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A System for Large-Scale lmage Mapping and
GIS Data Collection

Richard A. Pdes

Abstnct
The Bonneville Power Administration (Bpa) has been devel-
oping methods since the mid'1980s to bettet meet its.growing
i""i 7o, up-to-date and accurate geographic data. These
methods ire currently used in the site design of nra substa-.
tions and for producing substation photomaps' High spatia)
accuracy is aihieved by geometrically cotrecting digital im-
ages to conform to a digital terain mode.l (nru), which is in
the form of a triangular inegular network (nN). Computer-as-
sisted methods have also been devdoped for exttacting lin-
ear feature data for subsequent use in a geogtaphi.c
information system (cts). This practical papet addresses BPA
methods, system design considerations, ond the future migra-
tion to a system having an open architecture.

Intrcduction
The need for accurate up-to-date information is growing rap-

idly due to the increased use of computers for mapling and
geographic analysis. This includes the need for both pla-ni--

iretiic^data and-DTMs. At the same time, some new methods
promise to be more expedient than traditional photogram-
metric and ground sr-,rrreys in meeting these needs. These in-

clude digitiZing feature data from a digital orthophotograp-h
(Parent, f ggf), a method that has been receiving increased

attention since the introduction of U.S. Geological Survey
(uscs) orthophotoquads. Replacing the standard usGS 1:

24,000-scale quadrangle maps (Skalet et oL, ' l '992), these or-

thophotographs provide valuable information for small-scale

mapping and planning applications. Hor,vever, their use in

engineeilng applications will be limited due to their rela-

tiv"ely low hoiiZontal accuracy (t0 metres), which results

from-basing geometric corrections on an existing digital ele-

vation model (nnlt) with a grid cell size of 30 metres.
At BPA, both engineering and planning applications are

important. spa is one of the U.S. Department of Energ^y's five

po*". marketing agencies. BPA sel ls electr ical power from 30

Federal dams and one nuclear power plant, has approxi-

mately 15,000 circuit  miles of transmission l ines, and mar-

kets power to some 130 Pacif ic Northwest ut i l i t ies and L7

industrial customers. BPA not only designs, constructs, main-

tains. and operates its own transmission lines and substa-

tions, but his gained new responsibilities for regional
planning, energy conservation, and fish and wildlife preser-

vation, as a result of Federal legislat ion passed in 1980.
In support ing this mission, BPA has experienced a grow-

ing need ior rel iable geographic data. In the mid-1980s, BpA

bJgan to develop a system to provide these data in digital

for:m and to integrate information from digitized large-scale

aerial photographs with engineering data..This system is
based bn thJ software and hardware capabilities of an image
processing system (tls) acquired at that .t ime'' 

lf spA were to start designing a similar system for image
mappins and cts data collection today' it would be different
fro- tnJ one described in this paper. Many new products
have become commercially available, including low-cost
scanners and output devices, geometric rectification software,
and low-cost computers that plovide improved processing ef-
ficiencies. But, most importantly, image processing has been
evolving from systems that use specialized hardware to s-ys-
tems wi"th open"architectures. Ttrrs makes it possible to de-
velop softwire that is not dependent on a specific
hardware-based sYstem.

Currerrt plani are to gradually replace BP^A's IPS with one
that has ,*"li u,t op"n atchitecture. To meet future workload
requirements, thisiystem will need to pr-ovide improved im-
age mapping capabii it ies in addition to all the capabil it ies of
BPA's present system.

System Design Considetations at BPA
In developing BPA's IPS, attention has been devoted to scan-

ning, geometi ic distort ion and i ts correction, adding a user .
cooidinate system (ucs) to a digital image, compiling graphic

elements, computer-assisted fealure extraction, f inal prod- -
ucts, image oulput, updating products'-and future system de-

sign consfderations. fhese issues are all covered in the

diicussion below. The summary and concluding remarks fol-

low, and comments are interspersed throughout that reflect

BPA's design phi losoPhY.
Using"nli's curr-ent system, aerial photographs are

warped t6 geodetic control to produce geometrically cor-

rectid images. Vector data are then written to the geometri-

cal ly correited image to produce a digital photomap,-i 'e ' ,  a

map superimposed onto a digltal image. Also, l ine-fol lowing

alsorithms are used to extract feature data in vector form

frJm geometrically corrected images for subsequent GIS use'

Scanning
The aJhievable level of accuracy and detai l ,  as well  as init ial

svstem and procluction costs, depends heavi ly on the type of

,Lutn"..  The use of low-cost desktop scanners is becoming

more common (Carstensen and Campbell ,  1991), while high-

resolut ion scanners st i l l  cost at least $50,000 (Boniface,

1992). Perhaps more importantly, high-resolut ion images re-

EFBK, Department of Energy, Bonneville Power Administra-

t ion ,  P .  O.  Box  3621,  Por t land,  OR 97208-362 ' - .

