crown locations, are shown in Figure 2-5.Theme color codes, and the stem

Figure 2-5. Average Stein Spacing Themes With Crown Location Theme

spacing intervals which they represent, are as follows:

Theme Color Code Stem Spacing Interval

Yellow 6.7 - 8.2 Meters

Blue 8.2 - 10.1

SGreen 10.1 - 15.0

, 4Red 15.0 - 33.6
.'%Black > 33.6

The stem spacing interval themes (except for black) are shown superimposed on

the original image in Figure 2-6. To arrive at the calibration of average stem

2-5
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Figure 2-6. Scene With Stem Spacing Interval Themes Superimposed

spacing vs digital level number in the gray level image of the averaged crown

location theme, it is assumed that average tree area is inversely proportional

to digital number, or A = W.Since DN = 2 corresponds to 488W42, A =-

Using a hexagonal tree model (see Figure 2-7) it can be shown that stem spacing
1/ 1

S = 2h = 1.075A2. Thus S = 33.6 (DN)12. Average stem spacing for five selected

digital level numbers are tabulated in Figure 2-7. The figure also shows the loca-

tions of those digital levels in the histogram of the image of the averaged crown

location theme.

Finally, the three digital images of themes for vegetation classes, canopy clo-

sure intervals and stem spacing intervals were processed to produce new themes

If representing the boundaries of the original polygon themes. These polygon boun-

dary themes have been converted to the SIF format and loaded onto three digital

tapes.

2-6
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3 IMAGE MOSAICKING

3.1 INTRODUCTION

A mosaic is an assembly of ind-ividual photog.raphs fitted together

systematically to form a composite view of the entire area covered

by the photographs. The mosaic gives the appearance of a single

photograph, producing a complete record of the area photographed

Perfect matching of the images of adjoining photographs is

virtually impossible because of variations in altitude of the

aiTplane, large differences in elevation of the ground, divergence

of the camera axis from the vertical at tr.e time of exposure, and

errors inherent ir, the photoGraphic system rf camera, lens, film,

print, paper,etc. By the us. o4 proper techniques, however, the--

erTors can be held to a mini;,us, and not peT mitted to accumulate

Tc construct an accurate mos_=-.,. all individual photographs must

be reduced to a common scale. must be rectified to remove tre

distorting effects of camera tilt, and must be assemiled to

accurate ground control at selected photo-identifiable points ior

control of azimuth, scale, and position.

Mosaics are very useful in all types of planning activities and

have the advantage of showing as a single picture a wealth of

detail of the entire area under study.

3-1° .
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3.2 DISPLACEMENT OF IMAGES DUE TO TILT

As a result of tilt alone, the images appear to be displaced

radial1l toward the isocenter on the upper side of the photograph

and radially outward or away from the isocenter on the lower side.

Along the isometric parallel (line through the isocenter

perpendicular to the direction of tilt) there is no displacement

relative to an equivalent untilted photograph.

Unh5 h4000n..3

-: U::~P~~go~

Figure 3-1. Image displacement due to tilt

3-
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The Figure 3-1 illustrates the geometry of an aerial photograph

and the symbols have the following interpretation:

0 = Location of camera lens

OP = Optical axis which is perpendicular to the plane of the

photograph at the principal point P (geometric center.

This is equal to the Focal lengtr of the camera.

t = Tilt angle

i = Isocenter

n = Nadir

Di = Distance of image fL,.T the isocenter along the princIpal

, -1 ine

f = Camera focal length

dt = Displacement of image relative to the equivalent

untilted photograph

Ther., the magnitude of displacement dt is given by the

equation

,.'.,...dl.. ...
2.1

when t is very sMal' and exFressed in radians.

-3-3
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-- -3.3 PROJECTIVE TRANSFORMATION EQUATIONS

Assuming that light rays travel in straight lines, that all the

rays entering a camera lens system pass through a single point and

that the lens system is distortionless, then a projective

relationship exists between the photographic coordinates of the

4. image points and the ground coordinates of the corresponding

object points as illustrated in Figure 3-2.

•J* ..-.

-4

-. ', 4

z

LNJ

''a

- ." / Y;

":'"" Figlurve 3-2. Extervio'r Orvientation

-3-4
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where

X,Y, Z = Three-dimensional rectangular cooTdinate systerr cr

.-. the object spacco

Xj,Yj,Zj = The coordinates of any poin* J in the object space

U C C
Xi, Yi, Zi = The position of the exposure center of photograph i

* x, z = The photo-coordinate systes

w,4.k = Rotation angleB about x,y,z respectively which

define the diTe~tiorn of the uptical axis. The

angles are po-tive in counter-clockwise direction

When w=-4=k=O, thl-n 7,j,z fran-e is parallel to the

X,YZ frame ar, the optical axis is perpendicular

. to the X-Y plane.

Then, the prujective tTansfoTrooiion equatior.s can be written ac.Lr

as

.

C M (i X

% C
%ej3CX) )rP( +vnS Jf

where

=COSC45).CO5Ck;)

Yn 2. C o w)~~ Ck) tS-in Cc0i)n C4C,_JCK')

3-5
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I,,n*W. .s,,(c.;) - ese%'.).sin (c).cas(;. )

% Cos (d. ..Cos -K..) -si * 5;1%

'. --

x -,j Image coordinates of an object point J on photo i

= The photo scale factor at image point J on photo i

. in the newly rotated photo-coordinate system about

. the j,Vz axis of the photo.

When w---k-O, then referring to photo-coordinate system as xo y0 ,z0

the following relationship exists:

YjyC

!;!-.zj

In this case, , and i are parallel to XY, and Z
*-. ..

respectively.

'*5 3-6
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3.3.1TILT, SWING, AND AZIMUTH

The orientation of a photograp. can also be defined byj the three

'rotation angles called tilt(t), swing(s), and azimuth(0 ( * as

-- illustTrated in Figure 3-3.

"%q

po i i e s g..h ie t o of t l wih r s et o t e

%a'S...

..,.:photographic axes is defined by the sing angle (s), hich is

~measured clockwise from the positive y;-axis of the photograph, to

'.'-.3-7

.' %*



." . -. .

the lower part of the principal line which passes through the

nadir point (n). The direction of tilt with respect to the ground

reference coordinate system (X,Y,Z) is defined by the azimuth

angle () which is measured in the X-Y plane clockwise from the

positive Y axis to the projection of the X-Y plane.

The elements in the projective transformation equation may be

expressed in terms of t,s, andiias follows:

-v, CS). C-"'5(h() - CosCs).€Vs C.). Sir%(at)

2.~~ Soon (S~) . S (4K) COCS ".(-L

--.n s  - .%, Ct) .0 S GO

'nil = -- SS V% S. (.) - csCs) COSC- ) C.0SC0

n2 -0 Si Cs).< t
.. 1 _ C s C ) S n Ct)

A major disadvantage of this system of defining orientation is

that it breaks down for the ideal aerial photograph which is truly

vertical. When there is no tilt, the two planes are either

parallel or coincident, and there is no line of intersection (or

principal line); thus, the angles of swing and azimuth are

undefined.

3-8
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3.3.2TRANSFORMATION MATRIX

The projective transformation equations can be written in matrix

form as follows:

T- T
X6 -. % x"i I I

W032. fn5

. . Then,

-IYR

i. -
,%-'..
5%-

• ."U~a i1 UlThen . . m,

0*/j rs * mma

r r

.Or.

;' 3-9
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Where

a vector of points in the object space

T - a translation vector for the principal point

X - a vector for image points in the photo-coordinate*% ..

system

C R 3 - a rotation matrix

- an overall scale factor due to camera altitude

Using the homogeneous coordinate system, this can be written as

10
rX Y Z 13 J ,Cx y -f 13 0

0
T TY T& I j

33 ESTIMATING THE TRANSFORMATION MATRIX CTRF]

From the transformation matrix derived above, the equations

relating an object space point to an image point are

.% ..

Mx +. (TrL- 1 Y151f

=MI 7j (w'-.4- Vn7i'1 -I-y'z

3-10
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St=J.

' P,

The overall scale factor'i3 is altitude dependent and is generally

known. Then, the remaining nine unknoins can be determined by

using three control points. If. however, more than three control

points are available, then it becomes an overdetermined sistem, and

a least squares technique mayj have to be used The least square

problem is formulated as fcllows: These equations have a

general form

W = a + tV1 + cv2

where

W is a dependert variable

VI, V2 are indep,-;;dent variables

a, b, and c are the parametrs to be determined

Then the normal equations to be solved fcr the least squares

. estimates of a, b, and c are

,.,-":"§. wV fa." V " V1  -," c _ V.: --. t

22.

wviv, O7VL -t 6 V1 V 3  c V LV2

"*' where all the summations are over the number of observations (n).

Thus, the resulting nine equations when solved provide estimates

for the nine elements of the transformation matrix CTRF]. Using

this matrix [TRF], a point opey-ation can be performed for each

3-11
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image point to generate its object space equivalence. However,

this way of doing rectification is very time consuming and

expensive.

Shortly, an analytical method will be outlined which consists of a

conceptually simple model of the exterior orientation of an aerial

photograph. The necessity of such a model is evident from the

fact that a set of fast and efficient operations are needed to

carry out image rectification.

The algorithm that performs a least squares fit to the control

points is implemented in the program MOSAIC.
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3.4 INPUT IMAGE WINDOW FOR MOSAICVKING

Genera]lI, the mosaicking requirements con.ist of producing the

user specified output windc bu selectiT,g appropriate inpt

image data and rectifying it. The input iTage data to be selected

depends upon the orientation o the aerial ;hotograph with respect

to the map

The tra.nsformation mrt-ix [TFFVD obtained b-, performing the least

squares fit to the control pu..rnts, can bt. used to accomplish the

extraction of the input image segment to generate the user specified

output window. This is illucst-r. ted in FigLe 3-4.

P

R

"

S-;Z .

Figure 3-4. Image winoow +or mosaicking

*where

XY is the rectangular coordinate systen, for map

PQRS is the aerial photograph

-.'. 3-13
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QM abcd is the user specified output window

ABCD is the input image window to be extracted,
..-

Now, the transformation matrix (TRFI maps ima'e points to the

corresponding object space points as follows:

PIEX Y Z3 - iC Ex IyETRF3

Then,

Ve x yj 13 E X Y ZJCTRF3

This enables computation of image coordinates corresponding to the

user specified output window coordinates.

Now, if the user specified output window "abcd" has the map

coordinates (Xa,Ya), (Xb,Yb), (XcYc), and (Xd,Yd), them the

corresponding image coordinates given by the above equation are (x,

*"), (xb. j)i, (x¢, YC), and (XA , yj) respectively. However, the

input image window "ABCD" to be extracted for mosaicking is giver,

b y

J'--'- xA " MIN (la, 1 b', xc, 14t)
AFor upper left corner of window

YA - MIN (yk, yi, y,' y4)

and

XC - MAX (x, 1 ' %' 14)) For lower right corner of window

YC MAX (%o y, Pai

This algorithm is implemented in the routine IOWNDO.

3-14
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3.5 RELATIONSHIP OF AN AERIAL PHOTOGRAPH TO THE MAP

A simple two dimerisioral mod-1 illustrating the relationship of ar,

aerial photograph to the corT esponding ma; is depicted in Figure

3-5.

Y I

Prircf II line
(max. ttc. P ,,e I .I

(i'Lilt" obou +his 1-ne)

0 x

Figure 3-5 Relationship of at. at-ial photograph to the map

where

X,Y - Map coordinate system

Xrl,, f - Photo-coordinate system
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P - Principal point

SI - Isocenter

N - Nadir

"" x~- Orthographic projection of XY on a plane

parallel to X-Y plane with origin at P

A - Translation vector with components Ea.,a. ]

- Angle between the photo coordinate system

[x,,yr] and the rectangular system (x,y)

o = Angle between the pricipal line and

Then,

:-S:

where

Ra '(-) Rotation of image data from (x ,y ) system

to (x,y) system

.. =Scale matrix which removes the tilt effect

- s = Overall scale factor due to altitude

-AxAy Coordinates of the isocenter with respect

to the principal point

It should be recognized that (6x,&y) are dependent upon the tilt

and swing angles of the photograph which are not known to begin

with. Hence, as explained later, they are assumed to be

negligible initially and this model enables their determination by

using photo-coordinates. Later, an iterative improvement is made

3-16
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"Oi to the predicted values of tilt and swing

' Then, writing in terms of x; ,y; ( e. ima ae coor~dinates with

. -;respect to isocenter (1) as origin), the model is stated as

.+5S

I- ,Y Jt 1L- ; -

,%:

o Thee te,

I Since, LM5 is a diaqcnai mat-,.jL .RJt 3a l a e cm ua ie
'.that is

theefor, One Can Wtem ft(

.53

.°. o-II .i~
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E -1 s fM1  VC d %1"~(0) f

. My-i ( 4 ') V;O W (3.2)
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3.5.1 SCALE MATRIX CMJ

The scale matrix CM3 has components in both x and y directions of

the photograph and it accounts for image displacement due to tilt.
V %

Consider Figure 3-6. which illustrates the effect of tilt on the

image acquired.

t£

4% Figure 3-6. Effect of tilt on a photograph

where

X .y aZ is a rectangular coordinate system with origin at

the center of the camera lens.
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R is a point in the object space with spherical

coordinates (r,,O)

f is the focal length of camera

t is tilt angle and it is around X'axis

(i.e., in the Y'-Z'plane)

R* is the projection of R on the horizontal plane

(i.e., parallel to X Y plane) at distance

- f from the origin. The spherical coordinates

of R' are denoted as (',,).

R is the projection of R on the tilted photo plane.

Its spherical coordinates are denoted as (r"0 ,O).

P, ,N are the principal point, isocenter, and nadir

respectively.