PE&RS

Photogrammetric Engineering & Remote Sensing,
Vo l .  61 ,  No.  5 ,  MaY 1995 '  PP.  503-511.

0099-1  1  12 l95 /6105-503s3.00 /0
O 19S5 American Society for Photogrammetry

and Remote Sensing



PEER.REVIEWED ARI ICTE

quire substantially more resources for processing and storing
data. In selecting a scanner, it is imporlant to look at both 

"

initial costs and the impact the scanner will have on product
quality and production costs. These are all related to system
specifications such as scanning rates, selectable picture ele-
ment (pixel) sizes, maximum image format size, and point-
digitizing capabilities.

BPA'S present system was designed to meet the needs of
many customers, including those requiring a high Ievel of ac-
c.uracy and detail. Present system capabilities include pro-
du-cing digital photomaps suitable for engineering site hesign,
collecting accurate and up-to-date GIS data, and preparing le-
gal exhibits. BpA has also demonstrated capabilifies-for rnao
quality assurance/quality control (qatqc). Errors are quickly
detected by superimposing data in vector form over highly-
accurate digital images referenced to a state plane coordinate
system. All of these applications require a scanner having a
high resolution of r.000 dots per inin 1apil or more.

.Some applications, such as reconnaissance engineering,
small-scale GIS applications, and facil i ty-access mapping, 

-

may not require high spatial accuracy. If these are lhe only
applications being supported, a low-cost desktop scanner
may be the best solution.

For applications requiring a high level of detail and ac-
cura-cy, transparencies (not paper prints) of aerial photo-
graphs should be scanned with a precision digitizer. In a
study performed by International Imaging Sysiems (t,s),
"Tests indicated that transmissive scanning was essential to
achieve quality imagery'' (Boniface, 1992). While scanning a
print produced a visually acceptable image, scanning trani-
parencies provided more detail. It is important to note that
photographic paper prints expand with an increase in hu-
midity, and that this distortion is more substantial than that
for photographic film (McKinney, 1980). This distortion due
to humidity is both the most significant and most difficult to
model, because it is neither linear nor uniform in direction.
Paper length can vary by approximately 9 to g0 micrometres
per 9-inch length for each percent change in the relative hu-
midity.

BPA has been using a Perkin-Elmer' Model i.010 micro-
densitometer (Micro-D) for nearly all its scanning. This preci-
sion instrument provides images of very high spatial and
photometric quality, but it is not a fast device, For example,
digit izing a 4096-pixel by 4096-line image of a 9- by g-inch
black-and-white photograph takes 2,/, hours or longer.
. Re_cently, nra acquired the Vexcel VX3000 image digi-

tizer, shown in Figure 1, to meet image mapping n-eeds. Cur-
rently, it takes about 12'l, minutes to scan a 4096- by
4096-pixel black-and-white photograph plus an addiiional tt
minutes to mosaic the image tiles scanned bv the Vexcel CCn
array and convert the imag'e into Vexcel's band sequential
format. Software updates are forthcoming that will^improve
digitizing times and provide concurrent formatting capabili-
I IES.

In the future, nPA plans to use the Vexcel for most image
Tapping applications, but plans to use the Micro-D for imale
classification applications. The Micro-D provides the uniform
radiometric measurements needed for image classification bv
transporting each part of the image past th"e light path of a "
single photo-sensor.

lVarious computer hardware and software products are teferenced
throughout this paper to reflect BpR methods. Reference to these
products does not constitute an endorsement bv the author or spa
ove r  s im i l a r  p roduc t s  on  t he  marke l .

504

Figure 1. Vexcel vx3ooo lmage Digitizing Station.