Then, the vector R' can be written down as

" - and

S.'(6,en~ )cosCe) t j s;-CV) Sh(e) CO'S CO))

But

- f - ,'..() (3.3)

Since, the tilt is around X axis, OP is in the Y -Z plane and the

principal line is along Yaxis. A unit vector in the direction of

OP is

a J m.CI) * ( t)

3-20

, .o* Z . . . . . . .



Also

" op .) c oC) .C. )) (3.4)

Therefore, equating (3.3) to (3.4)

-°"3

V: = r" (s;,nCe.,i~¢ t + oe Co) .(i.. ))v:.: Cozi e)-snp n(t-t ca-s Ce).cot)

____. Sr "n, e) . ,,n(4). -- _
-:"Cos(e) .

= 1 - .(6 ce) . n(3 -

r P.

. L

f

I, gi I I

But angle IR*Il- t and angle IIRo (IT- t)/2

therefore, angle 11 R= (IT - t)/2 and IR"= I"R"

Hence,

which implies

Qisx Y

3-21
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Def ine (Mx - 1) = -, and (Mj -) - y,
4-:. V

Then,

(Mx - 1) (My - I) = Di. t/f or

Mx = My = (1 + Di. t/f)

3.5.2 PREDICTION OF PHOTO PARAMETERS

Referring to Figure 3-5, for a point (xpyr), the distance from

the isocenter along the principal line is given by

Di - xi. cos(*o) + y. sin(4o) + f. t/2 and

x" : M - COO CO)+yp5A=0) t t

Substituting for Mx and My

(. C -- os(#' (0)6-(C C)) (3.5)

(y.-,) . P *" , Y; Cc4()) (3.6)

The unknowns in the above equations are

" a , ay , t , *o , as the overall scale factor s

and the focal length f are generally known.
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3.5.2.1 TRANSLATION VEC-TOR T

The- two, equ.ations in L-tbOVe PT -vide the folc-wing relationshi

Y - )~~X* 'bin (41) YcoE)

Sclvin( for

1cuh4~ C X- v

0,:: iTvolve- ti,ree Lr,'ror

Using three cont-roi poilnts, sa. CF:1, CP2, a,.a CP3, these unirnowrs

can be determined as follows

Denote by (XL, Yj) (X.Y;L. and (X 3 , Y5  the rp coordinates Ci the

thT ee control po'ints and tu 1 i -, a)an(x.Y.Itrie

coresponding image poirsts respectively. Then, using twio control

points CP1 *and CP2

C ~E .. , (y ) NIL. Ca - AY Y. -O)

[£X LX-i4) XL; + (.Y-4)v;J [C Y, 4Y) I. 2-0.) Y.,;]
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Expanding and collecting terms in a Fa y together (refer Appendix

" A for details)

1.2. -

ax + a + a + Y1 a +

Similarly, using the two control points CPI and CP3

X. 3a-+ a + a + a +

Subtracting

meaning a. and a are linearly dependent Then, solving for a

. m anin 27 7( 1

As explained in Appendix A, if the three control points are non-

- . colinear, then

Substituting for a in terms of a in the equation
h,.

:::.--(L C-~ +L ,r)a I(. +,-Y '> -

• 2.-i)U, ' "'v7-) =

3-24
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4...

Thr- ors. et

'4P

-N

Since, a and a arf- COfrnpOTCrTt5 of a trar,.Iatior- vector 7, they

should be real numbers. Also, if tthc origin of the map

coordinates syite.. is selected such that the photograph falls in-

*the first quadrant, then both a and a~ must be positive and a

correct pair can be always be selected.
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3.5.2.2 ROTATION ANGLE

Once as and a. are known, the angle * can easily be determined by
evaluating the following equation for control point CPI:

-- Xi -00Y, -

Then, the rotation angle €is determined such that
A

T. 4-'r- M.
'.4.

3.5.2.3 DIRECTION OF TILT (4o)

Equation 3.1 is roe-written as

e l -.- S.. . ( CosC4)- Y; sin()

Substituting for Mx

Using control point CPI

aj .+ (, ,-,;,.,,)- P (3.7)

9imilary, using control points CP2 and CP3

Co(*f (3 ]. o 0 YL"li

SJ

3-26
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and
I xs Cos (Ae)* Ys Sin We) t 3 P3 (3.9

SL (X31 tS)= YS 63.()

-Then, subtracting (3.8) from (3.7)

3:t : / -(3.10)

and subtracting (3.9) from (3.7)

U ( - S Cs40) t(Y - VS)Sin C.) -(3.11)LP,

Dividing (3.10) by (3.11)

C ,-x%) O CYI.) y ) -IrL- I,_ __)-

.4&

(: ,- ,.),= . *, C ,- LYtoMC4. ,) ____-___

Giving

i (4 . is-") i.- -"

Solving this equation for *o yield

4.."

Tr -
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,:- 3.5.2.4 MAGNITUDE OF TILT (t)

Now, equation (3.10) is solved for tilt (t) as follows:

":"T C P1- P2)
%t .- .) +

This provides tilt (t) as a signed number. This signed value of

tilt (t) with the signed value of 4o permits computation of swing

angle.

If t > O , then

Swing angle = 31T/2 - O0 and,

If t < O , then

Swing angle = 0/2 0

This algorithm is implemented in the routine RECTFY.

* 3.5.3 ITERATIVE IMPROVEMENT OF PHOTO PARAMETERS

The first estimation of photo parameters is made by assuming the

separation between the principal point and isocenter as negligible

because it depends upon the photo parameters to be predicted. The

first prediction of the tilt and swing angles under that

assumption allows computation of the isocenter coordinates (4mway)

which can be used for the next iteration. The revised

prediction of the photo parameters resulting from such iterations

shows a significant improvement. Re-stating the basic model

3-26
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Uling the vector notation it cai, written a:

'.A -+

s..

Now. the first predictions are

4> 1 4', t

and they Vnable compuitation o; rr m 3 and s uch that

satisfyjing

V

... .... ' :: , -- (;~-2)9',][];. [',]M



Then, the iterations can be stated as

'SS

+111V*+" 00 Oie E 'I k 014]0 M

=... xe.

-,s o

u.p.,.l acurcy th itrtin are stoped The>resulting

-.--. A (b..-1\

retiiatio rocedure Duin aloih tetig it has beenEr

Sand the convegence to be tested is

fsubpael accurc ,  the iterations are stopped. The esulting

values o3 the photo parameters ae used in the subsequent image

]... rectification procedure. During algorithm testing, it has been

0# of iterations.

-,':. 3-30
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3.6 IMAGE RECTIFICATION

Assuming that the distortion dL'e to film shrinkage during fi,.

processing is negligible, ar. ae'i1al photograph can be considered

essentially, rectified when thce distortion due to tilt effect is

rem oved.

It is evident that the scale m trix [M] reoves the distortion due

.''-'"to lilt. No LL,

Ni, 0

Wh: E

t= ti.1

f= camera focal length

0o = rotation artlt, between tt.r principal line

and the x direction of the photo-coordinatc

-* s~js Y t.

""x,. ) = photc-coordin;.tes of an image point

-S..