Unlike desktop scanners, the Micro-D and Vexcel also
provide point-digitizing capabilities. However, it is difficult
to position the cursor accurately over the fiducial marks us-
ing the Micro-D. What's more, ihe operator must write down
the x- and y-stage coordinates. With the Vexcel, the operator
simply positions a cursor over the desired point as displayed
on a monitor and pushes a mouse button to enter the Coordi-
nate data into a computer file.

The digitizing pixel size used in BpA work typically
ranges from 25 to 50 micrometres. This pixel size is baied
on project _parameters and available phoiography. Currently,
nra typically transfers an image with a scale bf 1 or 2 feet
per pixel to an Intergraph cal Microstation for substation
site engineerine apolications.site engineering app

Geometric Distortion and lts Collection
The three primary sources of distortion in an aerial photo-
graph are topography, camera tilt, and Earth curvature. To il-
I r-strate the magnitude of these distortions to cIS users and
others, a BPA contractor tabulated distortions for ohoto-
graphic scales ranging from 1:6,000 to 1:80,000 (Veress and
Ding, 1991). These tables show that a point of interest on a
medium scale (1:2+,000) photograph cin be more than 400
metres off.

BPA work generally calls for photographic scales in the
range of 1:6,000 to 1:24,000. Topography and camera ti l t are
typically the two most significant soulces of distortion.

Distortions due to camera tilt and Earth curvature can be
corrected by the image "warping" algorithms commonly
used in image processing. These algoiithms use a leastj
squares polynomial fit of the control-point data that relates
the input pixel locations of these points to their output pixel
Iocation-s. For example, a second-order polynomil df tn^e fot-
lowing form might  6e used:

I brx * cry * crxy I erx, -t 
frlf

t brx * cl/ + c2xy + er* + f4p

where x and y are input pixel coordinates, u and v are out-
put pixel coordinates, and o through e are the least-squares
coefficients.

These polynomials work satisfactorily for the geometric
correction of high-altitude photography with a scale of 1:
40,000 or smaller, as well as for satellite images. However,
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Figure 2. A problem encountered in stereo-correlatlon.

was 1:24,000, and the digit izing pixel size was 50 microme-
tres.

Figure 3 outlines BeR proced-ures for working with large-

scale iirages digitized from aerial photograohs' Maior steps

include digitizing the photograph, geometrically correcting
the image, and compiling vector-data.

ThJfirst step in geometrically correcting an-image is.to

measure the fiducial irarks using both a stereoplotter and the

ooint measurement mode of the scanning system' Because^only 
a section of the photograph is digitized for most BPA

*ork, it is also ,ru"utiuty to define the origin of the digital
image in the scanner's coordinate system, as depicted in Fig-
ure 4.

An affine transformation is used to transform stereoplot-
ter photo-coordinates to input pixel lo-cations"' This linear
transformation accommodales unequal scale factors in the x

and y directions. This makes it possible to account for physi-

cal film distortions or differences in pixel spacings in the x

and y directions of the scanning system.
Figrl." 5 shows how input image and ̂ output image loca-

tions fir the control points are computed from stereoplotter
measurements. In the affine transformation described above,
stereoplotter photo-coordinates are used to compute the cor-
r"tpo.tdittg control point locations in input (pixel) spa-ce'
Ground co"ordinates-for the control points are obtained from
parallax computations based on steieoplotter.photo-coordi-
nate measurehents. From these ground coordinates, output
pixel locations are obtained using the conformal transforma-
tion

i : Y;i,',"; Y iTi,.,"t .
where

x and y are the control point ground coordinates;
u and v are the corresponding output (pixel) locations;
tr : the user specified scale factor;
0 : the user specified rotation angle;
c,, and 

"" 
u." ,.i". specified translations in the u and v

di rect ions;  and
the signs for the y terms reflect that the y and v increase

in opPosite directions.

they do not accurately model the terrain of low altitude pho-

tographs having substantial relief.- 
Another possible solution is to use stereo-correlation

methods to automatically generate a DEM, and to use this

DEM to generate a digital orthophotograph (Keatin^g and.Bos-

ton, 197Y9; Konecny, 1979). However, a number of problems

may be encountered in using this approach that require sub--

stantial edit ing (Norvel le, 1992b). Fbr example, tree tops and

buildings might be correlated, areas of uniform intensity may

be encountered, and problems may occur where there are

substantial differencei in shape between corresponding parts

of a stereo image (Norvel le, 1992a). Also, an area seen in one

image of a stereo-pair may not appear in the other image, as -
depi"cted in Figure 2. These problems are more consequential

*h".t ott" tries to compile a high-accuracy DEM from large-

scale photographs.
In spa's present system, correlation problems are

avoided by uiing stereo-plotter measurements at slope i$le.c-

tion points to foim a triangular irregular network (rtN). Each

triangle represents a planar surface and is represented by a

first-order polynomial of the form

u : a , + b l + c t y
.  v : a r * b r x - l c r y

where x and y are the input pixel locations; u and v are the

output pixel iocations; and o, b, and c are the linear coeffi-

cients that provide an exact fit at the vertex locations.
This approach gives very good results if the control

points are pioperly selected' Independent tests for various

ierrain conditions'found the root-mean-squared (RIr'tS) errors

to be approximately 0.3 to 0.6 metres, as Table 1 shows (Ver-

ess u.rd- bing, 1991). The photographic scale for these tests

TngLr 1. RESTDUAL RMS ERRoRS lN METRES FoR VARlous TenRntru Conotttolts
(1:24,OOO-SCALE PHoToGRAPHY, 50-MlcRoMErRE PIxEL slzE).

x RMS error y RMS error z RMS error
(m) (m) (m)
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Figure 3. Flowchart for BpR digital image processlng.
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SCANNER/MAGE COORDINATE SYSTEMS
(Measure liducral localions F1 F2. F3. F4
lnd def ine rmage odgin O ln scanner syslem)

PHOIO COORDINATE SYSTEMS
(Measure l iducial  local ions F1. F2. F3. F4)

Figure 4. Registering a digital image to a photo-coordi_
nate svstem.

A conformal transformation, unlike an affine transforma-
ti93, lles.ey.es the shape of the ground control point configu-
ration. Initial estimates for c,, and c, a.e compuGd using a
least-squares solution of a gravitational form'of the aboie
equations where

., After evaluating a four-point configuration and forming
the appropriate set of triangles, a contiguous four_point coi_
figuration is evaluated. Thii process 

"o"trtinrre, 
until the en-

tire TIN is gener-ated. If Case 4, i.e., an ambiguous case, is
encountered, a five-point configuration is evaluated in order
to resolve the conflict. If a fifth point is not found, the trian_
gles are formed based on geomeiry and tagged as isolated tri_
angles. This alerts the user that this case Jiould be further
assessed. The user can do that with the aid of a mirror stere_
oscoDe.

_ There are other possible ways to form the needed TINs.
For example, a TIN could be formed at the same time control-
point data are collected using BpA,s recently acquired Zeiss
P1 stereoplotter. The ttN would be superim-pos"d o., the ana_
log stereo image viewed by the stereoplottei operator. A TIN
could also be formed in a similar wav usins the Vexcel
VX3.000 image digitizer and an image pro""ririog workstation
with stereoviewing capabilities. With-either me"thod, check
measurements can be made inside each triangle at the time
the control-point data are being collected to Jonfirm the ac_
curacy of the model.

STEREOPLO]TER PHOTO I\,lEASUREMENTS

iriii53iqk,

INPUT PIXEL
LOCATIONS

OUTPUT PIXEL
LOCATIONS

Figure 5. Computing control-point pixel locations.
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Opt mal Angle Approach Taking Elevaton Inlo Accounl

Figure 6. Forming Triangles.

x i :  x i -  X " :  X ,

Y i : y , - l t : ! ,

u . '

vi

s- u, u" : u, - L u,/n. and'  
r :  l

s= v , - v , : v , -  Z r v , l n .' '  
i = r

s- L l

i = 1

s
t = 1

Y, /n,

Results of this least-squares solution make it possible for
the user to select lransformation values that optimize the
placement of the image in output (pixel) space.