The quantity ( x cos(Oo) + y. sin(o°) ) is a distance along the

principal line of an image point (X? , P). Since, the pnoto

digitization may occur in some arbitrary direction, it may be

inefficient to apply the scale matrix EMI to image data keeping

the scan direction unchanged. This is due to the fact that 'Po"

3-31
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each pixel on a scan line the distance along the principal line

2'- mau be different, implying, that it will have to be' computed for

each pixel on a line and for each line.

It is the intent of this section to show that there is a preferred

scan direction for each photograph so that the scale matrix EMI

-"-" can be applied to remove the tilt induced distortion as a fast

scan line oriented operation. This is illustrated in Figure 3-7.

0A Pr

Figure 3-7. Actual and preferred scan directions

for an aerial photograph digitization
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In the Figure 3-7 the rectarguiar photo-coordinate system (Xp. '-p

hai an origin at P the p~incipal pu;nt, which is also the

geometric center of the photc.Qtph.; the ::incipal line Pr and

isometric parallel Is form . rectangu]ar coordinate syste. with

origin at 1. the isocerter; an..; the two co..-rdinate sustems are ait

an anale 0o. The photograp. i digitized along direction "AS, sc

thbt the scan lines are piaTilel to X, -aAis The preferec

direction of digitizAt ion, ir tis case, i: "ab" which is parallel

to the isomet-ic par.-ilel li7 Then, it .s easy to see that fc,

eact: scan line, all pixels o- r..:e line will have the same distance

al ,!g the pric ipai 1:--r.

No . .

t. + t c-..)+ s..) t = t .--
+T

whe.re Di is dist,.rice of an iff-at , point (x . p from the isocet:ter

I along the principa; line Pi

Suppose that the ima. data .ic otated to achieve the preferred

scan direction. Trien, FigQ-r 3-8 illustrates the rectification

procest as a line oriented opei,.tion.
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Yp

II

/3 eoyfcowqnonQi

-: / K .

.00. P1,

d~ 
Xp

b

Figure 3-8 .Image rectification concept

Let (xIr) be the coordinates of an image point in Xp-Yp frame

-.-. with P as the origin; (xiy;) be the coordinates of the

:-. same image point when the origin is shifted from P to I.

* Clearly,

Di - x;.cos(oo) + Y.J.5in(Qo)
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Now, for the image points J, K, and L on the preferred scan

direction "ab", their corrected positions are J',K' and L'

respectively which are radially outward from the isocenter I.

When the vectors JJ' , KK' , and LL' are represented as two

orthogonal components, one perpendicuar to Pr and the other

parallel to Pr, the latter components turn out to be the same for

all points. The component perpendicular to Pr is the x-component in

the rotated system and by the same token, the component parallel

to Pr is the Y-Component. Also, it is known that

-. c r (M) Y;

are coordinates of the corrected positions of image points in the

x" -Y, system. But when the image is rotated to get "ab" as the

scan direction, it is in the Is-Pr coordinate system such that

each scan line is a constant distance away from the isocenter I,

implying the Y-component for all pixels on line "ab" is the same.

This means, as a result of rectification, the line "ab" has been

shifted from its previous location in the rotated system. The

X-components, at the same time, are within scan shifts as

illustrated in Figure 3-8. Thus, the rectification is

accomplished as a line oriented operation in terms of a constant

shift of the input line and a position dependent shift for each

pixel of the input line. Also, it should be noted that a position

dependent shift for pixels is proportional for all lines, meaning,

3-35
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a table can be set up only once and applied to all lines. The

* - advantage of rotating image data to achieve the preferred scan

~. direction is obvious now. It enables implementation of fast line

oriented operations to accomplish rectification due to tilt

induced distortions. Symbolically, if a< and are image data

coordinates in the rotated Is-Pr system, then after

rectification, the new image data coordinates will be and and

such that

00

S+
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316.1 ROTATION FOR THE PREFERRED &.CAN DIRECTION

Consider Figure 3-9, which represernt- the two possible

.orientations of the principal line Pr.

YP.yp

.:.-. / ,

ry A

* '-"

*- .,

A ao.

a) 0o is courteT-clockWISe b 4o is clockwise

Figure 3-9. The pT-eferred scan directivrs

It is clear that the preferred scan direction "ab$ in either

case (i.e., when 4o is counteir-clockwise (vositive) or when $c Is

clockwise (negative) ) is at aT; angle

3-37
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where sign is that of the angle to.

When i mag e data are rotated to achieve the preferred scan

directioni the isocenter (I) becomes the origin of the rotated

coordinate system (Is-Pr). The rectification takes place in this

rotated coordinate system. The coordinates of (I) in terms of

lines and pixels is derived as follows:

If the input image window is m x n (i.e., m pixels and

n lines), then the isocenter coordinates with respect to

a are given by

Ipixel = 0. 5(m. sin( *o )+ n. cos( Oo))

.~~~1* Iline = 0. 5(m. cos( Oo ) + n. sin( 40o ) + f. t)

These coordinates permit compultation of distance Di for each scan

line and pixel in the rotated system.

V- 5
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3.6.2 FACTDRIN ROTATION INTO TWO SEQUENTIAL EHEARS

A rotation of an image through anie G implies that the coordinate

system is rotated through angle G Then, the following relation-

ship exists between the nevl Loordinatec (X',Y') and the old

coordinates (X,Y),

[Xi] Cs:: sie][:]

wt,-e the matrix CR] irdicat-. the resulting transformation. I ti-

trarsformation is dlided intA: two sets oF operations, one _rior.

scan lines and the other alorn ifage colum i, the rotation cirn be

per ormed in a verL econom-7.' way. The "along-line" operationS

are relatively easy to accomplish The single required input l:re

cat, be quickly mapped to thE CLitpUt image through indexing tat,es

cuo,puted from the transform, tion Eff.ciencies in the more

di'FFicult "along-column" opepitions are aL.nieved by moving groups

of columns as units, for which rultiple pa ses are made and each

pass moves groups half as wide as the last. This amou-ts to

performing the rotation b applying t wo sequential shcarinrg

operations, one columnwise and the otrer rowwise. Sequential

shearing directly achieves a satisfactory rotation for small

angles However, for more than a fe , degrees, the operation

3-39
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introduces differential scale distortions along lines and columns

As with any rotation scheme applied to a rectangular pixel grid,

.esampling pixels at a compersating rate is required to maintain

scale.

The "along-column" operation is termed line shear (LS) and the

"along-line" operation is termed column shear (CS). Then. the

transformation matrix [R] is divided into line shear and column

shear as follows:

-S C41 ^5 Lalainn Shem Liri4 *hew

-~SC C: LS R

L. _J L _ Lte etj L

Sk * ".o *_.'

U-., Sco~i 03 Columf~n Oeov,.~ :1tStito.

Cas ' 0 j 1O FC0 fine]Lo ;t~.j;no CeMe IL0 co

o."

The order of line shear and column shear can be changed to

accomplish the same result as evident from the following:
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N*a.

rLmsic conir s~~ r, 1 irn sher an oun sea ar

r o, ' t

IVGtw e tUtT Ii %iS6C f~4 0% E

L I ISK I :LL H I I'

L rI L i H -LSLA

..- , [ ._c r i ,rm~ s -cor , isr hr*v:- shear, a",: column shear are

"." im~Xlem-:.rted in rTout £: LIN-'-- and COLSNF; repective1g. A1~c,, an

W2 nit'-'~ative =_. o =,a .L sste- v.as been - piemented to pe ' or.

rotatic~r using t~be line shear and column Ahea' technique T,

*sotwa'e structuTr,. i: as fo1:3, .

'2''- F'.ATE

o.-.-..LrSH}, F T[ fl J . MA CL 1
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36.3LIMITIMG ROTATION ANGLE USING SEQUENTIAL SHEARS

_-' The distortion introduced by two sequential shears is genarally

negligible for small angles of rotation but is quite significant

for angles which are more than a few degrees, and scaling must be

performed to restore image features and their relationships.

The scaling operation described in the previous section is very

nearly equivalent to the nearest neighbor resampling which is

considered quite efficient for such operations. Then, it is

important to recognize that as long as the sequential shearing

operations do not completely destroy the pixel neighborhood, this

resampling scheme has some merit.

During the line shear and column shear operations, the pixels are

shifted around,and to limit their shifts to one pixel at the most,

the rotation angle should be limited to 45 degrees before

resampl.ing is performed. An image of 4096 x 4096 pixels requires

12 passes to perform line shear of 45 degrees as illustated in

Figure 3-10.

3.6.4 ROTATION ANGLE OF 90 DEGREES

One interesting outcome of having a general purpose line shear and

column shear software capability is in being able to rotate images

by an angle of 90 degrees fairly easily. This is illustrated in

Figure 3-11.
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ORIGINAL FOR PAS 1 to N
IMAGE

FR~ LI top to bottom

SETL2

WMD Li to buf fer 1
RMD L2 to buffer 2

MOVE half of buffer 2
AFTER FIRST PASS into buffer 1

HALF F IMAE WRITE buffer 1 to LI
* HAS BEEN MOVED UP

tCKT LI

-'EXT PS

AFTER 2nd PASS A f~<l"t ANGL FOR
DIFFERENT HALF PASS 0 P to M

OF IMAGE MOVED UP

1.2

5 5.3

71.1 bTe

is I .
AFTER 3rd PASS In .

Figure 3-0 BINARY METHOD OF PERFORMING LINE SHEAR
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Evaluating for B) 4:. degreez-

-. 4

Th-us~ the image is rotated by 90 degree:- *±b en three sequcrt-,,l

shearinq operati(.;ris F-re perf.'-:.-d as follo.--

.u ine shr through 4'J degrees

Column she-o- throu 9 degrees

Lin: shear through di degrees

It should be noticed t0.at a s.: ing operatrl is not needed in

this case and all input d:e-_ is ret-zined at the end cj tr,

operation.

4%
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3.6.5 IMAGE ROTATION USING SEQUENTIAL SHEARS:

A pure two dimensional rotation about the origin is performed

by the following 2 x 2 transformation matrix:

1) when angle 0 is positive,

COSe0 5in e

.. 2) when angle is negative,

- 'se -sine
L II ,

sariOC06e

It is evident that the maximum rotation required for getting

the preferred %can direction in our mosaicking approach is

190 degrees. To accomplish rotation using sequential shears the

limiting rotation angle requirement of section 3.6.3should be

observed before resampling is performed. The following illust-

rates the actual implementation of the algorithms to perform

image rotation to the preferred scan direction, image rectifi-

cation. and unrotating the corrected image to original scan

direction. The advantage of this approach is that resampling

to be performed to restore image features after sequential shears

is avoided.

If 9 is positive and less than or equal to 45 degrees. then

rotation is accomplished by two sequential shears as follows:
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','-i'- COSO - Ton e .- i~ o¢

step #3 step * 2 step # 1

Also, rotation in the opposite direction can be implemented as

5 F :L: ::] F se

column shear line shear scaling rotation
step # 3 step # 2 step #1

Now, the image rectification process consists of

I -1

E R 3 C M 3 [ R ]

UN-rotation to get Scaling to remove Rotation to get
original image scan tilt induced preferred scan

A. direction distortions direction

C operation 03 ) C operation #2 ) C operation #1

-.. -Sez 0 CoL o My J L6',

C CS) 3 LB 3 C scaling]3 EM 3 C scaling) 3 LS 3 C CS]3

where

-S %

C CS 3 is column shear
C LB 3 is line shear
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The intent is to have

I scaling I I M I I scaling I

f or t for R

as one operation in image correction software and just perform

two sequential shears to rotate and un-rotate image data.

This is equivalent to the following:

.'' Cos 02 0 M% 0 CO

[cse AT- 2  0 My] 0 CoSe2

or
F cogs 02

," - . I I

LOe
and since, 8et 02. finalI14

%,-",-0 MY

This is true when 0 is negative and greater than or equal to

-45 degrees. Thus, resampling resulting from scaling is avoided

When 8 is positive and greater that 45 degrees, then rotation

is accomplished by three sequential shears as follows:

.2 2.

-J-"- -- -- L, J e

• i-o ,os- co-s'.O i C .i. -T ,,6 j -S,,o c~O

scaling column line column rotation
shear shear shear

step #4 step 03 step #2 step #1
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Also, rotation in the opposite direction can be implemented as

L J L "J L -

column line column scaling rotation
shear shear shear
step #4 step #3 step #2 step #1

* Then, the image rectification process consists of

E CS 3E LS 3E CS 3C scaling 3 C M 3 C scaling 3C CS 3C LS 31 CS 3

with

E scalingi) C M 3 C scaling 3
for R for R

as one operation in image correction software,and just perform

three sequential shears to rotate and un-rotate image data.

This is equivalent to

- My 0S 2. 0 0

0 COS D6"n ~ 0 My 0cetS~

i% -3-4

:":'.... c 1 un Iine o umnscaI in T' ta-i4o
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0.

or

and since, a, e. f inaiily,

Thus, iesampling resulting from~ scaling is comp~letely avoided.
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4 THEME CONTOURING AND POLYGON VECTOR CONVERSION

4.1 INTRODUCTION

Digital image file structures are inherently spatial in nature, and most operations

relating to the extraction of spatial information are done in a raster format file.

The use of multiple data planes in image files facilitates not only image categoriza-

tion, but the interchange and logical manipulation of the resulting thematic maps.

Extracted information can be rapidly aggregated by various administrative and

physical units or areas defined by map boundaries. There are other advantages

to raster format data bases, including the ease of retrieval of spatially

registered information, and the ability to perform operations on a pixel basis

thus utilizing the finest resolution of the information available.