O-n9" the input and output pix-el locations are deter-
mined for control points, a desciiption of each trianele is
needed. BpA init ial ly used a classical rtN algori thm io for-
these tr iangles. Classical rN algori thms, hoirever, are based
on geometry (Petrie and Kennie, 198Z) and do not take eleva-
tion into account. This sometimes results in an incorrect so_
lution. Figure 6 gives an example where an optimal angle
criterion results in two triangles that truncate-a ridge tdp, as
the left half of the figure shows. The correct solution is 

^

shown in the right half of the figure.
Using current BpA methods, local four-point sets are first

categorized according to one of the three configurations
r.ho*l in Figure 7. Then, triangles are formed iccording to
the rules in Table 2. The first five cases in Table 2 

"." 
iiff"._

ent terrain cases for the four-sided polygon configuration,
and the remaining two cases in Table zlorrespoid to th"
other two configurations in Figure 7.

Figure 6 illustrates Case 1. The rule for this case is to
join the high point to each of the three low points in forming
the triangles, as shown in the right half of Figure o.

506
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After forming a TiN, BPA geometrically corrects the ima-8e
by processing a series of 1z8-pixel by 128-line "pages" as de-
picied in Figure B. Triangle sections-that overlap each page
ire individually warped and mosaicked together. This pro-
cess starts at the upper left-hand corner of the image and
proceeds downward, column by column' until the entire im-
ige is geometrically correct.

ALpresent, BPA uses an I 'S Model 75 image proc€ssot
with a full complement of image memory and a hardware
warper to geom-etrically warp images as described above. The
hosf computer is a Digital Equipment Corporation (orcJ vax-
8650. Ththardware warper itself performs geometric correc-
tions approximately L92 times faster than a vAX-11/780.
Geomeiric correction of a 4096-pixel by a096-line image with
a TIN having 350 triangles takes approximately3,B00 seconds
elapsed time and 280 seconds cPtJ time using the present
Model 7slvAX-8650 configuration.

Registeling the lmage to a User Cootdinate System (UCS)
Tlie next step is to add a UCS to the image. This makes it
possible for ihe user to measure the "x-y'' position of any
point in the image in geographic coordinates and to obtain
iength and area measulements. It also makes it pos-sible.to
coripile vector data such as l ines, text, and symbols' Addi-
tionilly, vector data from other systems such as cAD systems,
guog.uphi" information systems, and stereoplotters can be
iombined or displayed with the image.

Two different types of coordinate systems are supported
by I,S 5600 software. the first is a linear system defined as

l=" ,/,' /'i
l ' i ^<1c/ \

or ---------1, 
.o ^/- 

" 
-o

4-S ided Po lygon 3  Po n ts  ln  L rne  Po n l  In  Tr  ang le

Figure 7. Four-point configurations evaluated in build-
ing a rN.

Case Descr ipt ion Rule

Use shortest diagonal in
forming triangles.

' .DXF' data ( i .e.,  AutoCRD's drawing interchange format) to

BPA graph files.
BPA wrote its own graphics editing software to provide

increased flexibility and improved interactive response'

However, this development effort has proven to be very

t ime-consuming (Pries ef o1., 1990). For those contemplating

a similar softwire proiect, we recommend considering the ,.
acquisit ion of commeicial ly avai lable software that meets al l

user neeos.

Computer-Assisted Feature Extraction
Computer-assisted methods have also been developed to ex-

tract data for subsequent Gls use (Pries et o/ ' ,  19BB; Schow-

Tlgrr 2. Cnsgs llto RuLES FoR Evnruartruc Locnr TIN Colrtcunlrtorus'

X,,
Y,,

: a x * b
: c y + d

and the second is a rigid system defined as

X , , : a x * b Y - c

Y , , : d x + e y + f

where X,, and Y, are in ucs values. A rigid system allows

images to be at any desired orientation, and a linear system

is rJstricted to having north correspond to the y-axis of-the

image. BPA uses both types of systems' From a practical

vieripoint, all data entiy and ucs computations must be per-

formed using double-precision numbers, or spatial accuracy

wil l  be compromised. Also, al l  image orientat ions need to be

supported. If not, the image will first have to be rotated to

coirespond with a l inear Coordinate system prior to compil-

ing or writing graphics overlay data' and then rotated back to

th6 desired oiientation to produce a photomap. This requires

addit ional processing and may introduce "iaggies," i 'e ' , .stair-

stepping of the rastei line data. If raster line data must be ro-

tated, a-resampling algorithm that minimizes this effect

should be used.