The obvious disadvantage to raster format data bases is the great amount of

redundant storage used to store smoothly structured themes. This makes vector

format data bases, where contiguous areas are stored by vertex strings repre-

senting outlines, very attractive. Relative storage economy for each format is

determined by the ratio between the effective area subtended by a pixel and the

average size of uniformly mapped areas. The advantage of vector storage grows

exponentially with area size, showing an advantage over raster storage when the

average contiguous area is about twenty five pixels. Vector format data bases

are generally more economical, and are particularly easy to use when generating

chloroplethic maps from stored information. The problem is that the original

extraction of information to be mapped is very difficult.

The Standard Interface format (SIF) provides a common mechanism for the transmittal

of graphics and spatial information between dissimilar data bases. Information is

passed in vector format on a magnetic tape containing one or more files. Each file
is used to describe one drawing or theme.

4-
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SIF FILE FORMAT

An SIF tape is made up of one or more files. Each file represents one drawing

(or, for our purposes, one theme).

Each file contains one or more data blocks, and each data block is 256 32-bit

words in length. The first word of each block is always a command header.

Data follow the header.

COMMAND AND DATA FORMAT FOR LINE STRINGS

The first word of each command is the command header. It contains four bytes

reflecting the type of command, its size, a command modifier, and a one byte

value in some cases. The following is the SIF format for line strings:

5216 0

Y1

COMMAND - 40 for a line string

- 80 for continuation of a line string

SOF WORDS Number of 32-bit words in the command. (255 maximum.)

SUBTYPE - 1 for open line string
- 2 for closed line string representing an area
- 3 for closed line stirng representing a hole

VALUE -0 for line strings
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* The mechanics of converting themes to polygons involves an unknown and potentially

large number of vertices and presents serious problems concerning computer storage

- requirements. The number of vertices needed to outline classes in a typical 512 x

512 pixel scene can be grossly estimated at between 5000 and 15000, with the number

being highly sensitive to overall scene complexity. In an operational situation

where an average map sized area is being processed at high resolution, larger

-. images or image mosaics of 4000x 4000 pixels may be a more representative processing

* unit size. We clearly need efficient vertex storage, methods of recycling storage

during conversion, and a means of dissecting large files into smaller independent

a segments for processing. Directly storing vertex coordinates in SIF values would

- use sixty-four bits per vertex, and, if workable, would be very extravagant.

Chain codes are an exceptionally efficient method for storing vertex lists, particular-

ly if the polygons are of complex shapes containing only short straight line seg-

ments. A chain code is comprised of a sequence of single digit numbers 0-7, one

number per vertex. Based on a rectangular pixel grid, each of the numbers defines

one of the eight possible directions pointing to the next vertex. The complete

geometric description of any polygon is provided by the coordinates of some start-

ing point and the polygon's chain code. There is some waste associated with storing

redundant vertices along extended straight line segments, but this is unimportant

in view of the economy gained in storing an average polygon. With the restricted

set of direction code possibilities only four bits are required to store each

element in the chain. In this respect we might compromise, wasting four bits per

0 vertex by using bytes to decrease execution time and program complexity.

Careful consideration must also be given to the definition of "outline." When

dealing with a continuous surface in three space, the concept of a contour is

straightforward and can be defined as the intersection of that surface with some

4-3



plane within the space. In the discrete world of the pixel grid used with raster

format data bases, the concept of a contour is a little more ambiguous. The idea

of an intersecting plane is insufficient as the plane no longer intersects a

continuum. Actually,when dealing with pixels, a plane is no longer considered

., continuous, but a series of discrete locations spaced at regular intervals. Any

surface intersection in a discrete space must also be discontinuous, as pixel

positions represent the limit of available resolution.

Several definitions pertaining to discrete geometry are in order:

*~l DIRECT NEIGHBORS- Pixels pairs that are directly adjacent, sharing a common

side in the pixel grid.

INDIRECT NEIGHBORS - Pixel pairs that share a common corner point in the pixel grid.

(N)-NEIGHBOR - The pixel neighbor in direction N from any given position. N

ranges from 0 to 7 and increases with counter clockwise angle from east.

• DIRECT PATH and INDIRECT PATH - Sequences of pixels containing direct neighbors,

and any neighbors, respectively.

INDIRECTLY CONNECTED REGION - A set of pixels, each pair of which can be connected

by a path of direct or indirect neighbors. Similarly a DIRECTLY CONNECTED REGION

is a set, each pair of which is connected by a path of direct neighbors.

CONTOUR or INDIRECT CONTOUR - The set of all pixels in a region which have at

least one direct neighbor not in the region,

DIRECT CONTOUR - The set of all pixels in a region which have at least one neighbor

not in the region.

As the list indicates, there are several possible contour definitions usable for

theme outlining, including direct and indirect paths outlining direct and indirectly
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connected regions. Our choice is dictated by data storage economy. We need to

describe themes with the fewest number of vertex strings, and to use the shortest

strings possible to provide a complete description. Of the possible methods,

* the one best suited for outlining noisy or irregular themes is to describe

indirectly connected theme areas with indirect contours.

The method for outlining theme holes must also be established. If we are willing

to have hole outlines occur within the set defined by a theme region, then the

same contour definition can be used for holes. This keeps the software simpler.

A single contouring algorithm utilizing an operator which marches along the theme

boundary and selects the rightmost available next pixel, can be used for both

region types. The types are even classified by the direction of outline traverse.

The single algorithm scheme does create some special and potentially troublesome

conditions which must be remembered. First, since the hole contours will occur

on theme pixels, calculation of hole areas must be different from theme areas to

* compensate for peripheral difference of one pixel. Also, contours of the two

*region types have different spatial characteristics. The theme outlines can

* contain degenerate polygon segments which have no width, and hence no interior

* area. Examples are single pixel width protrusions, single pixel width bridges

between larger areas, and also isolated lines and single pixels. All of these

features can be considered degenerate, spanning no interior area in the discrete

plane. Hole contours, if they are defined to be in the theme set, are a little

easier to work with as they cannot contain degenerate segments. Another commonly

occurring special condition arises when a theme area includes a hole that is

* positioned within one pixel of the region boundary. In these cases the associated

* contours will be coincident for some fraction of their length, and can complicate

processing.
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4.2 THEME OUTLINING ALGORITHM

The outlining algorithm is a type of marching operator, and as such must be

capable of handling any outline or hole, providing a predictable and repeatable

outline for any input theme of any complexity. With the algorithm being used

hundreds or even thousands of times on a single complex image, an operator which

occasionally gets off track or fails to close outlines in complex situations is

unacceptable. Fortunately, such algorithms have been developed and have evolved

to a mature state. The one chosen is a contouring algorithm which basically

* . starts at some point on a region contour, determines a starting direction and

marches along, finding the rightmost next pixel satisfying the contour definition.

The actual pixel testing sequence is interesting and intricate. Directions close

to the previous one are the most probable for contour continuation and are tested

first. Leftward, but not rightward, acute angle turns are allowed. This results

in the generation of an indirect contour around theme areas. Figure 4-1 is a

pseudo code algorithm description. Some complicating factors are included to

handle discrete plane contours. A loop counter is needed to count the right

* . turns made at any particular operator position in order to identify single, isolated

pixels and to avoid continually circling on them. If no new contour pixel is

found, the tests used are such that the marching operator will retrace its steps

until a new rightward pixel is found. This feature makes it possible to handle

single-pixel-width lines or outline segments. Finally, a dual test is used for

contour termination. The operator must return to the start point and must be

heading in the original starting direction. The reason behind the first test is

obvious, and the second is to avoid premature termination when the starting point

happens to lie on a section of the polygon where the operator is retracing its steps.
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Codes for directions The outline of a connected region
rrom position P Is cooqletel specifled bW:

Starting Pixel - U U) and
Chain Code - 5757=1311543

Th e&ln of a connrected region R in defined as the srt of pixels in
R which how at least one direct nei or Cone sharing a coion side)
not in R.

An outlining operator can be described as soething that steps along pixel
A to pixel on the edge of a region bW selecting the rightmost avsilae

8atisfjlg the outline definition.

Themes are considered to haea a positfe areas and are outlined in a cownter
clockwise directlon. Holes are outlined clockwise.

rining an outline with a chain oode

Figure 4-1.
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The contour-tracing algorithm is presented in Figure 4-2. However, the completely

detailed algorithm is given in the Fortran program listing for the "TRACKR"

module which is largely self-documenting. For input, it requires only that a

start point be selected which is within the region being contoured while its

directly adjacent neighbor to the west is not. Output of the module is a closed

contour chain code loaded into a queue. An image 1/0 subroutine, "UPDATE" is

called by TRACKR and does several things. It accepts the just located direction

to the next contour pixel and reads the adjacent image line in that direction,

using a rotating buffer scheme for efficiency. It returns values for the eight

pixels surrounding the next operator position. It also marks the pixel just

departed by incrementing its value by one, thus permanently identifying the

contour as having been traced. Troublesome single-pixel-width segments are

uniquely marked, as their values will be incremented twice. In an effort to

minimize the large number of image line reads and writes, a buffering scheme is

used which holds the three lines surrounding the operator, reading or writing

single lines when the operator moves up or down on the image.

.. .. At this point it is appropriate to refer to Figure 4-3 which presents all the con-

touring and polygon conversion modules and their inter-relationships.

SIFOMP extracts numeric contour coordinates. It is an optional driver for the sub-

routine TRACKR, with expanded output capabilities, and is used to generate a

single theme SIF magnetic tape. SIFDMP is called once for each region in the theme.

Given a contour start point in the same manner as TRACKR, this subroutine similary

locates the vertices, counts them to insure the SIF line string minimum of three

* is surpassed, then converts them into strings of thirty-two bit cartesian coordinates

in accordance with SIF record structure. Record header information is assigned

to prefix the vertex strings and each record is written to tape after it becomes

* filled. An added feature that was included but not currently used is the capab-

ility to linearly transform the polygon vertices into any arbitrary coordinate

system. 4-8
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- TOuR - Main program which provides an operator interface and controls the
selected processing.

REGION - Def ines the scene segment to be processed bw Inserting a rectangular
window into the scene. The window wi ll be searched internal lt for
the location of them areas.

A'.0M - The contour tracing subroutire. GIven some point on the outline
of a theme area or hole, this subroutine traces an outline wnd
stores the associated chain code.

'p

S-CR - gion scanning routine which sWstematicall| searches the interior
of a designated them area or hole, and returns the location of
wi internal holes or areas. The interiors of ani features located
are not scarned.

SIFDIF - A subroutine Which generates Sir tape records from a region Chain
code generated bW T .

UPDATE - Hndles image f ile I/0 required bW the contour tracing subroutines.
After each new pixel position is found bW P , this routine
marks its position and returns the surrounding pixels.

M - G.E. DIAL uraso line re adin g subroutine.
['TRY - G.E. DIAL cirsor pion reading subroutine.

IWV - G.E. DIAL image line ariting subroutine.

TheIe Contouring and Polygon Conversion Program Modules

," Figure 4-3.
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4.3 THEME REGION LOCATING ALGORITHM

The vector conversion software package has a second major module used to locate

and tabulate theme areas. It is a region scanner which takes any region in a

thematic map and systematically searches the interior for the presence of sub-

regions. The subregions may be either theme areas or holes, depending on the

character of the region itself. But in order to keep track of region nesting,

it is important that the search area is internal to the region and external to

any located subregions. Generations of subregions then can be tracked by the

number of times the scanning algorithm must be called to reach a given level of

nesting.

Coupled with the previously described outlining algorithm, the region scanner

provides a means of locating and extracting all contours associated with a single

theme. If desired, a tree structure could be used to keep track of which holes

are contained in which areas, etc. Since the outlining algorithm easily re-

generates vertex strings completely describing a region from its starting point,

the data structure referencing all theme regions need only store a single point

for each region.

Figure 4-4 shows the scanning algorithm and sequence used in searching for holes

in a theme area. A slightly simplified hole-finding algorithm is presented for

clarity. The generalized algorithm is found in the Fortran listing for SCANER.

The algorithm requires some point on the outline of some region, draws the

complete outline, and then finds all areas of the opposite parity (areas/holes)

enclosed in the region. The module returns start points for all subregions in

direct contact with the region being scanned.
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! "-:Figure 4-4.
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* The procedure starts with a binary image in which theme pixels have been assigned

* a value of one, and "not theme" pixels are zero. The outline start point is used

- to call the contour tracing module, which marks each pixel on the outer boundary

- by adding one to the pixel values. Since the outline traced is wholly included

in the theme, outline pixels will now have a value of two and thus be distinguished

* from untraced outline pixels. As the outline is traced, the resulting chain code

is temporarily placed in a large queue in preparation for scanning the interior

of the region.

Points for starting interior scans are found in the queue. Chain code elements

are extracted one by one, and sequential pairs are tested to determine if they

* lie on ascending or decending segments of the region outline. Ascending/descending

* path pixels are used as start points for rightward scans searching for areas/holes.

Along the scan, location of either type subregion is found by the occurrence of

two pixels having a value sequence of zero, one. This sequence occurs where the

* scan line intersects the leftmost edge of a theme (climbing on), or the rightmost

* edge of a hole (climbing out). An additional sequence of zero, two, zero locates

* holes whose right side is coincident with the right side of the region being

scanned. Immediately on location of a subregion, the current scan coordinates

are stored for future reference.

The contour tracer is called to mark the subregion outline, and to append th'2

outline to the queue. A particular scan is stopped when a new subregion is

* located, when the outline of previously traced subregion is found, or when the

traced right side of the region is reached. Both the latter cases are identified

by pixel values of two or greater, as they will have been traced and marked at

6 least once.
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The reason for using a queue to store region chain codes now becomes apparent.

The region, if it is a theme, will be outlined in a counter-clockwise direction.

Scanning from descending segments will locate holes to the right (provided they

are not eclipsed by other holes) and immediately enter them into the queue.

Eventually, when the region start point is returned to, the region outline will

have been completely removed from the queue. The scanning algorithm continues,

with the upcoming queue elements belonging to the outline of the first hole.