Compiling Graphic Elements
To generate a digital photomap on the IPS, the desired vector

dati are first collected and stored in special data structures

called graphic elements. Current graphic elements include

text, liies, circles, arcs, and symbols. These graphic elemen-ts

contain location data as well as attributes such as line width,

intensity, graphics color, text spacing, text slant angle, and

orientation angle.
BPA has both t's and in-house software for editing

graphic elements and transferring graphic element data to or

Irom other svstems. This includes I'S software for transferring

cIS data in Arc/Info form and BPA software for converting

PE&RS

1 All points within sPecified el-

evation range (Flat Case] or

interpolated elevations at the

diagonal intersection within a

specified range (Even SloPe
Case).

3 low points,  t  h igh Point
(e.g. .  Peak Case or 3 draw
points and t  h igh Point) .

3  h i gh  po in t s ,  I  l ow  Po in t
(e.g. ,  Depression case or  3
r idge points and 1 low Point) .

Two  h i gh  po in t s  on  one  d i ag -

onal and 2 low Points on the

other diagonal (Ambigr'rous

Case).

1 low point  and t  h igh Point
on each diagonal (e.g., Ridge/

Draw Case.).

Three-Points-in-Line

Connect  each low Point  to
high point.

Connect each high Point to
low point .

Add adiacent contro l  Point  to
form new 4-point configura-
t ion and resolve ambigui tY.

Connect  h igh point  to low

point in forming triangles

foin middle point  of  the 3
po in t s  on  l i ne  t o  t he  Po in t
no t  i n  l i ne  w i t h  t he  o the r
polnrs.

To form tr iangles,  io in center
vertex to each of the three re-
maining vertices. If terrain
case is  2,  only inc lude t r ian-
gles that have high Point as
one of  i ts  vert ices.  I f  terra in
case is  3,  only inc lude t r ian-
gles that have low Point as

one of  i ts  vert ices.

7 Point-in-Triangle
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a  Con l ro i  Porn ls

O Computed Venices

Figure 8. Warping a page within a global image.

I28  PIXEL X 128 L INE
PAGE

process. This process continues unti l the end of the feature
has been reached.

Final Products
Final system products include geometricallv rectif ied back-
drop images, digital photomaps-. planimetri l feature data,
and DTMs. The first two products are currently used for gpa
substation projects, and in effort is now underway to incor-
porate demonstrated image mapping and feature-extraction
methods into daily GIS work. n brrvr in the form of a ttt,t is
generated as a by-product for each geometrically corrected
image, but the use of these nrMs hai not vet exiended to
othe^r applications. BpA first plans to deveiop eA/eC procedu-
res for DTMs and then inform potential useri of theiiavaila-
b i l i t y .

lmage 0utput
Until recently, BpA used the Micro-D,s photowrite option for
all photomap output, and writ ing the image took three hours
or-more. In searching for a faster output d-evice, BpR found a
substantial number of new commercial products for printing
digital images. These included laser printers, color ink iet 

"
printers, thermal dye prinlers. thermil wax printers, and
color  e lect rostat ic  p lot ters.

In selecting a- new image output device, it was important
to^ consider specifications such as image format size, n^umber
of pixels (or dots) per inch, the numbdr of intensity levels
per_ dot, -spatial accuracy, image output size, type of media,
and media cost. The number of intensity lerreis per dot was
found to be a most important specification. If a 6lack and
whi te pr in ter  has only two intensi ty  levels  per  dot ,  some
fgrp o{ dithering (or halftoning) is required to represent ad-
ditional intensity levels. Unless an ordered ditheiing process
is used, the spatial resolution in image pixels per uii i  length
is substantially reduced (Hil l, 1S90J. spA has written soft-"
ware that uses ordered dithering to print a black-and-white
lmage using an- electrostatic plotter. This provides the capa-
bi l i ty  to  pr in t  d ig i ta l  imageshaving large p ixel  d imensions.
This capali l i ty has been valuable in producing ,,check
prints" of digital images, but does noi providJthe hieher
qu{ity that can be achieved using confinuous tone pii.rte.s
and film writers.

To meet its needs, BpA recently acquired the modified

engerdt and Pries, 19BB). In these methods, the computer
precisely follows a bright or dark linear feature basei on a
general path provided by the user. These methods work well
even where the contrast of the feature being tracked and its
background vary throughout the image.