Since holes are outlined in a clockwise manner, descending segments occur on

their right sides, conveniently serving as start points for scans into sections

of the region shaded from the left by the holes. By the time the queue is finally

empty, the region boundary along with all hole outlines will have been checked

for descending segments. Consequently all sections of the theme region external to

the hole type subregions will have been scanned.

The scanning algorithm presented in Figure 4-4 must be expanded somewhat to find

areas within holes in order to become a generalized region scanning tool. The

decision as to where on the chain to start a line scan becomes more complex. To

preserve the left-to-right scanning convention when searching for theme areas,

we modify the logic to scan from ascending chain segments (as opposed to the

descending segments used in hole location). Figure 4-5 shows the derivation of

a comprehensive scan start test, useful for identifying either ascending or decend-

ing segments. The test also locates chain code turns at local tops and bottoms

in outlines where a simple ascent/descent test is insufficient to identify start

points. In all cases the location of a previously traced outline is used to

terminate the scan.
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Start ing scans from acending Ca cases Corresponding C's
segments of theme outlIInes for scan start

Notation: C - Current chain code pointing to next position
CO - Last chain code pointing to current position
M - Direction opposite to

Miles: I Never *can Wien C04 as the Iline has already been scanned
2. Never *can when Cw4 as a better start position io coming up.
3. For rightward scan from acending chain segments, C mst be

included in a counter clockwise arc between HE (1) and A'2.
*4. for rigtword scan from descending chain segments, C mest be

included in a clockwise arc between SE (7) wd AM.

cnding segnt sn start test --...
*Descending segment scan start test - (C.HE.).A.(C.IE.4).EX(A9.LT.C)

Conditions for Starting External Region Scans
Figure 4-5.
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A final complication concerns the handling of degenerate outline segments. When

searching for theme are., scanning is internal to a hole type region, hence

external to any located neme-type subregions. If the region is to be completely

scanned, all ascending _gments including degenerate ones must be used as scan

start points. For noisy themes it is particularly important to scan from singeltons

that can otherwise have a combining effect that eclipses large areas. Fortunately the

exterior region, being a hole, will not contain degenerate sections and thus

allows the entire queue contents to be processed consistently. For the alternate

case, the search is internal to a theme area and scanning from degenerate segments

must be suppressed or the scan will be outside of the region. Figure 4-6 shows

the possibilities.

The scanning algorithm has one known limitation. If SCANER is being used to locate

holes (a second level operation for our purposes), and if a hole contains a nested

theme subregion, and if all portions of that hole on image lines above the nested

theme are scan shaded from the left by other holes, an irregularity occurs. As

the lines being scanned descend past the bottom of the shaded zone, the next scan

will enter the previously untraced hole, and instead of finding the far side, will

prematurely trace around the nested theme. Figure 4-6b illustrates the error pro-

ducing theme configuration. Tracing direction will still be correct, but without

more intricate logic the nested theme will be associated with the wrong external

region. For our immediate thematic mapping application this irregularity will

probably go unexercised as it can not occur without a rare three-level nesting.

* The remaining module "REGION" is used to insert a hole into the stored image to

define the processing window. A start point on the window is returned and sub-

sequently passed to SCANER to begin processing of the enclosed theme areas.
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a /b

a b

Level I region scan from ascending Level 2 scan of decending queue
queue segments to locate theme segments to locate holes within
areas. theme areas.

Scans are Internal to hole region Scans are internal to theme area
and external to located areas. and external to located holes.

e Start scans from single pixel s Don't scan from single pixel
width segments: width segments

a Start scans from singletons. * Don't scan from singletons.

Modifications of left-to-right scan start logic for handling degenerate polygons.

Figure 4-6.
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APPENDIX A

Derivation of a Quadratic in ax and a

For two control points CP1 and CP2 we have,

tan (Yt a)x 1  (X1  a)' (Y2~ ~ x 2  (X -~ Y2

Cross-multiplying, we get:

-(Y - a ) x1 - (X1 - a) Y} (X2  (a x 2 + ( 2 - aX) Y2

1- a) X + (I - a1) Y ) (2  2 - (X2  2- a)

Expanding,

(Y (X1 a ) a)

Y1 - ay) (X2 a xx x(X 1 -a) Y 2  a) x 2
+ (Y2 -a) 2

.(X1 - a.) (Y2 - a) y1 Y2  = (Y2 a Ya (X ay) x2 I 2 +

(Y )(X2  ax ) x 2 Y1  (a2 x Xl 2 () Yl 2
''(2 a ay (Y1 a y) x 2 Yl -(X2 a ax) (X1 a ax) Y2 x1 X x Y y lY

Collecting terms in xI x2, xI y2 ' x2 yI, and yl Y2 together

'' - " "" ( Y - ay) (X2 - ax) - (Y2 - ay) (XI - aXx 1 XI 2 +

"(YI - ay) ( 2  a (X2 - a) (Xl ax)X Y2 +

-ax) (X2 -ax)+(YI -ay) (Y2  xay)) x2  l?'iY 11 " ax) (Y2 X (YI"a
., 2. - a y) + 2- a I - ax ) x1 Y20

(X I - a X) (Y2 - a X) + (X2I - a) (Y1 - aj 1 Y = 0
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(Y( - ay) (X2 - ax) - (Y2 " ay) (Xi - ax)) (xi x2 + Yi Y2) +

(YI "ay) (Y2  ay) + (XI - ax) (X2 - ax)) (xI Y2 " x2 l =

Dividing by (xi Y2 " x2 Y1) throughout, we get

1 2 Yl Y2

t((y - a) (X2 - ax ) - (Y2 - aY) (Xi - ax))( xI Y2 -x2 Y +

((Vl - ay) (Y2 - ay) + (XI - ax) (X2 - ax)) =

provided x1 Y2  x2 yl" If the control points CP and CP2 and the origin

of the photo-coordinate system are non-colinear, then L !-2 and
X1  X 2

x1 Y2 - x2 Y O.

Let us call

(X1 x2 + yl Y2 )/(x1 Y2 - x2 y1 ) =oc

Then,

(YI X2 - a x YI - a3y x2 + ax a3y - Y2 xl + ax Y2 + a3y x1 - ax a Y).

+(Xi X2 - ax (Xl + X2) + ax' + Y1 Y2  ay (Y1 + Y2) + ay1  = O.

Collecting terms in ax and ay,

ax. + a ax Yx+o ,.
-O.a y+;-a~(Y Yoea + (XI + X2 1~ a3  t (X2 -X)c+ (Y1 + Y2)

+ (XI X2 + v1 Y2 + (V1 X2  Y 2 XI)i 0 .
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or

a2 + a + x ((Y2 - - (xl + X2)) + ay ((x - x2) - (Y1 + Y2

(-X 2  1 12 + (YI X2  Y2 X 0

or

ax2 + ay2 + f'ax + 71a y + 0.

where

I= (Y2- Y ) -(  (X1 + X2 )

S(x l - X2 ) " (Y1 + Y2 )

&= X1 X2 + Yt Y2 + (Y1 X2 Y V2 Xl)ox
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