,The_ first step in. the process is to select and display a
section (or viewport) of a geometrically corrected image. The
user then picks a starting point using ihe Model 75 cu"rsor, as
shown, in Figure g. Once this is done, the Model 75 displays
a window at the starting_location, and the window is seg- 

-

mented into feature and background pixels using an adaiptive
threshold, as Figure 10 shows. The system then compures
and displays the two-dimensional (zn) centroid of thL feature
pixels. At the same time, the user updates the destination
point with the Model 75 cursor. A new window is formed
that overlaps the current window bv a specified overlap
amount in the direction of the destination point, and seg-
mentation and zD centroid computations are performed Tor
the new window. This computei-assisted proiedure contin-
ues until the user specifies an ending location. The final line
is generalized using the Douglas-Puecker line-thinning algo-
rithm (Monmonier, 1982). The user then chooses eith6r t6
store the linear feature data directly into a graphics element
or to edit its contents. The procedure is rep"eated for all lin-
ear feature elements in the viewport and for all viewoorts of
interest in the image

. - Recen-tly, BpA has added edge-following capabilities to
its linear feature tracking capabilities, and ii cjrrently devel-
oping a "user-interruptible" procedure for automatic ieature
tracking. In this "user-interruptible" process, the operator se-
lects the position where featuie trackjnq besins and the com-
puter automatically follows a short segrirent"of the feature.
The operator then has the opportunity to reiect this segment.
If the segment is not rejected within i short't ime-interial, the
same operation is repeated using the ending point for the
segment as the starting point for the next segment. If the seg-
ment is rejected, the operator moves the Model 75 cursor tJ
the ending point of a straight-l ine segment that wil l be used
as the starting-point for a-new segment. At that time, the op-
erator may- either manually digitize the ending point for thb
next straight-line segment or resume the automitic trackins
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Figure 10. Segmentation using an adaptive
threshold.

form onto an up-to-date image that has been geometrically-
corrected. Any changes can [hen be quickly-detected and the
approDriate eiaphic 6lements revised. Overall, updating will
tute rubstuniiallv fewer resources than creating the first digi-
tal photomap or GIS data file(s) for a given area.

Eff lciency Compatisons
A review oi current spR methods shows that efficiencies of
using a TIN for image correction are significant. Most impor-
tantiy, the stereoplotter operator needs to-measure only a
minimal number-of contr^ol points to model the terrain accu-
rately. AIso, computations aie minimized by usi-ng a finite el-
ement network of planar surfaces. Only four adds and four
multiplies are needed for the geometric correction of one
pixel. Usine a eridded DEM and the collinearity equations re-
quires rz .idt u.td 16 multiplies per pixel' For a 4,096-pixel
image by 4,096-line image, approximately 134,000'000 com-
putitions are required using a TIN, as compared to approxi-
mately 470,000,000 computlt ions using a gridded nEv' This
comp;rison only addresJes pixel-by-pixel geometric correc-
tions. It does not include computations for interpolated ele-
vations used in the lnlra method or the computations needed
to identify the triangle for a given pixel when using the Tttt
method.

Future System Design Considerations
BPA', irr.r".tt system is designed around I'S System 600 soft-
ware and I's M;del 75 workstation capabilities. Even though
all new software is written in the "C" language to improve
portability, there is still a dependency on the special-purpose
i,s Modei 75 hardware. Many IPS software functions written
by BPA call Iower level I's routines.

In the near future, BPA plans to acquire a modern work-
station with the capabilities needed for rapid geometric. recti-
fication of image data, for automated and computer-a-ssi'tted
feature extraction, and for image correlation. BPA will also
look at vendor software that provides improved performance,
additional capabilities, and/or decreases program mainte-
nance costs, without reducing present capabilities. In evalu-

Raytheon TDU-1200 thermal printer shown in Figure 11. The
Raytheon is a continuous tone printer that can write a photo-
map to paper, plasticized paper, or plastic transparency me-
dia in approximately 10 minutes. Output specifications are
300 dpi, ind a maximum image width of 3,552 pixels. Modi-
fications made by Raytheon for spa include increasing the
number of grey levels per dot from 32 to 256, and-chan_ging -
the rectangular pixel aipect-ratio to 1:1. The visual quality of
the image printed with the Raytheon on plasticized paper
closely iesembles a photograph to the unaided eye, as Figure
12 shows.

BPA is currently using the Raytheon to produce photo-
maps for substation site design, facility planning documents-,
and environmental analysis. BPA has limited experience with
the Raytheon at this time, and at present uses paPer for pre-
liminary copies and plasticized paper for final output.

Updating Products
An existing TIN can be used for geometric rectification if
there have been no topographical changes since the last up-
date. The mathematici for these computations are based on
the collinearity equations (Keating and Boston, 1979; Ko-
necny, 1979). A "direct form" of the collinearity equations
can be written as

m,, (x-x. )  + mr,  (Y-Y")  *  m, , f  ,  . .u:1w-w" ) f f i - " "

nt,,  (x-x") + mr, (Y-Y") * m'rf  ,  - .v : tw-wJ f f i - ' "

where

x and y are input pixel coordinates;
u and y are output pixel coordinates;
w is the ground elevation transformed into output space;
x", y", and zo are camera station coordinates transformed

into input pixel sPace;
u", r" und -" ut" cu*e.a station coordinates transformed

into output pixel sPace;
the m terms are elements of the orientation matrix; and

/ is the camera focal length.

Updating BPA photomaps or spatial data on the IPS will

be accbmplished by superimposing the old map in vector

Figure 11. Raytheon TDU-12oo black-and-white thermal
pri nter.
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Figure 12. Sample Raytheon TDU-1200 output, 2400 pixels by 1700 lines.

ating the various Unix workstations and personal computer
(rc) systems that are commerciallv available, a numbei of
considerations need to be made. 'ihese include initial svstem
and peripheral costs, interfaces to BpA's GIS and Can syitems,
cPU throughput, available software, and available peripheral
interfaces (to scanners, digitizers, etc.).

The new workstation may include a color stereo moni-
tor. Because the Vexcel vx3000 image digitizer can be con-
trolle4 from any Unix system running X-Windows, it may be
possible to use the new workstation in conjunction with the
Vexcel to make parallax measurements. The Vexcel has a
254-mm by 508-mm digitizing surface, a scanning resolution
that ranges from 150 to 30OO dpi, 2b6 intensity levels per dot
for each band, and an interface that allows the user tolnter-
actively view and select the image area to be digitized. This
offers some interesting possibilities for applyingsoftcopy
photogrammetric techniques. This system will be capabie of
making accurate measurements of small, high-resolution sec-
tions of an image without the need to archive large image
files. These new system capabilities will make it possible to
check and upgrade DTMs and provide the tools to interac-
tively work with three-dimensional (en) image data.

Presently, BpA is pursuing ways to increase automation.
More automation is being introduced in IpS feature tracking,
and vendor software for image correlation is being re-
searched. Also, feature extraction and image correlation
might be combined into a single operation, as suggested in
the concluding remarks of another PEenS paper (Hellava,
198B).

Summary and Goncluding Remails
In summary, BPA has developed methods for rectifying large-
scale aerial photographs in digital form based upon srereo-
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plotter measurements. The resulting images are currently
u-sed-to generate highly accurate digital photomaps and may
also be used in the extraction of feature data using BpA com-
pute-r-assisted line-following methods. Single aerial photo-
graphs are scanned for these applications and geometrically
corrected using a TIN. This approach minimizei labor, data
storage, and computational requirements.

In the near future, BpA plans to migrate from a hard-
ware-based system to one having an op-en architecture. Ac-
quisition of a new system may include new software for
stereo-correlation and a color stereo monitor. If acquired,
stereo-correlation software might first be used for small-scale
mapping applications and later used to acquire TIN data for
large-scale mapping applications.

BpR also plans to continue integrating its various geo-
graphic and mapping systems. Perhaps the ultimate develop-
ment will be an expert system that provides image
processing and -photogrammetry capabilities to those per-
forming GIS and cAD work. This type of system will make it
possible for an engineer or plannef to acquire photogrammet-
ric measurements, allow the end-user to work interactively
with ^so image data, and reduce the risk of omitting relevant
data from a project's database. Although this type of system
is not.likely to-emerge in the near future, continued develop-
ment in areas like those addressed in this paper should bring
us closer to meeting that objective.
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